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35 32 2 91%
(entry 5) 7h (entry 6)
7Th o
( )
1-( ) 2 N- 7c—g
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3( ) 12

BF;-OEt:
( 19)©
RLi (3.0 eq)
©> BF5-OEt, (3.0 eq) O/OH .
(@] 19
o . -, R = n-Bu, Ph,
—78 °C, 10 min/ THF R isopropeny
95-97%
Mechanism
+
~BF3 RLi R O’-BF3 L excessRLi -
a o+ —— \_J —— R,BLi + R(CH,),OLi
VAN
A (20)
—#— RC=C-BF,
b RC=CLi + BF; — B
L~ [RC=C-BF,] LI’
C
Lewis BFs HB NMR
Ganem BF3
THF 78
20 a BFs
A
BFs RBF: R:BF RBF»
BFs 16a)
Brown THF BFs
( 21) Y"BNMR 20 b
B C 16b)
1) RLi (1.0 eq) P 0 o
i(1.0eq
=" z R (21)
—78 °C/ THF —78 °C, 15 min R

71-82%

R = n-Bu, t-Bu, Ph
R! = Me, Et, Ph
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MeLi  n-BuLi
ArLi ( 3)W

Table 3. Typical aggregation state of RLi

Tetrameric Dimeric Monomeric
MelLi i-PrLi PhCH,Li
EtLi S-BulLi (ArLi)2
n-BulLi t-BulLi (t-BuLi)?
(s-BulLi)® ArLi
a) <—100°C. In THF or in TMEDA. b) In cyclohexane—
TMEDA.
18) Sp3
sp? Waack 1,1-
MeLi  PhLi MelLi
0.5M PhLi (
22)
Ph RLi (R = Ph, Me) Ph C [0.05 M] [0.5M]
R\/%Ph (22)
Ph  22°C/THF Li kPhcMe 0.33 15
PhLi  n-BuLi
PhLi ( 23, 4) n-BulLi
PhLi PhLi 10
THF Et:O 10
n-BuLi
Ph
[>/\/
@) 9a
OH OH
. . BF3-OEt, (1.0 eq)
PhLi + n-BuLi e ) Ph\)\/\Ph + Bu\)\/\Ph (23)
(12eq) (L.2eq) 78 °C, 30 min
10 11
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Table 4. Competitive reaction between PhLi and n-BuLi

Solvent  Ph-Adduct 10  Bu-Adduct 11 Ratio
THF 79% 13% 86:14
Toluene 76% 11% 87:13
Et,0 42% 1.5% 97:3
s-BuLi 1 ( )
2 2
2
1+(
) 2 19)
2 n-BuLi
s-BulLi n-BuLi 2- -3,3,3-
1 100
nBuLi 2 n-BulLi
2 2
2 (
24)
CF3 electrophile: E CF;
CF; n-BulLi ; E
-~ o U (24)
Br -100 °C, Et,0 +
1 slow exchange n-BuLi | ----- ~ Nk
mixture
2- 9a 100 15 n-BulLi
1 10 BFs-OEt:
12a 91% ( 25) BulLi 11 2% n-BuLi
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BF,-OEt, (1.0 eq) Ph
CF3 n-BuLi (1.5 eq) > CF; OH OH

(0] 9a
: +Bu (25)
Br —100°C, 15 min/Et,0 —100 °C, 15 min /‘\)\/\Ph \)\/\ph
1(1.5eq) 12a 91% 11 <2%
9 5
BF3-OEt, (1.0 eq) 1 R?
CF; OH
CF3 n-BuLi (1.5 eq) R /<'>>/ 9 3
N _ R2 (26)
Br -100 °C, 15 min / Et,0 —100 °C, 15 min 1
1(1.5e0q) R 12
Table 5. Synthesis of 3-(trifluoromethyl)homoallyl alcohols 12
Entry Oxirane Product Yield / %
Ph CF; OH
1 > M 12a91
o 9a Ph
CF; OH
Ph 12b 89
2 > " A pn
N CF; OH
3@  [>""opms 12¢ 81
o o MOPMB (99% ce)
(99% ee) OH
4 CDO CF4 12d 40"
ad
Ph
°h e CF; OT
3 S
6 > 12f 34
(@) of /]'\)
a) PMB : p-methoxybenzyl.
b) 1°F NMR yield relative to internal standard ((CF3),CToly).
9a—¢20.2) 80 90 3( )
12a-c (entries 1-3) 9c
(entry 3) 2,3- ad
12d (entry 4) 272- %e
(entry 5) of of
12f



(entry 6)

2- 9g ( 27, 6)
- Ph
BuLi (1.5 eq) CF. OH
CF3  BF;:OEt, (1.0 eq) c[)>/ 9g : CF, OH
) + (27)
Br  —100°C, 15 min/ Et,0 L Ph
1(1.5eq) 12g 12h

Table 6. Reaction of vinyllithium 2 with 2-phenyloxirane 9¢g

Entry  Method  Yield /% 12;a:tic1)2h
1 A 48 37:63
2 B 49 67:33
3 C 31 19: 81

a) Determined by 'H NMR

A: Addition order; 1, BF3-OEt,, n-BulLi, oxirane 99
B: Addition order; oxirane 9g, 1, BF3-OEt,, n-BulLi
C: Addition order; 1, t-BuLi, BF3-OEt,, oxirane 99

2- 9g (o B
2 12g12h (entry 1)
1 BFsOEt: 77-BulLi 9g B
12h (129 : 12h =37 : 63) 9g
1 BF; n-Buli a 12g (129 : 12h
=67 :33) BF3-OEt: a
entry 3 n-BulLi t-BulLi entry 1
12h
1322 1-( )
2 (
) 14 30 1 n-BulLi
3 82% ( 28

S
CF3 n-BulLi (3.0 eq) o 13 CFs
Br  —100°C, 15min/Et,0 BF4-OEt, (1.0 eq)

1(3.0eq) ~100°C, 1 h OH 14 8o
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$-BuLi
9a
15 s-BulLi
(29

CF3 RLi (1.5 eq)
Br —105°C/Et,0

1(1.5eq)
1+( )
( )
n-BuLi
2
13
a o3
o,3-
(@ ¢ _G!B

1~(

n-BuLi
1
Ph

CF3 ([)>/\/ 9a

Li BF3;-OEt, (1.0 eq)
2 —100 °C, 15 min

2 n-Buli
2
BFs
16
30

2)

29

) 2
25
12a 65%
n-BulLi
CF; OH
(29)
Ph
12a
R = n-BuLi 91%
s-BuLi 65%
9
23)
1-( )



RCOCI

cr "EE™ R cvoc asani s 5
Br -78°C,15h Snn-Buz or RCOCI /l\H/R 0
I THF 90%  Cat.PdCl(PPhy), O 21_97%
CuCN R = alkyl, aryl
(o ¢ a,3- 1-( ) 2
N.N-
1-( ) 2 n-Buli 100
2
1 NN 15a
( 31
. O
CFs BnF-'oE,;-lé)LI;tz MeZNJ\Np 15a  §Fe
/]\Br -100 °C, 10 min / Et,0  -100to 50 °C, 2 h %\[(Np Np: -
[ e amesmez b, O
Table 7. Reaction of naphthylamide 15a with vinyllithium 2
Entry 1 (eq) n-BuLi(eq) BF3-OEt, (eq) Yield/%
1 1.5 15 0 0
2 15 15 1.0 7
3 3.0 3.0 1.0 44
4 3.0 3.0 2.0 9
5 2.0 2.0 1.0 39
6 5.0 2.0 1.0 55
1 n-BulLi 15
BFsOEt: 1 - -a,3- 16a
7% (7, entries 1,2) 1
nBuLi 3 44% (entry 3) BF3-OEt:
2 (entry 4) n-BuLi
entry 5 3 entry 3
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n-BuLi

n-BuLli 1 5
55% (entry 6)
1- 17-20
( 32 8
n-BuLi (3.0 eq) j)j\ CF,
;\% BF3-OEt,(1.0 eq) X~ "Np 15,17-20 A{Np Np = O 32)
Lo '2;) —100 °C, 10 min / Et,0 —100to-50 °C, 2 h o L

Table 8. (Trifluoromethyl)vinylation of amides 17—-20

Entry amide X Yield / %
1 NMe, 15a 44 ,C{I)Me CFs N
- p
2 NMe(OMe) 17 23 o
\ 21
3 N\_/O 18 35
Np
D e - Y
5 NMePh 20 5
N- -IV- (Weinleb )17
- -a,3- 16a 23% 16a
14- 21 54%
18 16a = 22
S- 19 16a
N- -N- 20 5%
N.N- 15 ( 33
7 entry6
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o)
n-BuLi (2.0 eq) CF3
;3 BF3-OEt, (1.0 eq) Me,N~ "R 15 %\WR
(33)
Br _100°C, 10 min/Et,0 —100t0-50°C, 2 h 3

1(5.0eq) 16

Table 9. Synthesis of a-trifluoromethyl-o,-unsaturated ketones 16

Entry Dimethylamide Product (Yield / %) Entry Dimethylamide Product (Yield / %)
-B t-Bu
1 8
Me,N Me,N
15b 16b (65) TS
o o o 15h 5 16h (38)
oM
e o ) 9 Me,N g
2 Me,N 2
15¢ 16¢ (57 15i 16i (66)
S o (57) 0 0
F CF
C 3 CF3 3 lOb) M N CF3
3 Me,N €2
15d 16d (24)? 15 16j (73)
o o (0] J 0)
CF3 CFs
4 Me,N 119 Me,N
o 15e o 16e (61) 0 15k o 16k (78)
L 0
5 MeyN 129 Me,N
o} O o} O o} 15l o) 16l (42)?
15a 16a (55)
ST\ CFs SN a) 1°F NMR yield relative to internal standard (CF3CgHs).
6 Me,N S X b) Vinyl bromide 1 (2.0 eq), and BF5-OEt, (1.3 eq) were used.
0 15f o 16f (65) c) BF3:OEt, (1.3 eq) was used.
O] N\ CF; O \
7 MesN = S
a)
5 15g o 169 (51)
9 16
15b—g 4-( )
15d(entry 3) 60% (entries 1-7) 15d 4-(
) = 16d 2
(entry 3)

32



= 16h 38% (entry 8)

15i 66% 16i
(entry 9)
15j- 1-
15j,15k 16j,16k (entries 10,11)
151 151 o
2 n-BuLi
1-( ) 2 15
- -a,3- 16
Diels Alder Nazarov
C-3
1~( )
5-BulLi 105
2
1~(
2 n-Buli 100
NN-
( )
16
2
2-( ) 8 -
16
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24) ( )-Dendrobine

Pauson Khand ( 34)»
\
COZ(CO)S 9]
~N~""\mo
N , — (34)
"OAc CH4CN
on P Khand
auson-Khan
(+)-trans-verbenol reaction
(-)-dendrobine
Pauson Khand 1971 Pauson
26)
14- CuCFs
14- (357
Cu 1) Celite filtration
CF;l CF3Cu CF;—R (35)

3
120 °C, 2.5 h / HMPA 2) R-Br
rto 70 °C, 12-70h R =CH,Ph 65%
N-CyoHpy 13%

Kobayashi Taguchi Bégué Blazejewski Wakselman
( 36)2
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O O
ke CF,
+
(0]
(0]

O 89%
(36)
=
o]
Wieland—Miescher Ketone analogue
2-( ) 16- 23
Pauson Khand
8
16- 23 ( 37
R2
Z
Rl Br\/(z.O) R!
CF, NaH (1.5)
37
TsHN . 12h/DME TSN g3 - @7
R1=Ph 8c R'=Ph,R?=H 23a 92%
R'=Pr 8e R!=Ph, R?=Et 23b 90%
R'=Pr,R?=H 23c 84%
16- 23a Co02(CO)s
Pauson Khand 24a
81% ( 10, entry 1) 3a 3
anti: syn=94:6 anti
23b 23c
anti 24b,24c (entries

2.3)
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1
R! R R!
>—/( Co,(CO)g (1.2 €0) >—/( R

TsN CF; TsN e} (38)
TSN CFs g2 ™ 0.5h/CHC, == e 60°C ' °

/ CH3;CN
23 COZ(CO)E; 3

24 R?

Table 10. Intramolecular Pauson-Khand reaction of 2-trifluoromethyl-1,6-enynes 23

Entry 1,6-Enyne Product Time Yield / % anti : syn®
Ph Ph cr,
1 TsN  CF, TSN 0 3h 24a 81 94 : 6
= H 23a
Ph Phcr,
2 TsN  CFs TsN e} 2h 24b 85 83:179
N — Ft 23b
P Et
Z CF3
. [9)]
3 TsN  CF TSN o 3h 24c 71 86 : 14

a) Isomer ratio was determined by *°F NMR.

b) Configuration of the major isomer was determined to be anti by X-ray crystallography of the
cyclopentanone, derived via reduction of cyclopentenone 24a.

c) Configuration was determined in analogy with 24a by comparing *H and 1°F NMR data of each isomer.

24 24a major
25 X anti (Figure 1)

=L Qy
ST ! :
Do pr CFs 25

Figure 1. X-ray structure of ketone 25.

36



antf

D C Co ( ) 5 E
anty
Fh Ph,, H CF3
C0,(CO)g
TsN  CFg TsN o)
= H
23a 24a
T reductive
Co,(CO)g elimination
—2C0O T CO insertion
_ (39)
4 CFs L, CFs
R! TsN%/k,: - . TSN%\:‘;//CO(CO)ZL
P Ph (\:O (CO) alkene Ph /
TsN  CFs 2 insertion Co(CO)3
=
=7 e Ph&ﬁca
Co,(CO) TsN ~ 5-membered
Co-alkyne H\,/:\: cobaltacycle
- complex Co,(CO)g _
1,6- Pauson Khand
( 40)29 CFs
Pauson
Khand
Rl
P Cox(CO)g R® Re
R? NMO i:@: R1, Rz, R3, Ry =F 0%
TsN ° TsN O Ry R3 R4=H,R;=F 37% 40
| 0°C, 1 h/CHyCl, R; = Cl, Ry, Ry = CF3, Ry = H 14% (40)
o-
-G|B- G' -
o S+( )
( 41)0
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| -
CF, OTf

CF3

@OTMS

80 °C, 12 h/ DMF

42 CFsl EtsB CFs
a-
31) CFs
) CF3|, cat. Et3B
OSiMe3 2 6-dimethylpyridine
1
Row? R2 rt, 40 h / hexane
Nazarov =
32)
Kang
( 43)33)
(@]
R S FeC|3
\ / rt, 2h/ CH2C|2
(@]
\”)\© 1, 2 h / CF3SO3H
a-
Nazarov 2
4-t-Bu- a- o3
(HFIP)

38

o

65%

(0]

(41)

CF 42
B%RZ RL, R2 = alkyl (42)

Rl

R= Me3Si 65%
=H 0%

97%

-, B-

16b

32-64%

44)34)
(43)
(44)
16
C-3
Nazarov
3

( 45) Nazarov



( 11, entry 1) MesSiOTf

(entry 2)
2- -1- 26b 18%
(entry 3) 10 87
(entry 4)
o o)
CFs\H)‘\©\ Acid 4&@\
CF; (45)
vy 't/HFIP +Bu
16b 26b
Table 11. Nazarov cyclization of a-trifuoromethyl-o,B-unsaturated ketone 16b
Entry Acid (eq) Time Yield / %
1 FeCl; (3.0) 20h 3
2 TMSOTTf (3.0) 20 h trace
3 TfOH (3.0) 20h 18
4 TfOH (10) 3d 87
1- 16a
26a 73% ( 46) 8 Friedel
Crafts 2 Nazarov

o CF
3
CF, ‘ TfOH (10 eq) “
(46)
O rt, L h/HFIP  CF3 O

16a 26a 73% O
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47

34)

Nazarov

16a

H+

CF3

CF3

16

(47)

+*OH

CF3

2+(

1~(

C-3

16

12
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9)

Scheme 1. Direct Aldol reaction using 4-substituted proline catalyst

TBDPSO,

0 O 1mol% Q‘COZH OH O

H <
rt / water

78%
anti:syn = 10:1
anti > 99% ee

4-
4-
2b)

3 10,11)

Goodman 4- 9 10 4-(

) 10 CFsTMS
4-( )
syr-4-( )

anti-4-( ) ( 2 syn-4-CFs- 9 steps 23%
anti-4-CFs- 10 steps 23%)
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HO, Q OH
N COZCH3 N COZCHS THF N C02CH3
H Boc 88% (for 2 steps) Boc 56%
CF;3 H, (1atm) CFs NaClO, NaClO, CFs
. n Pd/C Z—>\ TEMPO "
N CH,OTBS EtOAC N CH,OH MeCN- CO,H
Boc Boc buffer pH 6.7 Boc
64% (for 4 steps) o 94%
(anti: syn =6 :94)
TBAF H, (1 atm)
CF3 [Ir(cod)(py)PCys]  CF3 NaClO, NaClO, CF3
(2mol%) & TEMPO &
N~ CHxOH CH,Cl, N~ CHxOH MeCN- N~ COH
B buffer pH 6.7 Boc
BOC g504 °C 919 P 96%
(anti: syn =99.4: 0.6)
Qing 4- CFsTMS
CF2Bre 11a)
4-( ) ( 3 4-CFs-
6 steps 22% 4-CFaH- 5 steps 12%)
HO, o)
H Boc 389 (for 3 steps)
oH CFs Pd/C CFs
1) CF3TMS, TBAF CFsb\ Slele Z=>\ H, @)
2) sat, NH,Cl aqg. N~ CO2Bn pyridine N~ TCO2Bn  EtOH N~ TCO,H
B then TBAF Boc 81% Boc 78% Boc 90%
CF,Br,, Zn Ck2 CF,H
HMPT b\ Pd/C, H,
THE N CO,Bn EtOH N CO,H
Boc 48% Boc 64%
Qing L- 4-( )
11b) o- -G,B-
B-( )
anti- syn-4-( ) ( 4 12 steps
7.7%)
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COOEt FSO,CF,CO,CH; COOEt
o cuivpa o T

CHO PhgP
O/ﬁ/ Br (@]
)VN\ Br N CFs
Boc

)VN
N DMF N
Boc 74% Boc 62%
(Z:E=95:5) (Z:E=76:24)
OH
e YL — T
)V ‘8 3 Separations of BocHN — CFs o706
94% diastereomers 33%
for 2 steps) 2 .
( (for 4 steps)
CF, CF3
— ZN>"’CH20TBDMS - ?Nj ""COOH
Boc anti 83% Boc anti 56%
syn 80% syn 68%
(for 2 steps) (for 2 steps)
( )
SN2’
12) 5-endo-trig Baldwin
13 ( ) 5-endo-trig
( 5)14)
2 5
(a) Addition process
+ Fs
+H
CFs CFs x~ R

MR —_ _Zj\R _ .
X X ) CF,
X =NTs
R

S 1
C(CO,Et) (b) SN2'-type process
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5-endo-trig
( )
5 (X = NTs) [3-(
CF BE?SJE:Z(l(.JgZC;q) Rl/c')>*/ ¥
Br -100 °C, 15 min/ Et,0 —100 °C, 15 min
(1.5eq)
( )
) ] 5-endo-trig
4
Goodman
anti- - syn-( )
exo-
anti- syn-
(R) 2
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3(

)
( 8
2
-
86%
99
12h
Ishikawa
CF3 o
P T PR

1  R=CH,0OPMB 9c

Ph

)
2
(PMB)
12c
26%
2-( )
18,19) 2.4-
12i

(i) BF5-OEt, (1.0 eq), n-BuLi (1.0 eq)
-100 °C, 0.3 h/Et,0
(i) (S)-9c (0.67 eq), —100 °C, 0.3 h

or (i) t-BuLi (1.0 eq), —100 °C, 0.5 h / Et,0
(ii) BF5-OEt, (1.0 eq), —100 °C, 0.3 h
9g  (iii) 9g (0.67 eq), —100 °C, 0.3 h

(PMB = CH2C6H4-4-OME)

2,4-(Me0),CqH3CHO (1.2 eq)

CFs n-Bu,NF (TBAF, 0.1 eq)
SiM63
1, 24 h / THF
28
Mitsunobu 20)
12 DEAD PPhs Boc
Boc 29 (9
Boc 29h
29c 29i
Mitsunobu
3+(
(5)-30¢,30i ( 10)
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1+(
(5)-9c17)
2-
3( )
28
24-
CF; OH
(8)
R
R = CH,OPMB (R)-12c 82%
(99% ee)
Ph 12h 26%
2,4-(MeOQ),CgH3 12i 63%
Boc
30h
Boc Alloc
Pd(PPhs)4 Alloc
)



HNTsBoc (1.5 eq)

CFs OH  DEAD (2.0eq), PPhy (2.0eq)  §F3 NTSBOC  1ra (10 eq) CFs NHTs o
Ph 0°C,10h/THF Ph 1t 10 h/CH,Cl, Ph
12h 29h 95% 30h 94%
HNTsAlloc (1.2 eq) piperidine (3.0 eq)
DEAD (1.5 eq), PPh; (1.5 eq) Pd(PPhs), (2 mol %)
CFs OH 0°C, 7d/toluene (12c) CFs NTsAlloc 1t 15/ MeCN (31c)  §Fs ';‘HTs(l 0
R or HNTsAlloc (1.5 eq), R or piperidine (4.0 eq) R
R = CH,OPMB (R)-12c DEAD (2.0 eq), PPh; (2.0 eq) (S)-31c 70% Pd(PPhg), (2 mol %)  (S)-30c 96%
2,4-(MeO),CgHs 12i rt, 10 h / THF (12i) 31li 67% rt, 10 h / MeCN (31i) 30i 93%
30 5-endotrig
( 11) (5-30c KOH
130 68%
(254R)-32c ( 1, entry 1) 4
2 70 : 30
antf HPLC  anti
99% ee
30h,30i 9:1 anti
32h32i 85% 74% (entries 2,3)
32h,32i
CF3
CF; NHTs KOH ¥
= (e o
R 130 °C, 20 h / (CH,0OH), N
Ts
30 32

Table 1. Synthesis of 4-(trifluoromethyl)pyrrolidines 32

Entry R KOH (eq) 32/ % (anti: syn)
1 CH,OPMB (S)-30c 5.0 68 (70 : 30, anti: 99% ee)
Ph 30h 5.0 85 (92:8)
3 CsH3-2,4-(OMe), 30i 1.3 74 (90:10)
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4-( ) 32¢, 32h, 32i

4- 32j NOESY
Hz H* NOE
syn NOE anty
8 2.92 ppm 5 2.64 ppm
H4 H4
CF3 ” CF3 N Ar = C6H4-4-Br
':/HZ 'I[H2
"I\'Is Al §4.83 ppm 1|\'Is Ar  §4.65ppm
anti-32j (major) syn-32j (minor)
Figure 2. NOESY experiments of 4-(trifluoromethyl)pyrrolidines 32j.
N- 32j syn 2
4 4 H anti
(Figure 3) H NMR
32j
4 H syn ant/
32 4 H syn
32¢,30h,30i ( 2
32 anti
L%
. ..i..
ke ! L]
L
o % "
'l II. AI’ - & L]
“ —% .“1. -— Lig - ! Ar
II‘_‘ % E\L. i
® % a g . \8, - .
L I « “H g % CF;
™ & .C'* & -
- '-l_' - e ¥ . P
L ™ o L ] i -
- 1.\' Lt. [ oo | ,_“ |
r L -
* CF,; . . e H4
anti-32j syn-32j

Figure 3. Conformer analysis of 32j (calculated by PM3).
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Table 2. "H NMR chemical shifts of H* in 4-(trifluoromethyl)pyrrolidines 32

4 4
CF3/,' CF3 ?l:l
Z B\'I/HZ U’/Hz
N N
Ts R Ts R
anti-32 syn-32
R H* (anti) H* (syn) anti : syn
CH,OPMB 32c 3.10 2.28 70: 30
CeHs 32h 2.96 2.63 92:8
CgH3-2,4-(OMe),  32i 2.90 2.46 90 : 10
CgHy-4-Br 32j 2.92 2.64 92:8
(S)-30c DMF
120 SN2’ 4
(S)-33c 90% ( 12 11
33h 91%
CF,
CFs NHTS  NaH (1.2 or 1.3 eq)
R 120°C,3-4h/DMF N~ R
Ts
R = CH,OPMB (S)-30c (S)-33c  90% (99% ee)
Ph 30h 33h 91%
1)
antf 4-( ) 32h,32i 2
2
32h (anti: syn=92 : 8) H:O CHsCN CCl4 RuCls
RuO4 21 anti
34 (anti: syn=92: 8) ( 13) 45%
32i (anti: syn=90:10)
72%

34 (anti - syn=90 : 10)
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21%

4-( ) 34
Jacobsen 2-
22)
CE3 RuCl3-nH,0 (2 mol %) CES
& NalO,4 (11 eq) O‘ 13
N AT rt, 4 d (for 32h) or 6 h (for 32i) N~ T COOH (13)
Ts / H,0-CCl;-CH3CN (3:2: 2) Ts
34
Ar = Ph 32h (anti: syn =92 : 8) 45% (anti : syn = 92 : 8)
CgH3-2,4-(OMe), 32i (anti:syn=90:10) 72% (anti : syn =90 : 10)
34 IH NMR 4 H
anti syn
Goodman N-Boc-4-( ) X
4 H 10a)
(Figrue 4)
CF; CF3 CF;
N~ TCOxH N N~ TCOOH
Ts Ts Br Boc
34 32]
anti 5 : 3.15 anti 5 : 2.92 anti & : 3.06%0%
syns:2.70 syn o : 2.64 syno:2.94

Figure 4. "H NMR chemical shifts of H* in 4-(trifluoromethyl)prolines 34.

4( ) 4-( )
33h 2 33h
RuOq4
4( ) 35 ( 14)
Ck, RuClz-nH,0 (2 mol %) CF, o)
NalO,4 (11 eq)
+ (14)
N rt, 10 h N~ COzH N
Ts / H,O-CH3CN-CCl, (3:2: 2) Ts Ts
33h 35 0% 36 13%
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4- -2+( ) (5)-37

DDQ 4-( ) (5-33c
PMB (5)-37 TEMPO
4- -N-
(5)-35 93 ( 15)29 (5)-35 99% ee
15
6 42% (
) (935 =

Cra CF, TEMPO (5 mol %)  CF2
ELOPMB DDQ (1.3 eq) ELOH NaClO, (1.3 eq) 21 a5
N~ ~COOH

N rt, 2 d/ CH,Cl, N rt, 7d / MeCN-
Ts —MeOH (10 : 1) Ts pH 7 phosphate buffer Ts
(S)-33c (S)-37 91% (1.3:1) (S)-35 93%
(99% ee) (99% ee)
2
4-( ) 4-( )
2 anti syn 4
2
anti
(Figure 5-a)
syn
(Figure 5-b)
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(a) Coordination control (Y = H)

oy
CFH J CEH
y a = b
OH - N-1g — oy
N F N
Ts ﬂ Ts
anti syn

(b) Steric control

Figure 5. Stereoselective hydrogenation of difluoromethylene group.

(5)-4- -2- -1- (5)-37
anti ( ) anti-38
( 16)

C§2_>V catalyst CFoH CF,H

H, (Latm), it | Z—>\/

OH ————— OH + OH (16)

N / solvent QV N
Ts Ts Ts

37 anti-38 syn-38

Table 3. anti-Selective hydrogenation of (difluoromethylene)pyrrolidine 37

Entry Catalyst (mol %) Conditions 38/% (anti:syn) 37/%
1 [Ir(cod)Py(PCy3)]PFg (5) 24 h [ CH,Cl, trace >08
2 [Ir(cod)Py(PCy3)]PFs (30) 24 h/ CH,Cl, <10 (>98 : 2) 64
30 [Ir(cod)Py(PCy3)]PFs (30) 24 h/ CH,Cl, 25 (84 : 16) 15
4 [Rh(nbd)dppb]BF, (5) 10 h/ CH,Cl, No Reaction
5 5% Pd / C (5) 1 h / EtOH 88 (47 : 53) 0
6 5% Pd/ C (5) 1 h/EtOAc 94 (59 : 41) 0
7 5% Pd / C (5) 5d/ CH,Cl, 97 (71 : 29) 0
8 5% Pd / C (50) 6 h / CH,Cl, 73 (79 : 21) 0
9 5% Pd / C (50) 6 h/ CHCIg 90 (79 : 21) 0
a) H, 10 MPa

[Ir(cod)Py(PCys)]PFs 1016 5
mol % (S)-37 ( 3,entryl)
30 mol % anti anti-38
(entry 2) (10 MPa)
(entry 3)
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[Rh(nbd)dppb]BF+

(entry 4) Pd/C EtOH EtOAcC
(entries 5,6 anti
(anti - syn=171: 29) 38 (entry 7)
Pd/C anti (entries 8,9)
ants
4-( ) (S)-anti-38
98% ee
2 COOH COOEt 4-( ) 3539
Pd/C antif
( 17)
CF, 5% Pd/C (5 mol %)  CF2H
H, (1 MPa) y
- [\ (17)
N tt, 1-2 d / CH,Cl, N~ R
Ts Ts
R =COOH 35 R = COOH 40 30% (anti : syn = 70 : 30)
COOEt 39 COOELt 41 25% (anti : syn = 76 : 24)
syn 37
( 18) -BuMe:Si  (42a) /-PrsSi  (42b) t+BuPh:Si (42c)
4 )
(A) t-BuMe,SiCl (1.5 eq)
Et3N (2.0 eq)
CF, DMAP (0.3 eq) CF,
rt, 3 h/ CH,Cl,
OH (0)% (18)
N or (B) YCI (1.5 eq) N
Ts imidazole (2.0 eq) Ts
37 r, 12 h/DMF 42a: Y = Sit-BuMe, (method A: 94%)
42b Y = Sii-Prz (method B: 93%)
42c : Y = Sit-BuPh, (method B: 69%)
Pd/C
tBuMe:Si 42a EtOAcC
anti - syn 13:87 syn ( 4,entry 1) EtOH
11 : 89 syn 43a
(entry 2)
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/PrsSi 42b  t-BuPhsSi 42c

(entries 3,4) /-PrsSi t-BuPhgSi
(o { -BuMe:Si 42a
Ck, 5% Pd / C (5 mol %) CF2H CF,H
H, (1 atm), rt
[ ov —maamn o T o a9
N / solvent N N
Ts Ts Ts
42a—C anti-43a—c Syn_43a_c
Table 4. syn-Selective hydrogenation of (difluoromethylene)pyrrolidines 42a—c
Entry Y solvent Time Yield / % (anti : syn)
1 Sit-BuMe, 42a EtOAC 1h 43a 98 (13:87)
2 Sit-BuMe, 42a EtOH 1lh 43a 99 (11:89)
3 Sii-Pr;  42b EtOH 6h 43b 92 (20 : 80)
4 Sit-BuPh, 42c EtOH 20h 43c 93 (27 : 73)

3 entry 9 4 entry 2 4-( ) anti
-38,syr-43a anti-38(anti: syn=179:
21) TEMPO 25)

anti- -IV-
anti-40 ( 20) 7 39% anti-4-(
) (anti: syn=79 : 21)
TEMPO (5 mol %), NaBr (0.5 eq)
CFoH trichloroisocyanuric acid (5.0 eq) CFoH
y NaHCO3 (10 eq) /
{ dor { < 20
N rt, 3 h / acetone-H,0O (4 : 1) N COOH
Ts Ts
anti-38 anti-40 96%
(anti: syn =79 :21) (anti: syn =79 :21)
syn 43a(anti : syn = 11 : 89) t-BuMesSi
TEMPO symn-4-( ) syn-40 ( 21) syn
(anti: syn=11:89) 9 40%
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TEMPO (2 mol %), NaBr (0.2 eq)

CRoH CrRaH trichloroisocyanuric acid (2.0 eq) CRaH

Z_>\/OTBS TBAF (1.2 eq) Z_>\/OH NaHCOj; (6.0 eq) Z_>‘ 21)

N rt, 1 h/ THF N rt, 3 h / acetone-H,0 (4 : 1) N~ COOH

Ts Ts Ts

syn-43a syn-38 90% syn-40 quant.

(anti:syn=11:89) (anti: syn =11:89) (anti:syn=11:89)
syn-43a
NOESY (Figure 6) Ho®
H> H? NOE syn
HF,C H
( HSBbVOTBS
H50(\ N ,/HZ

Ts
\—/ syn-43a

Figure 6. NOESY experiment of syn-(difluoromethyl)prolinol syn-43a.

1-( ) (
) 5-endo-trig

34, 35,40 40
exo anti-40  syn-40
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(a) SN2'-type process
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Figure 2. Mechanism.
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Rl | R3  Pd(OAC), (5 mol %) . R®
\©E i DABCO (3.0 eq) R m
+ \ R2
NH, e} R2 105 °C, 3-12 h / DMF N

H
T 53-82%

\©i£ —>\©:Pdl \©:Pd R3

n-BuyNCl
l 100 °C, 8 h/ DMF

« Pd(OAC), (0.1 eq) o
pyridine (2.0 eq), CO (1 atm)
¢ ©ﬁ§

guant.

(6)
= ©i [I§
=
5-endo

alkene insertion

D
gem-
5-endo Heck ( 7)2
E genr
Pd N
X
:OCOCFs Pd(PPhg), (0.1eq) | I=|>d6 F
2 N PPh; (1.0 eq) CF, N& 5-endo N
7
%Ph 110 °C, 8 h/ DMA 6" Ph Ph )
71%
E X = OCHOCFs5
( ) Heck
Ojima 333- Heck (
8)13d) B a c C
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Kimoto

Heck

Deeth

B

Pd

333"

B-(

(

CF3

CO,Et

cat. PdCl,

CF
CF3 . KOAC 3
=z Vs 7 ®
(X=Br,1) 125°c 20-63h
/ MeOH Ar 59950
)
B
9)13a) Heck
B
11a)
B
cat. Pd(OAc), CF3 CF3
PPh; or DPPP Are =
+  Ar-Br . r + “ Ar 9
120 °C, 24-36 h CO.Et CO,Et
/| DMF 2
20-47%
25:1-13:1
Heck
13e) e
B
) Heck B
5-endo ( 10 2 5-endo
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.OCOCgxF
N 65

or
FsC R 5-endo type FsC R FaC R

—~PdHX \ T —PdXF
| (10)
Pd(0) X
|
RdN XPd?@\
F?’C_OR FsC R
F G
Pd €]
B- 14) 11 B
10 ( ) Heck
G B- B
B_
15)
LDA (1.0 eq), -78 °C
then, Pd(OAc), (5 mol %), LiCl (4.0 eq) EtO,C_ CO,Me
/\/\(COOME allyl chloride (5.0 eq), rt éM
COOMe 4h/THF 85%
B-chlorine I
l PdX; elimination —Pd
(11)
E I
E E Pd
2 E. E /\/Cl ol
_E —— é/\Pd” =
I alkene
Pd" insertion
( ) O
5-endo Heck
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1-( ) 2
16) 2-( ) 17)
3( ) 12a12h PCC 4748 ( 12
KHMDS
(o o- 4954 -
50515355 ( 13)
OH PCC-Silica gel 0
J\/k (1.5-3.0 eq) M -
F3C R3 _ FsC Ph
1on R3=pp MR/ CHCL 47 R3=Ph 88%
12a R® = (CH,),Ph 48 R3 = (CH,),Ph 96%

KHMDS (1.1 eq)

0 KHMDS (1.0 eq) O
MeOTf (2.0 eq) MeOTf (1.0 eq) or BnBr (2.0 eq) M
FsC Ph
—78°Ctort, FaC Ph —78°Ctort, ° R2

12 h/ Et,0 49 87% 12 h/ Et,0 50 R? = Me 51%
51 R? = CH,Ph 88%
KHMDS (1.1 eq) o o
> 60ed) o b KHMDS (1.0 eq)
47 4 FsC Ph (13)
—78°Ctort, 12 h l —78°Ctort,
/ Et, O—-HMPA 52 4 h/Et,0 53 67% (2 steps)
KHMDS (1.0 eq) o KHMDS (1.1 eq) 0
48 MeOTf (2.0 eq) MeOTf (2.0 eq)
_78°Ctort, FaC Ph _j00°ctort, F3C Ph
2h/Et,0 54 94% 2 h/Et,0 55 73%
50 = 59

( 14)

PCC-Silica gel
j)\ )J\/MQCI (1.2 eq) OH (3.0 eq) M
Ph

Ph™ "H o°ctort, 12 h/THF Ph 1, 2h/CH,Cl,
56 71% 57 97%
KHMDS (1.0 eq) o KHMDS (1.0 eq) o (14)
MeOTf (2.0 eq) MeOTf (2.0 eq)
-78°Ctort, Ph —-78 °Ctor, Ph
12 h/ Et,0 12 h / Et,0
58 quant. 59 70%
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47,495051,5355,59 60a—g
O-
6la—g ( 15)
A: NH,OH-HCI (10 eq)
reflux, 1-2 d / pyridine,
o B: H,NOH-HCI (15 eq), pyridine (5.0 eq) NOH
u 130 °C, 1 d / ethylene glycol-EtOH, u
4 3 4 3
R Rl R2 R* orc NH,OH-HCI (2.0 eq), pyridine (3.0 eq) R rRYOR2 R
reflux, 12-17 h / EtOH
60a RY,R? = Me, R® = Ph, R* = CF, 59% (method A)
60b R! = Me, R? = CH,Ph, R® = Ph, R* = CF3 51% (method B)
60c RY,R? = -(CH,)4-, R® = Ph, R* = CF, 47% (method B)
60d RY,R? = Me, R® = (CH,),Ph, R* =CF;  48% (method A)
60e R =H, R? =H, R®= Ph, R* = CF, 89% (method C) (15)
60f R'=H, R?=Me, R®=Ph,R*=CF; 91% (method C)
60g R! = Me, R = Me, R® = Ph, R* = Me 84% (method A)
CgFsCOCI (1.5 eq) N?OCOC6Fs 6laR'=Me, R*=Me, R®*=Ph,R*=CF;  82%
TEA (2.0 eq) | 61b R = Me, R? =CH,Ph, R® = Ph, R* = CF; 76%
0°C,0.5-1h R* R3 6lc RL,R?=-(CHy),-, R®=Ph,R*=CF;  82%
I CH,Cl, RY R2 61d RL,R? = Me, R® = (CH,),Ph, R*=CF;  87%
6le R'=H, R? =H, R®=Ph, R* = CF, 88%
61f R'=H, R?=Me, R®=Ph,R*=CF; 58%
61g R'=Me, R°=Me, R®=Ph,R*=Me  34%
5-endo Heck
Heck Pd(PPhs)4 K2COs3 100
36% 5 62a ( 16)
+sOCOC¢Fs Pd(PPh3), (0.1 eq)
N K,CO;3 (5.0 eq) N
) (16)
FsC Ph 100°C,5h /DMA  F2€ Ph
6la 62a 36%
62a ( ) (
( ) Heck ( 910) B
B- ( 17) 10 mol % 36%
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sOCOCgF
N 675

cat. Pd
FsC Ph

6la

sOCOCeFs pg catalyst

XPd ’?I
@'EZ Ph
H
X = OCOCgF5

18)

B-F elimination
—XPdF ';l

—

(17

N additive \ NH f
Fscjg%kph 100 °C / DMA FZC&\Ph * F3€J>%J\Ph + Fscj%Ph (18)
6la 62a 63a 50
Table 1.
Entry Pd catalyst (eq) Additive (eq) Time/h Yield /%
62a 63a 50 6la
1 Pd(PPhs), (0.1) K,COs (5.0) 5 36
2 Pd(PPhs), (0.1) EtsN (5.0) 11 31 37
3 Pd(PPhs), (0.1) PPh; (1.0) 1 60 8
4 Pd(OAc), (0.1) PPh; (1.0) 1 8 22 16
5  Pd,(dba);-CHCl; (0.05) PPh; (1.0) 1 36 28
6  Pd,(dba)s:CHCI5 (0.05)  P(o-tol)3 (1.0) 4 0 76
7 Pdy(dba);-CHCI; (0.05)  P(CgFs)s (1.0) 4 0 27
8  Pd,(dba)s-CHCI3 (0.05)  P(t-Bu)s (1.0) 4.5 0 76
16 15 ( 18, 1)
62a 31% 50 37%
(entry 2) 50 19 |
Pd(OH)X
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Entry 2 62a 50 68%

N OCOCsFs PdX

Jg<u\ cat. Pd N
0" > -
| X = OCOCgFs

62a (19)
H,O w hydrolysis J>%OJ\
~Pd(OH)X F3C Ph FsC Ph
63a 50
62a 60%
(entry 3) Pd(Il)
Pd(OAc)2 Pdz(dba)s:CHCIs
P(o-Tol)s P(CeFs)s P(2-Bu)s (entries 4-8)
( 20, 2) 80 62a 17%
120 61la NN-
120

:OCOC6F5 Pd(PPh3)4 (Ol eq)

N PPh; (1.0 eq) N NH
FsC Ph conditions / DMA  F2C Ph* rc Ph (20)

6la 62a 63a
Table 2.

- Yield / %

Entry Conditions _—

62a 63a

1 80°C,2h 17 57

2 100°C,1h 60 8

3 120 °C, 40 min 50 17

( 21, 3) NN- (DMA)
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NN~ (DMF) 13-
(entries 2,3)
(diglyme)

J‘OCOC6F5 Pd(PPh3)4 (01 eq)

-2- (DMI)
1- -2-(2- )
62a (entry 4)

N PPh; (1.0 eq) \ NH O
Fst%Ph conditions FoC Ph * F5C Ph * F5C Ph  (21)

/ solvent
6la 62a

Table 3.

63a 50

Entry Conditions / Solvent

Yield / %

62a 63a 50

1 100 °C, 1 h/ DMA 60 8

2 120 °C, 1.5 h/ DMF 5 60 3

3 100 °C, 0.5 h/ DMI 38 22

4 100 °C, 1 h / diglyme 0

5 reflux, 14 h / toluene 27 10

N.N- 01
100 62a

6l1la—f ( 22,

4)
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N OCOC6Fs pd(PPhy), (0.1 eq)

J\J\ PPhs (1.0 eq) Qk
3 3
FsC R 100 °C / DMA F,C R (22)

Rl R2?

R R2?
61 62
Table 4. Synthesis of 4-difluoromethylene-1-pyrrolines 62
Entry Oxime Product Conditions Yield / %
4~OCOCBF5 N
N \ 100 °C
1 F,C Ph 60
FsC Ph 1h
6la 62a
y*OCOCeFs N
\ 100 °C
F,C Ph
2 Fsc%Ph 2 {tph 0.8h &
Ph 61b 62b
§*OCOCeFs N
\ o
100 °C
F,C Ph
> RC Ph ? 25h %
61c 62c
y*OCOCeFs N
\ 100 °C
4 F,C Ph 209
F30J><J\/\Ph 2 &\/\ 0.5h
61d 62d
5> OCOCeFs
5 M 110°C o
2h
FsC Ph 6le
n*OCOCsFs
6 80 °C .
2h
FsC Ph 61f

a) Yield deduced from *°F NMR spectrum relative to internal standard ((CF3),C(CgH4-p-CHs)s).

x = = O-
61b61c 62b,62c (entry 2,3) =
= 61d
62d 20% (entry 4) (o
6le 61f Heck
(entries 5,6) gem- 19
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5 _ o 5-exo
7.8) 2-( ) = o
5-endo
6la °10
(23
61h Heck
( 24)w Heck 5-endo
\*OCOCeFs pdé}ﬁhsh (0.1 eq) N N
5 (1.0 eq) \ |
Ph 100 °C, 1 h/ DMA &\Ph . &Ph )
61g 64 0% 65 0%
N OCOCeFs Pd(PPhs), (0.1 eq)
PPh; (1.0 eq) or Et3N (2.0 eq) / 'il
H Ph 140 °C, 1-2 h/ DMF H/%Ph o
61h 66 0%
( ) O- 61 5-endo
Heck (29 <
61 N O 0 ‘)
J 5-endo L B
() XPdF
62 ’
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\*OCOCsFs

N
cat. Pd \
F,C RS
1 R2 Rl R2
62
oxidative PPhg XPdF .
addition B-fluorine
elimination
1
Pd--.
P xpd /" \
JYM | X R
3 |7 FC
Rl R2 FsC Rl RzR $URUR2
K L
5-endo X= OCOC6F5
alkene insertion
1+( )
-Heck
LUMO ( 5
( )
o-
K C Pd L
2 5-endo
Table 5. Energy levels of mono-substituted alkenes (MP2/6-31G*)
Substrate LUMO (eV) HOMO (eV)
Me
\—— 51 —-9.6
F3C
\— 3.7 -11.2
OMe
01 2.8 -10.6
Heck
( )N
SN2’ ( 26) ()
Pd
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5-endo
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SNn27
( 3 C N (Heck )
+
\OCOCeFs ~PdXx N
M Pd(0) M 5-endo-trig Q\ . o6
: — 3 F,C R 26
FsC Rl R? R (F |C::2 R! 'R2 R — CgFsCO,PdF 2 1 g2
61 PAXtn N X=0COC4Fs 62
Heck B- 13)
P B Lin
B_
DFT (Figure 3)142) 27 B
M B- |3_
) a-
B' B_
PRDH C Pd PCX B- PRDX
B-
B-halogen elimination _‘+
+ +
x_| X_‘ X
— Pd - Lde\/ — PO, /)
+ PCX TSX PRDX
x|
Pd —]
\)\H B-hydrogen elimination . . (27)
+
M H
H_| /H\ _| / _I

L—— Pgun —_ L Pd/ \ X P
X 2 \/_ ///</

PCH TSH PRDH “y
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F

?I"' TSX . M . TSH PRDH <
o4 WX | Ho | oe X
’/// Pdi) =70 [KAAN 8.6 59
PRDX —74\ 0.7 PCH A Sl 5.0 X =Br
P PCX 8'2 e - i== x=cl
. N . . //,/’// . S — X=F
25, | - 00 25
X=F 89 \ 667/
-12.8 —
— 124
T~ =147
215 /)
-25.0 /
X=Ccl— /
X=Br—— the relative energies: kcal/mol
Figure 3. Energy profiles relevant to p-hydrogen and -halogen eliminations.
B3- Heck
Pd(0) 20 Heck
Heck 3-
( ) R
Heck FPd’\\(
genr (Figure 4) E
( ) B B Figure 4.
( ) O- 61
)
62
() 5-endo
B- B-
( )
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Experimental section

'H NMR (500 MHz), *C NMR (126 MHz), and °F NMR (470 MHz) spectra were recorded in CDCl; on a Bruker
Avance-500 spectrometer. ‘H NMR chemical shifts (&) are given in ppm downfield from Me,Si. **C NMR chemical
shifts (8) are given in ppm downfield from Me,Si, relative to chloroform-d (& = 77.0). **F NMR chemical shifts ()
are given in ppm downfield from CgFe. IR spectra were recorded on a Horiba FT-300S spectrometer. Elemental
analyses were performed with a YANAKO MT-6 CHN Corder apparatus. Mass spectra were taken with a JEOL
MS-700M spectrometer.

All reactions were carried out under argon. Diethyl ether (Et,0), tetrahydrofuran (THF), N,N-dimethylformamide
(DMF), CH,Cl,, and toluene were dried by passing over a column of activated alumina (A-2, Purity) followed by a
column of Q-5 scavenger (Engelhard). 1,1,1,3,3,3-Hexafluoropropan-2-ol (HFIP) and ethanol were distilled from
sodium, and stored over 3A molecular sieves. CH;CN and hexamethylphosphoric triamide (HMPA) were distilled from
CaH,, and stored over 3A molecular sieves. CHCl; was passed through an alumina column prior to use. n-BuLi (1.5 M
in hexane), s-BuLi (1.1 M in cyclohexane), t-BuLi (1.5 M in pentane) were purchased and used without further
purification.

Column chromatography and preparative thin-layer chromatography (PTLC) were performed on silica gel (Kanto
Chemical Co. Inc., Silica Gel 60 and Wako Pure Chemical Industries, Ltd., B5-F), respectively.

The enantiomeric excess was determined by HPLC using an AD-H Daicel column.
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Preparation of 3,3,3-trifluoroprop-1-en-2-yllithium (2)

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (0.21 mL, 2.0 mmol) in Et,0 (20 mL) was added a solution of
BuLi (2.0 mmol) in Et,O (3 mL). After stirring for 15 min, a solution of MeOH (0.10 mL, 2.5 mmol) in Et,O (3 mL)
was added slowly. Then the reaction mixture was allowed to warm up to rt, and its *°F NMR spectra was observed,
immediately. Signals at 56 (), 94 (s), 96 () ppm were assigned to 1,1-difluoroallene 4,
2-bromo-3,3,3-trifluoroprop-1-ene 1, and 3,3,3-trifluoropropene 3, respectively. Their yields were determined by *F
NMR relative to internal standard ((CF3)CTol,).

Preparation of 2-(trifluoromethyl)allyl alcohols (5)

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (0.21 mL, 2.0 mmol) in Et,O (10 mL) was added a solution of
s-BuLi (1.07 M in cyclohexane; 1.87 mL, 2.0 mmol) in Et,O (2 mL) at —105 °C. After stirring for 10 min, a solution of
aldehyde (1.0 mmol) in Et,O (2 mL) was added dropwise. Then the reaction mixture was allowed to warm up to =50 °C
over 2 h. The reaction was quenched with phosphate buffer (pH 7, 10 mL), organic materials were extracted with Et,0
(10 mL x 3). The combined extracts were washed with brine (10 mL), and dried over MgSQ,. After removal of the
solvent under reduced pressure, the residue was purified by column chromatography (hexane—-EtOAc, 10:1) to give

2-(trifluoromethyl)allyl alcohol 5.

1-Phenyl-2-(trifluoromethyl)prop-2-en-1-ol (5a)

Ph
Ly

OH
A colorless liquid. 73%.

IR (neat): 3357, 3066, 3035, 2922, 2850, 1321, 1167, 1115, 1022, 957, 698 cm™. *H NMR: §2.20-2.22 (1H, m), 5.43
(1H,d, J = 2.9 Hz), 5.80 (1H, q, Ju = 1.4 Hz), 5.93 (1H, q, Iy = 0.7 Hz), 7.33-7.39 (5H, m).*C NMR: §71.3, 119.8
(9, Jor = 5 Hz), 123.1 (q, Jor = 275 Hz), 126.8, 128.6, 128.7, 140.2, 140.8 (q, Jcr = 28 Hz). F NMR: & 96.5 (br s).
HRMS (FABY): calcd for C;oH1oF50 ([M+H]") 203.0684; found 203.0687.

5-Phenyl-2-(trifluoromethyl)pent-1-en-3-ol (5b)

Ph
Fscjﬁ/\/

OH
A colorless liquid. 76%.

IR (neat): 3392, 3064, 3028, 2927, 2866, 1409, 1315, 1165, 1115, 1065, 953 cm™. *H NMR: §1.91 (1H, dddd, J = 13.9,
9.4, 8.6, 5.3 Hz), 2.00 (1H, d, J = 4.2 Hz), 2.01-2.08 (1H, m), 2.70 (1H, ddd, J = 13.8, 9.4, 6.6 Hz), 2.81 (1H, ddd, J =
13.8, 10.0, 5.3 Hz), 4.37 (1H, ddd, J = 8.6, 4.2, 4.2 Hz), 5.74 (1H, m), 5.84 (1H, q, Jur = 1.5 Hz), 7.19 (1H,t, J = 7.6
Hz), 7.20 (2H, d, J = 7.6 Hz), 7.29 (2H, dd, J = 7.6, 7.6 Hz). *C NMR: §31.5, 37.7, 68.4, 119.1 (q, Jcr = 6 Hz), 123.3
(9, Jor = 275 Hz), 126.0, 128.3, 128.5, 141.2, 141.6 (q, Jor = 28 Hz). F NMR: & 96.1 (br s). Anal. Calcd for
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CoH13F30: C, 62.60; H, 5.69. Found: C, 62.53; H, 5.94.

N-Benzyl-N-(2-trifluoromethyl-1-phenylprop-2-en-1-yl)amine (8a)

Ph
FsC

HN_
Bn

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (0.21 mL, 2.0 mmol) and N-benzilidene(phenyl)methanamine 7a

(195 mg, 1.0 mmol) in Et,0 (10 mL) was added a solution of s-BuLi (1.07 M in cyclohexane; 1.87 mL, 2.0 mmol) in

Et,O (2 mL) at =105 °C. After stirring for 10 min, a solution of BF3-OEt, (190 mg, 1.5 mmol) in Et,O (2 mL) was

added dropwise. The reaction mixture was allowed to warm up to -50 °C over 2 h. The reaction was quenched with

phosphate buffer (pH 7, 10 mL), and organic materials were extracted with EtOAc (10 mL x 3). The combined extracts

were washed with brine (10 mL), and dried over MgSQO,. Removal of the solvent under reduced pressure gave crude

amine (81% °F NMR vyield) as a pale yellow liquid. The residue was purified by column chromatography

(hexane—EtOAc, 10:1) to give 8a (224 mg, 77%) as a pale yellow liquid.

IR (neat): 3084, 3064, 3032, 2839, 1456, 1309, 1219, 1167, 1115, 955, 771 cm™. *H NMR: §1.70 (1H, s), 3.72 (1H, d, J
=13.2 Hz), 3.78 (1H, d, J = 13.2 Hz), 4.51 (1H, s), 5.98 (1H, m), 6.03 (1H, s), 7.27-7.41 (10H, m). *C NMR: §51.6,
60.6, 119.5 (q, Jcr = 6 Hz), 123.6 (g, Jcr = 275 Hz), 127.1, 127.6, 127.8, 128.1, 128.4, 128.6, 139.8, 140.5 (q, Jcr = 28
Hz), 140.6. 9F NMR: & 95.7 (br s). Anal. Calcd for Cy;H;6F5N: C, 70.09; H, 5.54; N, 4.81. Found: C, 70.02; H, 5.69; N,
4.72.

Preparation of N-[2-(trifluoromethyl)allylJamides (8b—g)

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (91 pL, 0.88 mmol) in Et,0 (8 mL) was added a solution of
s-BuLi (1.07 M in cyclohexane; 0.75 mL, 0.80 mmol) in Et,O (2 mL) at —105 °C. After stirring for 10 min, a solution
of N-benzoylimine 7b or N-(4-methylbenzenesulfonyl)imine 7¢c—g (0.40 mmol) in Et,O (5-20 mL) was added dropwise.
The reaction mixture was allowed to warm up to -50 °C over 2 h. The reaction was quenched with phosphate buffer
(pH 7, 10 mL), and organic materials were extracted with EtOAc (10 mL x 3). The combined extracts were washed
with brine (10 mL), and dried over MgSQ,. After removal of the solvent under reduced pressure, the residue was

purified by column chromatography to give N-[2-(trifluoromethyl)allyl]Jamide 8b—g.

N-[1-phenyl-2-(trifluoromethyl)prop-2-ene-1-yl]benzamide (8b)

Ph
Fs;C

NHCOPh
Colorless crystals. 97%.

mp. 153-154 °C. IR (neat): 3313, 3057, 3030, 1637, 1533, 1489, 1219, 1119, 769 cm™. *H NMR: §5.61 (1H, s), 5.99
(1H, s), 6.06 (1H, d, J = 7.5 Hz), 6.59 (1H, br d, J = 7.5 Hz), 7.32-7.40 (5H, m), 7.42 (2H, dd, J = 7.4, 7.4 Hz), 7.51
(1H, t, J = 7.4 Hz), 7.77 (2H, d, J = 7.4 Hz). *C NMR: §53.2, 121.3 (q, Jor = 5 Hz), 123.2 (g, Jer = 275 Hz), 127.0,
127.2,128.4, 128.7, 128.9, 131.9, 133.7, 137.9, 138.7 (q, Jcr = 29 Hz), 166.3. °F NMR: & 96.8 (br s). Anal. Calcd for
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C17H14F3NO: C, 66.88; H, 4.62; N, 4.59. Found: C, 67.01; H, 4.80; N, 4.57.

4-Methyl-N-[1-phenyl-2-(trifluoromethyl)prop-2-en-1-yl]benzenesulfonamide (8c)

Ph
F3C

NHTs

Colorless crystals. 90%.

mp. 111-114 °C. IR (neat): 3261, 3064, 2929, 1435, 1323, 1159, 1115, 1090, 968, 914, 771, 660 cm™. 'H NMR: §2.41
(3H, s), 5.12 (1H, d, J = 7.2 Hz), 543 (1H, d, J = 7.2 Hz), 5.73 (1H, s), 5.88 (1H, s), 7.04 (2H, d, J = 6.5 Hz),
7.18-7.25 (5H, m), 7.63 (2H, d, J = 8.2 Hz). *C NMR: § 21.5, 56.5, 121.6 (q, Jcr = 5 Hz), 122.8 (q, Jor = 275 Hz),
127.1,127.2, 128.4, 128.8, 129.5, 136.8, 137.2, 138.0 (g, Jcr = 29 Hz), 143.7. F NMR: 6 96.5 (br s). Anal. Calcd for
Cy7H16F3NO,S: C, 57.46; H, 4.54; N, 3.94. Found: C, 57.72; H, 4.73; N, 3.74.

4-Methyl-N-{1-[(E)-2-phenylethenyl]-2-(trifluoromethyl)prop-2-en-1-yl}benzenesulfonamide (8d)

Ph
F3C/“\T/K§>/
NHTs

Colorless crystals. 89%.

mp. 121-123 °C. IR (neat): 3267, 3027, 2926, 1448, 1327, 1157, 1120, 1047, 964, 665 cm™. 'H NMR: §2.32 (3H, s),
4.77 (1H, dd, J = 7.6, 7.6 Hz), 5.48 (1H, d, J = 7.6 Hz), 5.68 (1H, s), 5.81 (1H, s), 5.86 (1H, dd, J = 15.8, 7.6 Hz), 6.32
(1H, d, J = 15.8 Hz), 7.15 (2H, d, J = 7.6 Hz), 7.20 (2H, d, J = 8.1 Hz), 7.22-7.28 (3H, m), 7.74 (2H, d, J = 8.1 Hz). *C
NMR: §21.4, 54.9, 121.6 (q, Jcr = 5 Hz), 122.8 (4, Jer = 275 Hz), 124.9, 126.6, 127.3, 128.2, 128.5, 129.6, 133.4,
135.5, 137.2, 137.6 (q, Jcr = 29 Hz), 143.7. **F NMR: & 96.6 (br s). Anal. Calcd for C;gH;sFsNO,S: C, 59.83; H, 4.76;
N, 3.67. Found: C, 59.58; H, 4.99; N, 3.48.

4-Methyl-N-[2-(trifluoromethyl)hex-1-en-3-yl]benzenesulfonamide (8e)

F3C
NHTs

Colorless crystals. 77%.

mp. 75-77 °C. IR (neat): 3275, 2964, 2935, 2877, 1323, 1155, 1120, 1092, 661 cm™. *H NMR: 50.81 (3H,t,J = 7.3
Hz), 1.16-1.28 (1H, m), 1.30-1.41 (1H, m), 1.51 (1H, dddd, J = 9.0, 9.0, 9.0, 5.2 Hz), 1.60 (1H, dddd, J = 9.0, 9.0, 9.0,
5.8 Hz), 2.42 (3H, s), 3.99 (1H, ddd, J = 9.0, 9.0, 5.2 Hz), 5.51 (1H, s), 5.63 (LH, s), 5.73 (1H, d, J = 9.0 Hz), 7.29 (2H,
d, J=8.1 Hz), 7.75 (2H, d, J = 8.1 Hz). *C NMR: §13.2, 18.6, 21.4, 37.3, 53.1, 120.6 (4, Jcr = 6 Hz), 123.1 (q, Jcr =
275 Hz), 127.1, 129.5, 137.3, 138.4 (q, Jcr = 28 Hz), 143.5. 9F NMR: & 96.5 (br s). Anal. Calcd for Cy4H1sFsNO.S: C,
52.32; H, 5.65; N, 4.36. Found: C, 52.21; H, 5.71; N, 4.18.

4-Methyl-N-[4,4-dimethyl-2-(trifluoromethyl)pent-1-en-3-yl]benzenesulfonamide (8f)

F3C
NHTs
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Colorless crystals. 96%.

mp. 153-154 °C. IR (neat): 3275, 2981, 2908, 2871, 1454, 1331, 1171, 1120, 1070, 685 cm™. *H NMR: §0.92 (9H, s),
2.41 (3H, s), 3.78 (1H, d, J = 9.7 Hz), 5.53 (1H, s), 5.70 (1H, s), 5.95 (1H, d, J = 9.7 Hz), 7.26 (2H, d, J = 8.3 Hz), 7.72
(2H, d, J = 8.3 Hz). °C NMR: §21.5, 26.3, 35.6, 60.3, 123.0 (q, Jcr = 275 Hz), 123.6 (q, Jcr = 6 Hz), 127.3, 129.4,
137.1, 138.3 (q, Jor = 29 Hz), 143.4. *°F NMR: & 98.7 (br s). Anal. Calcd for CisH,0FsNO,S: C, 53.72; H, 6.01; N,
4.18. Found: C, 53.76; H, 6.16; N, 3.93.

4-Methyl-N-[1,1-diphenyl-2-(trifluoromethyl)prop-2-en-1-yl]benzenesulfonamide (89)

Ph
FaC Ph
NHTs

Colorless crystals. 76%.

mp. 166-167 °C. IR (neat): 3292, 3064, 3030, 1404, 1311, 1155, 1120, 1028, 769, 546 cm™. *H NMR: §2.35 (3H, ),
5.66 (1H, s), 5.99 (1H, s), 6.18 (1H, s), 7.01 (2H, d, J = 8.1 Hz), 7.13 (2H, d, J = 8.1 Hz), 7.17 (4H, dd, J = 6.4, 6.4 Hz),
7.21-7.26 (6H, m). °C NMR: 521.4, 71.4, 1235 (q, Jor = 277 Hz), 124.6 (q, Jor = 5 Hz), 126.7, 127.6, 128.1, 128.9,
129.7, 138.4, 139.1, 142.5 (q, Jor = 27 Hz), 142.6. °F NMR: & 104.1 (br s). Anal. Calcd for Cp3H,FsNO,S: C, 64.02;
H, 4.67; N, 3.25. Found: C, 64.21; H, 4.87; N, 3.07.

Oxirane ring opening with 3,3,3-trifluoroprop-1-en-2-yllithium (2)

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (0.47 mL, 4.5 mmol) and BF;-OEt, (0.38 mL, 3.0 mmol) in Et,0
(15 mL) was added dropwise a solution of n-BuL.i (2.67 M in hexane; 1.69 mL, 4.5 mmol) in Et,O (2 mL) at —100 °C.
After the mixture was stirred for 15 min, a solution of oxirane 9 (3.0 mmol) in Et,O (2 mL) was added dropwise. The
mixture was stirred for 15 min, and then allowed to warm up to room temperature. The reaction mixture was quenched
with phosphate buffer (pH 7, 30 mL) and organic materials were extracted with EtOAc (15 mL x 2). The combined
extracts were washed with water (10 mL x 2) and brine (10 mL), and dried over MgSQO,. After removal of the solvent
under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 5:1) to give

3-(trifluoromethyl)homoallyl alcohol 12.

1-Phenyl-5-(trifluoromethyl)hex-5-en-3-ol (12a)
CF; OH
Ph

A colorless liquid. 91%.

IR (neat): 3384, 3027, 2929, 1604, 1496, 1454, 1344, 1165, 1117, 947, 748 cm™. *H NMR: 61.70 (1H, d, J = 4.2 Hz),
1.76-1.88 (2H, m), 2.32 (1H, ddd, J = 15.0, 8.4, 0.9 Hz), 2.44 (1H, ddd, J = 15.0, 4.2, 0.9 Hz), 2.70 (1H, ddd, J = 13.8,
9.6, 6.7 Hz), 2.83 (1H, ddd, J = 13.8, 9.8, 5.8 Hz), 3.85 (1H, ddddd, J = 8.4, 8.4, 4.2, 4.2, 4.2 Hz), 5.46 (1H, q, Jur =
1.2 Hz), 5.79 (1H, g, Jue = 1.5 Hz), 7.18-7.21 (3H, m), 7.27-7.31 (2H, m). *C NMR: §32.0, 38.2, 38.8, 68.7, 121.0 (q,
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Jor = 6 Hz), 123.6 (q, Jcr = 274 Hz), 126.0, 128.4, 128.5, 135.0 (q, Jcr = 30 Hz), 141.6. F NMR: & 93.5 (br s). Anal.
Calcd for Cy3H;5F30: C, 63.93; H, 6.19. Found: C, 64.19; H, 6.40.

1-Phenyl-4-(trifluoromethyl)pent-4-en-2-ol (12b)

CF; OH

Ph

A colorless liquid. 89%.
IR (neat): 3426, 3030, 2924, 1496, 1455, 1418, 1164, 1111, 1080, 946 cm™. '"H NMR: §1.71 (1H, d, J = 4.3 Hz), 2.34
(1H, ddd, J =15.1, 8.6, 0.8 Hz), 2.43 (1H, ddd, J = 15.1, 4.3, 0.8 Hz), 2.66 (1H, dd, J = 13.6, 8.6 Hz), 2.83 (1H, dd, J =
13.6, 4.3 Hz), 4.00 (1H, ddddd, J = 8.6, 8.6, 4.3, 4.3, 4.3 Hz), 5.52 (1H, q, J4r = 1.3 Hz), 5.81 (1H, q, J4 = 1.4 Hz),
7.20 (2H, d, J = 7.3 Hz), 7.22 (1H, , J = 7.3 Hz), 7.30 (2H, dd, J = 7.3, 7.3 Hz). *C NMR: §37.3, 43.6, 70.0, 120.8 (q,
Jor = 6 Hz), 123.6 (q, Jcr = 274 Hz), 126.7, 128.6, 129.4, 135.0 (q, Jcr = 30 Hz), 137.8. F NMR: & 93.6 (br s). Anal.
Calcd for Cy,H13F30: C, 62.60; H, 5.69. Found: C, 62.52; H, 5.86.

(R)-1-(4-Methoxybenzyloxy)-4-(trifluoromethyl)pent-4-en-2-ol [(R)-12c]
CF; OH
OPMB

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene (1, 1.55 mL, 15.0 mmol) and BF3-OEt, (1.89 mL, 15.0 mmol) in
Et,O (40 mL) was added dropwise a solution of n-BuLi (2.59 M in hexane; 5.79 mL, 15.0 mmol) in Et,0 (4 mL) at
—100 °C. After the mixture was stirred for 15 min, a solution of 2-[(4-methoxybenzyloxy)methyl]oxirane 9c (98.7% ee,
1.94 g, 10.0 mmol) in Et,O (4 mL) was added dropwise. The mixture was stirred for 15 min, and then allowed to warm
up to rt. The reaction mixture was quenched with phosphate buffer (pH 7, 50 mL), and organic materials were extracted
with EtOAc (30 mL x 2). The combined extracts were washed with water (30 mL x 2), brine (30 mL), and dried over
MgSO,. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAcC, 5:1) to give (R)-12c (2.37 g, 82%) as a colorless liquid.

[a]o?® = —2.6 (c 1.0, CHCI). IR (neat): 3446, 2908, 2864, 1612, 1514, 1246, 1165, 1109, 1034, 947, 820 cm™. *H
NMR: §2.32-2.34 (2H, m), 2.56 (1H, br s), 3.35 (1H, dd, J = 9.5, 6.8 Hz), 3.50 (1H, dd, J = 9.5, 3.3 Hz), 3.80 (3H, s),
3.97-4.02 (1H, m), 4.46 (1H, d, J = 11.5 Hz), 4.49 (1H, d, J = 11.5 Hz), 5.49 (1H, g, Jue = 1.2 Hz), 5.77 (1H, q, Ju =
1.3 Hz), 6.89 (2H, d, J = 8.7 Hz), 7.25 (2H, d, J = 8.7 Hz). *C NMR: §33.6, 55.2, 68.1, 73.0, 73.2, 113.9, 120.6 (q, Jcr
=6 Hz), 1235 (0, Jor = 274 Hz), 129.4, 129.7, 134.5 (q, Jer = 30 Hz), 159.4. *°F NMR: & 93.2 (br s). Anal. Calcd for
Cy4H17F304: C, 57.93; H, 5.90. Found: C, 57.91; H, 5.95. HPLC (i-PrOH:hexane = 1:50): retention time 19.6 min major

peak, 23.9 min minor peak.

trans-2-[1-(Trifluoromethyl)vinyl]cyclohexanol (12d)

WOH
[ j\ _CF,
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A colorless liquid. 40%.

IR (neat): 3404, 2933, 2860, 1450, 1346, 1296, 1163, 1113, 1063, 937 cm™. *H NMR: §1.22-1.34 (4H, m), 1.69-1.72
(1H, m), 1.78-1.82 (1H, m), 1.92-1.94 (1H, m), 2.02 (1H, br s), 2.07-2.10 (1H, m), 2.11-2.16 (1H, m), 3.58 (1H, ddd,
J=10.2,10.2, 4.3 Hz), 5.49 (1H, s), 5.85 (1H, q, Jue = 1.3 Hz). *C NMR: §24.7, 25.7, 33.0, 34.9, 47.1, 72.6, 118.5 (q,
Jor = 6 Hz), 123.8 (0, Jor = 274 Hz), 140.8 (q, Jer = 29 Hz). *°F NMR: & 94.0 (br s). HRMS (FAB): calcd for
CoH14F30 ([M+H]") 195.0997; found 195.0977.

3-(Trifluoromethyl)but-3-enyl 4-methylbenzenesulfonate (12f)

CF; OTs

After the ring opening reaction of ethylene oxide 9f (5 mmol) with 3,3,3-trifluoroprop-1-en-2-yllithium 2, solvents were
partially evaporated to ca. 1/4 volume. Pyridine (5 mL) and tosyl chloride (0.95g, 5.0 mmol) were added to the residue.
After the mixture was stirred at room temperature overnight, the reaction was quenched with aqueous HCI (1 M, 30
mL). Organic materials were extracted with EtOAc (20 mL x 3). The combined extracts were washed with water (10
mL) and brine (10 mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography (hexane—EtOAc, 5:1) to give 12f (498 mg, 34%) a colorless liquid.

IR (neat): 2970, 2929, 1599, 1358, 1171, 1117, 978, 908 cm™. *H NMR: §2.45 (3H, s), 2.57 (2H, t, J = 6.6 Hz), 4.17
(2H, t, J = 6.6 Hz), 5.42 (1H, q, Jur = 1.3 Hz), 5.76 (1H, br s), 7.36 (2H, d, J = 8.4 Hz), 7.78 (2H, d, J = 8.4 Hz). *C
NMR: §21.5, 29.1, 67.1, 121.1 (q, Jor = 6 Hz), 123.1 (q, Jer = 274 Hz), 127.8, 129.9, 132.6, 133.0 (q, Jcr = 30 Hz),
145.1. ®F NMR: & 93.1 (br s). Anal. Calcd for C1,H15F;05S: C, 48.97; H, 4.45. Found: C, 49.17; H, 4.68.

2-Phenyl-3-(trifluoromethyl)but-3-en-1-ol (12g)

CF; OH

Ph

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (1.24 mL, 12 mmol) and 2-phenyloxirane 9g (0.91 mL, 8.0 mmol)
in Et,O (40 mL) were added dropwise BF;-OEt, (1.52 mL, 12 mmol) and then a solution of n-BuL.i (2.71 M in hexane;
4.43 mL, 12 mmol) in Et,O (4 mL) at —100 °C. The reaction mixture was stirred for 15 min and then allowed to warm
up to rt. The reaction was quenched with phosphate buffer (pH 7, 40 mL), and organic materials were extracted with
EtOAc (30 mL x 3). The combined extracts were washed with water (30 mL) and brine (30 mL), and dried over
MgSO,. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAcC, 5:1) to give 12g (564 mg, 33 %) as a colorless liquid.

IR (neat): 3377, 3031, 2933, 2887, 1495, 1454, 1414, 1309, 1167, 1117, 1059, 949 cm™. *H NMR: & 1.57 (1H, br s),
3.78 (1H, dd, J = 6.8, 6.8 Hz), 3.93-4.01 (2H, m), 5.58 (1H, q, Jur = 1.1 Hz), 5.96 (1H, q, Jue = 1.4 Hz), 7.26-7.30 (3H,
m), 7.34-7.37 (2H, m). °C NMR: §47.4, 65.0, 119.7 (q, Jor = 6 Hz), 123.5 (q, Jcr = 275 Hz), 127.5, 128.1, 128.8,
138.2, 138.6 (0, Jcr = 28 Hz). °F NMR: & 94.2 (br s). HRMS (FABY): calcd for CiH1,FsO ([M+H]") 217.0840; found
217.0857.
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1-Phenyl-3-(trifluoromethyl)but-3-en-1-ol (12h)
CF; OH
Ph

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (0.51 mL, 4.9 mmol) in Et,0 (15 mL) was added dropwise t-BuL.i
(1.47 M in pentane; 3.1 mL, 4.5 mmol) at —100 °C. After the reaction mixture was stirred for 30 min, BF;-OEt;, (0.57
mL, 4.5 mmol) in Et,0 (3 mL) was added. After being stirred for 5 min, 2-phenyloxirane 9g (360 mg, 3.0 mmol) in
Et,O (3 mL) was added. The reaction mixture was stirred for 15 min and then allowed to warm up to room temperature.
The reaction was quenched with phosphate buffer (pH 7, 20 mL), and organic materials were extracted with EtOAc (20
mL x 3). The combined extracts were washed with water (20 mL) and brine (20 mL), and dried over MgSO,. After
removal of the solvent under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc,
10:1) to give 12h (166 mg, 26%) as a colorless liquid.

IR (neat): 3388, 3064, 3033, 2927, 1346, 1165, 1111, 1045, 947, 756, 698 cm™. *H NMR: &2.26 (1H, br s), 2.55 (1H,
dd, J = 15.1, 4.9 Hz), 2.62 (1H, ddd, J = 15.1, 8.7, 1.0 Hz), 4.84 (1H, m), 5.38 (1H, q, Jur = 1.2 Hz), 5.74 (1H, q, e =
1.4 Hz), 7.27-7.34 (5H, m). ®C NMR: §39.6, 71.9, 121.3 (q, Jor = 6 Hz), 123.6 (q, Jor = 274 Hz), 125.8, 127.9, 128.5,
134.6 (g, Jor = 30 Hz), 143.2. **F NMR: & 93.6 (br s).

1-Phenyl-6-(trifluoromethyl)hept-6-en-3-ol (14)

CF3

%\/\/VF’“

OH

To a solution of 2-bromo-3,3,3-trifluoroprop-1-ene 1 (0.31 mL, 3.0 mmol) and BF;-OEt, (0.15 mL, 1.2 mmol) in Et,0
(5 mL) was added dropwise a solution of n-BuLi (2.67 M in hexane, 1.1 mL, 3.0 mmol) in Et,0 (2 mL) at -100 °C.
After the mixture was stirred for 15 min, a solution of 2-phenethyloxetane 13 (158 mg, 0.97 mmol) in Et,O (2 mL) was
added dropwise. The mixture was stirred for 15 min and warmed to —78 °C over 2 h. After the mixture was allowed to
warm up to rt, the reaction was quenched with phosphate buffer (pH 7, 15 mL). Organic materials were extracted with
EtOAc (15 mL x 3). The combined extracts were washed with water (15 mL) and brine (15 mL), and dried over
MgSO,. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAcC, 5:1) to give 14 (206 mg, 82%) as a colorless liquid.

IR (neat): 3354, 3028, 2927, 2862, 1496, 1454, 1323, 1165, 1113, 939 cm™. *H NMR: 51.48 (1H, br s), 1.61-1.83 (4H,
m), 2.25 (1H, ddd, J = 15.7, 10.5, 5.9 Hz), 2.41 (1H, ddd, J = 15.7, 10.7, 5.0 Hz), 2.69 (1H, ddd, J = 13.7, 9.3, 6.9 Hz),
2.80 (1H, ddd, J = 13.7, 9.4, 6.1 Hz), 3.66 (1H, dddd, J = 8.2, 8.2, 4.1, 4.1 Hz), 5.31 (1H, q, Jur = 1.4 Hz), 5.66 (1H, g,
Jue = 1.3 Hz), 7.18-7.21 (3H, m), 7.26-7.31 (2H, m). *C NMR: §25.7, 32.0, 35.2, 39.1, 70.5, 117.7 (q, Jcr = 6 Hz),
123.8 (q, Jor = 274 Hz), 125.9, 128.4, 128.5, 138.2 (q, Jer = 29 Hz), 141.7. **F NMR: & 93.3 (br s). Anal. Calcd for
Cy4H17F30: C, 65.10; H, 6.63. Found: C, 65.08; H, 6.86.
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General procedure for the preparation of a,-unsaturated a-trifluoromethyl-ketones (16)

To a solution of BF3-OEt, (127 uL, 1.0 mmol) and 2-bromo-3,3,3-trifluoroprop-1-ene 1 (0.41 mL, 4.0 mmol) in Et,0
(10 mL) was added a solution of n-BuLi (1.52 M in hexane; 1.27 mL, 2.0 mmol) in Et,O (3 mL) at —100 °C. After
stirring for 10 min, a solution of N,N-dimethylcarboxamide 15 (1.0 mmol) in Et,O (5 mL) was added. The reaction
mixture was allowed to warm up to =50 °C over 2 h. Phosphate buffer (pH 7, 10 mL) was added to quench the reaction,
and organic materials were extracted with EtOAc (15 mL x 3). The combined extracts were washed with brine (10 mL),
and dried over MgSQ,. After removal of the solvent under reduced pressure, the residue was purified by column

chromatography (hexane—EtOAc, 10:1) to give a,B-unsaturated a-trifluoromethyl-ketone 16.

1-(1-Naphthyl)-2-(trifluoromethyl)prop-2-en-1-one (16a)

(0]

O CF;

A pale brown liquid. 55%.

IR (neat): 3059, 1668, 1508, 1340, 1132, 1055, 793 cm™. *H NMR: §6.14 (1H, q, Jur = 1.6 Hz), 6.67 (1H, s), 7.50 (1H,
dd, J=8.2, 7.2 Hz), 7.56 (1H, dd, J = 7.4, 7.4 Hz), 7.59 (1H, dd, J = 7.4, 7.4 Hz), 7.62 (1H, d, J = 7.2 Hz), 7.91 (1H, d,
J=7.4 Hz), 8.02 (1H, d, J = 8.2 Hz), 8.18 (1H, d, J = 7.4 Hz). °C NMR: §121.8 (q, Jcr = 276 Hz), 124.1, 125.1, 126.8,
127.9, 128.4, 128.5, 130.5, 132.6, 133.7 (q, Jor = 5 Hz), 133.7, 134.2, 139.4 (q, Jcr = 29 Hz), 192.7. *°F NMR: & 96.9
(br s). HRMS (FAB): calcd for Cy4H;0F;0 ([M+H]") 251.0684; found 251.0691.

1-(4-tert-Butylphenyl)-2-(trifluoromethyl)prop-2-en-1-one (16b)

0]

/©)J\H/CF3
t-Bu

A colorless liquid. 65%.

IR (neat): 2966, 2871, 1670, 1602, 1352, 1128, 1103, 978 cm™. *H NMR: §1.35 (9H, 5), 6.11 (1H, s), 6.57 (1H, s), 7.51
(2H, d, J = 8.5 Hz), 7.78 (2H, d, J = 8.5 Hz). ®C NMR: §31.0, 35.2, 121.7 (q, Jcr = 275 Hz), 125.7, 129.6 (q, Jcr = 5
Hz), 129.7, 133.4, 137.6 (q, Jor = 30 Hz), 157.7, 190.4. *F NMR: & 97.0 (br s). Anal. Calcd for C14H;5F50: C, 65.62;
H, 5.90. Found: C, 65.90; H, 6.18.

1-(4-Methoxyphenyl)-2-(trifluoromethyl)prop-2-en-1-one (16c)

o

MeO

A pale brown liquid. 57%.
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IR (neat): 3012, 2966, 2844, 1662, 1597, 1350, 1252, 1119, 976 cm™. *H NMR: §3.89 (3H, s), 6.03 (1H, g, Jur = 0.8
Hz), 6.51 (1H, g, Jur = 1.1 Hz), 6.97 (2H, d, J = 8.9 Hz), 7.84 (2H, d, J = 8.9 Hz). *C NMR: §55.5, 113.9, 121.7 (q,
Jor = 275 Hz), 128.5 (q, Jor = 5 Hz), 128.7, 132.1, 137.5 (q, Jor = 31 Hz), 164.2, 189.3. °F NMR: & 97.2 (br s). Anal.
Calcd for C41HgF30,: C, 57.40; H, 3.94. Found: C, 57.55; H, 4.12.

2-(Trifluoromethyl)-1-[4-(trifluoromethyl)phenyl]prop-2-en-1-one (16d)

0]

m(ﬂ%,
FsC

A pale yellow liquid. 24%.

IR (neat): 2920, 2850, 1682, 1323, 1169, 1126, 1066, 982 cm™. *H NMR: §6.17 (1H, m), 6.70 (1H, m), 7.78 (2H, d, J =
8.1 Hz), 7.91 (2H, d, J = 8.1 Hz). °C NMR: §121.4 (q, Jor = 275 Hz), 123.4 (q, Jcr = 274 Hz), 125.8 (q, Jcr = 4 H2),
129.8, 131.7 (q, Jer = 5 Hz), 134.9 (q, Jor = 33 Hz), 137.4 (g, Jor = 31 Hz), 139.0, 189.8. *F NMR: &- 96.9 (3F, br s),
98.5 (3F, br s). HRMS (FAB): calcd for Cy3H;FsO ([M+H]") 269.0401; found 269.0388.

1-(2-Naphthyl)-2-(trifluoromethyl)prop-2-en-1-one (16e)

0]

A pale brown liquid. 61%.

IR (neat): 3062, 1664, 1626, 1342, 1132, 1105, 985, 771 cm™. *H NMR: §6.18 (1H, m), 6.64 (1H, m), 7.58 (1H, dd, J
=75, 7.5 Hz), 7.64 (1H, dd, J = 7.5, 7.5 Hz), 7.88-7.97 (4H, m), 8.30 (1H, s). *C NMR: 5 121.7 (q, Jcr = 275 Hz),
124.6, 127.2, 127.8, 128.8, 129.0, 129.6, 130.1 (q, Jor = 5 Hz), 131.9, 132.1, 133.3, 135.7, 137.7 (q, Jcr = 30 Hz),
190.7. F NMR: & 97.1 (br s). HRMS (FAB): calcd for Cy4H1F3O ([M+H]") 251.0684; found 251.0662. Anal. Calcd
for C14HgF;0: C, 67.20; H, 3.63. Found: C, 67.09; H, 3.86.

1-Thiophen-2-yl-2-(trifluoromethyl)prop-2-en-1-one (16f)
0

\
A pale brown liquid. 65%.

IR (neat): 3111, 2920, 1651, 1630, 1410, 1360, 1115, 1055, 723 cm™. *H NMR: §6.28 (1H, g, Jur = 0.7 Hz), 6.53 (1H,
s), 7.19 (1H, dd, J = 5.0, 3.9 Hz), 7.69 (1H, dd, J = 3.9, 1.1 Hz), 7.79 (1H, dd, J = 5.0, 1.1 Hz). *C NMR: 5121.4 (q,
Jor = 274 Hz), 128.3, 128.5 (q, Jor = 5 Hz), 135.1, 136.0, 137.6, (q, Jor = 31 Hz), 142.4, 182.0. **F NMR: & 97.2 (br s).
Anal. Calcd for CgHsF;0S: C, 46.60; H, 2.44. Found: C, 46.44; H, 2.71.

1-Furan-2-yl-2-(trifluoromethyl)prop-2-en-1-one (169)
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0O
0 CF5

\

A pale brown liquid. 51%.

IR (neat): 3140, 2920, 1660, 1464, 1394, 1354, 1128, 985, 764 cm™. *H NMR: §6.52 (1H, q, Jue = 0.7 Hz), 6.58 (1H,
m), 6.62 (1H, dd, J = 3.6, 1.7 Hz), 7.29 (1H, dd, J = 3.6, 0.7 Hz), 7.71 (1H, dd, J = 1.7, 0.7 Hz). *C NMR: & 112.6,
121.2, 121.4 (q, Jer = 275 Hz), 129.9 (g, Jcr = 5 Hz), 136.9 (g, Jcr = 30 Hz), 148.1, 151.3, 176.4. F NMR: & 97.2 (br
s). HRMS (FAB): calcd for CgHgF10, ([M+H]") 191.0320; found 191.0323.

(E)-1-Phenyl-4-(trifluoromethyl)penta-1,4-dien-3-one (16h)

©/\\)J\WCF3

Colorless crystals. 38%.

IR (neat): 3064, 3030, 1674, 1604, 1362, 1142, 1045 cm™. *H NMR: 56.49 (1H, g, Jur = 0.8 Hz), 6.56 (1H, q, Jur = 1.2
Hz), 7.15 (1H, d, J = 16 Hz), 7.40-7.44 (3H, m), 7.56-7.61 (2H, m), 7.77 (1H, d, J = 16 Hz). *C NMR: §121.1, 122.0
(q, Jer = 275 Hz), 128.6, 129.0, 129.8 (q, Jor = 5 Hz), 131.1, 134.0, 138.6 (q, Jcr = 30 Hz), 146.4, 185.0. *°F NMR: &
97.5 (br s). Anal. Calcd for C;,HgF30: C, 63.72; H, 4.01. Found: C, 63.50; H, 4.07.

(E)-2-Methyl-1-phenyl-4-(trifluoromethyl)penta-1,4-dien-3-one (16i)

o]

WC&

A colorless liquid. 66%.

IR (neat): 3057, 3030, 2960, 2875, 1653, 1616, 1342, 1219, 1169, 1126, 1026, 771 cm™. *"H NMR: §2.17 (3H,d, J =
1.3 Hz), 6.01 (1H, g, Jur = 1.1 Hz), 6.40 (1H, q, Jue = 1.2 Hz), 7.36-7.47 (6H, m). *C NMR: §13.3, 121.6 (q, Jcr =
275 Hz), 127.4 (q, Jer = 6 Hz), 128.6, 129.3, 129.9, 135.0, 136.5, 137.7 (q, Jor = 30 Hz), 144.1, 193.1. *F NMR: &
97.3 (br s). HRMS (FAB): calcd for Ci3H1oF50 ([M+H]*) 241.0840; found 241.0843.

1-(1-Adamantyl)-2-(trifluoromethyl)prop-2-en-1-one (16j)
0

Compound 16j was prepared according to the general procedure by using 2-bromo-3,3,3-trifluoropropen-1-en (2.0 eq),
n-BuL.i (1.0 eq) and BF3-OEt; (1.3 eq).

A pale yellow liquid. 73%.

IR (neat): 2906, 2854, 1693, 1456, 1335, 1311, 1167, 1134, 1113, 1001, 966 cm™. *H NMR: §1.70 (3H, brd, J = 11.8
Hz), 1.76 (3H, br d, J = 11.8 Hz), 1.90 (6H, d, J = 2.6 Hz), 2.08 (3H, br s), 5.79 (1H, m), 6.14 (1H, m). *C NMR:
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527.8,36.2,38.1,47.4, 121.3 (q, Jer = 275 Hz), 122.9 (q, Jer = 6 Hz), 137.9 (q, Jer = 31 Hz), 204.5. °F NMR: & 97.9
(br ). HRMS (FAB): calcd for C14H1sF;0 ([M+H]*) 259.1310; found 259.1302.

4-Methyl-5-phenyl-2-(trifluoromethyl)pent-1-en-3-one (16k)

0O

MCH

Compound 16k was prepared according to the general procedure by using BFs-OEt, (1.3 eq).

A colorless liquid. 78%.

IR (neat): 3032, 2978, 2937, 1695, 1454, 1327, 1140, 1002, 773 cm™. *H NMR: §1.15 (3H, d, J = 7.0 Hz), 2.63 (1H, dd,
J=13.6, 7.0 Hz), 3.04 (1H, dd, J = 13.6, 7.0 Hz), 3.37 (1H, ddg, J = 7.0, 7.0, 7.0 Hz), 6.32 (1H, m), 6.39 (1H, m), 7.14
(2H, d, J = 7.3 Hz), 7.20 (1H, t, J = 7.3 Hz), 7.27 (2H, dd, J = 7.3, 7.3 Hz). *C NMR: 517.0, 39.2, 43.8, 121.7 (4, Jcr =
275 Hz), 126.4, 128.5, 129.0, 130.1 (q, Jer = 4 Hz), 137.9 (g, Jor = 29 Hz), 139.1, 199.3. **F NMR: & 96.9 (br s). Anal.
Calcd for Cy3H3F30: C, 64.46; H, 5.41. Found: C, 64.41; H, 5.60.

5-Phenyl-2-(trifluoromethyl)penta-1-en-3-one (161)

0O

©/\)\H/CF3

Compound 161 was prepared according to the general procedure by using BF;-OEt, (1.3 eq).

A pale yellow liquid. 42%.

IR (neat): 3032, 1697, 1373, 1329, 1140, 1063, 995, 771 cm™. *"H NMR: 62.97 (2H,t,J = 7.5 Hz), 3.04 (2H,t,J=7.5
Hz), 6.43 (1H, m), 6.48 (1H, m), 7.18-7.23 (3H, m), 7.29 (2H, dd, J = 7.1, 7.1 Hz). *C NMR: §29.4, 40.8, 121.8 (q,
Jor = 275 Hz), 126.3, 128.3, 128.6, 130.4 (q, Jcr = 6 Hz), 138.0 (4, Jer = 30 Hz), 140.4, 194.1. °F NMR: & 97.0 (br s).
HRMS (FABY): calcd for Ci,H1,F50 ([M+H]") 229.0840; found 229.0829.

Preparation of N-propargyl-N-[2-(trifluoromethyl)allylJamides (23)

To a solution of N-(4-methylbenzenesulfonyl)-2-(trifluoromethyl)allylamide 8 (0.4 mmol) in DMF (2 mL) was added
sodium hydride (55%, in mineral oil; 26 mg, 0.6 mmol) at rt. After stirring for 5 min, propargyl bromide (0.8 mmol)
was added. The reaction mixture was stirred for 12 h, and quenched with phosphate buffer (pH 7, 10 mL). Organic
materials were extracted with EtOAc (10 mL x 3). The combined extracts were washed with brine (10 mL), and dried
over MgSQ,. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAc, 3:1) to give 23.

4-Methyl-N-[1-phenyl-2-(trifluoromethyl)-2-propen-1-yl]-N-prop-2-yn-1-ylbenzenesulfonamide (23a)
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Ph

Y

A pale yellow liquid. 92%.

IR (neat): 3294, 3066, 3032, 2925, 1338, 1159, 1107, 1057, 899, 814, 661 cm™. *H NMR: §2.08 (1H, t, J = 2.5 Hz),
2.42 (3H, s), 3.77 (1H, dd, J = 18.5, 2.5 Hz), 4.17 (1H, dd, J = 18.5, 2.5 Hz), 5.90 (1H, s), 5.92 (1H, m), 6.08 (1H, m),
7.13 (2H, dd, J = 7.5, 1.8 Hz), 7.26-7.29 (5H, m), 7.71 (2H, d, J = 8.3 Hz). *C NMR: §21.5, 34.9, 60.5, 72.8, 79.0,
122.9 (q, Jor = 275 Hz), 123.8 (q, Jcr = 5 Hz), 127.6, 128.5, 128.6, 129.1, 129.4, 134.4, 136.9, 137.0 (q, Jcr = 27 Hz),
143.7. ®F NMR: - 96.4 (br s). HRMS (FAB): calcd for C,H1oFsNO,S ([M+H]") 394.1089; found 394.1084.

4-Methyl-N-[1-phenyl-2-(trifluoromethyl)-2-propen-1-yl]-N-pent-2-yn-1-ylbenzenesulfonamide (23b)

Ph
P N CF;
/Ts

A colorless liquid. 90%.

IR (neat): 3030, 2978, 2939, 2875, 1456, 1338, 1317, 1157, 1124, 1090, 1051, 902, 773 cm™. *H NMR: §0.94 (3H, t, J
=75Hz),1.97 (2H, qdd, J = 7.5, 2.1, 2.1 Hz), 2.41 (3H, s), 3.80 (1H, dt, J = 18.3, 2.1 Hz), 4.12 (1H, dt, J = 18.3, 2.1
Hz), 5.91 (1H, s), 5.94 (1H, s), 6.08 (1H, s), 7.13-7.17 (2H, m), 7.23-7.28 (5H, m), 7.71 (2H, d, J = 8.3 Hz). *C NMR:
012.1,13.2,21.4,35.5,60.4, 74.5, 86.5, 123.0 (q, Jcr = 276 Hz), 123.8 (q, Jcr = 5 Hz), 127.6, 128.3, 128.4, 129.2%2,
134.7,137.3 (q, Jer = 29 Hz), 137.4, 143.4. *F NMR: & 96.5 (br s). HRMS (FAB): calcd for CpHp3FsNO,S ([M+H])
422.1402; found 422.1398.

Et

4-Methyl-N-[2-(trifluoromethyl)hex-1-en-3-yl]-N-prop-2-yn-1-ylbenzenesulfonamide (23c)

A colorless liquid. 84%.

IR (neat): 3275, 2964, 2875, 1338, 1311, 1159, 1126, 1088, 1045, 681, 656 cm™. *H NMR: §0.88 (3H, t, J = 7.5 Hz),
1.20-1.35 (2H, m), 1.77 (1H, dddd, J = 14.0, 9.4, 6.6, 6.6 Hz), 1.91 (1H, dddd, J = 14.0, 8.4, 8.4, 5.8 Hz), 2.14 (1H, t, J
=25Hz), 2.42 (3H, s), 3.77 (1H, dd, J = 18.9, 2.5 Hz), 4.14 (1H, dd, J = 18.9, 2.5 Hz), 4.78 (1H, dd, J = 8.4, 6.6 Hz),
5.72 (1H, s), 6.04 (1H, s), 7.28 (2H, d, J = 8.4 Hz), 7.78 (2H, d, J = 8.4 Hz). °C NMR: §13.4, 19.7, 21.5, 32.4, 33.1,
55.6, 72.5, 79.4, 122.7 (q, Jer = 6 Hz), 122.9 (q, Jer = 275 Hz), 127.7, 129.3, 135.5 (q, Jor = 29 Hz), 137.3, 143.6. *°F
NMR: & 95.3 (br s). HRMS (FAB): calcd for Cy7H,,FsNO,S ([M+H]") 360.1245; found 360.1259.

Pauson-Khand reaction of N-propargyl-N-[2-(trifluoromethyl)allyl]Jamides (23)
To a solution of 23 (0.339 mmol) in CH,CI, (10 mL) was added Co,(CO)g (140 mg, 0.41 mmol), and the solution was
stirred for 30 min at rt. The solvent was removed under reduced pressure, and then acetonitrile (15 mL) was added.

After heating the solution at 60 °C for 2-3 h, the solvent was removed under reduced pressure. The residue was purified
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by column chromatography (hexane-EtOAc, 3 : 1) to give cyclopentnenone 24.

2-(4-Methylbenzenesulfonyl)-3-phenyl-3a-trifluoromethyl-2,3,3a,4-tetrahydrocyclopenta[c]pyrrol-5(1H)-one
(24a)
81% (anti : syn =94 : 6).

Major product (anti isomer).

Ph cr,

TsN (@)

A pale yellow liquid.

IR (neat): 3032, 2943, 2868, 1730, 1348, 1147, 1059, 912, 802, 667, 563, 542 cm™. *H NMR: §1.58 (1H, d, J = 18.0
Hz), 2.37 (1H, d, J = 18.0 Hz), 2.40 (3H, ), 4.41 (1H, d, J = 15.0 Hz), 4.58 (1H, d, J = 15.0 Hz), 5.34 (1H, s), 6.32 (1H,
s), 6.75-6.82 (1H, m), 7.11-7.23 (2H, m), 7.23 (2H, d, J = 8.1 Hz), 7.29 (1H, t, J = 7.4 Hz), 7.34-7.41 (1H, m), 7.57
(2H, d, J = 8.1 Hz). *C NMR: §21.5, 41.4, 47.8, 62.2 (q, Jcr = 26 Hz), 64.0, 125.1 (br s), 125.9 (q, Jcr = 284 Hz),
127.2,127.5 (br s), 128.8, 129.0 (br s), 129.2 (br s), 129.6, 131.5, 135.0, 136.8, 143.9, 168.3, 203.1.

F NMR: & 87.6 (br s). HRMS (FABY): calcd for Cp;H;oFsNO5S ([M+H]") 422.1038; found 422.1050.

Minor product (syn isomer).

A pale yellow liquid.

IR (neat): 3066, 3033, 2922, 2852, 1732, 1354, 1165, 1092, 1032 cm™. *H NMR: §2.43 (3H, s), 2.47 (1H,d, J = 17.8
Hz), 2.72 (1H, d, J = 17.8 Hz), 4.45 (1H, s), 457 (1H, d, J = 16.0 Hz), 4.69 (1H, d, J = 16.0 Hz), 6.13 (1H, s),

7.07-7.18 (1H, m), 7.27 (2H, d, J = 8.3 Hz), 7.28-7.35 (3H, m), 7.54 (2H, d, J = 8.3 Hz), 7.54-7.64 (1H, m). *C NMR:
621.6,435,49.3, 62.4 (g, Jcr = 26 Hz), 71.0, 124.9 (q, Jcr = 285 Hz), 127.9, 128.1 (br s)x2, 128.8, 129.8, 130.0, 133.3,
133.7, 144.6, 168.9, 202.9. **F NMR: & 94.0 (br s). HRMS (FAB): calcd for CpH1gFsNO,S ([M+H]*) 422.1038; found
422.1010.

6-Ethyl-2-(4-methylbenzenesulfonyl)-3-phenyl-3a-trifluoromethyl-2,3,3a,4-tetrahydrocyclopenta[c]pyrrol-
5(1H)-one (24b)
85% (anti : syn =83 : 17).
Major product (anti isomer).
Phcr,
TsN o]

Et

A pale yellow liquid.
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IR (neat): 2976, 2939, 1726, 1864, 1348, 1186, 1147, 1093, 1041 cm™. *H NMR: §1.08 (3H, t, J = 7.5 Hz), 1.53 (1H, d,
J=18.1Hz), 2.24 (1H, dg, J = 15.0, 7.5 Hz), 2.33 (1H, dg, J = 15.0, 7.5 Hz), 2.37 (1H, d, J = 18.1 Hz), 2.41 (3H, 3),
4.32 (1H, d, J = 14.6 Hz), 4.59 (1H, d, J = 14.6 Hz), 5.30 (1H, s), 6.72-6.79 (LH, br d), 7.12-7.21 (2H, m), 7.24 (2H, d,
J=8.0Hz),7.28 (1H, t, J = 7.4 Hz), 7.33-7.40 (1H, m), 7.60 (2H, d, J = 8.0 Hz). ®C NMR: 512.1, 17.6, 21.5, 40.9,
46.8, 60.3 (q, Jor = 26 Hz), 64.0, 125.0 (br s), 126.2 (q, Jcr = 284 Hz), 127.2, 127.5 (br s), 128.6, 128.9 (br s), 129.2 (br
s), 129.5, 135.0, 137.2, 143.8, 145.5, 159.6, 203.3. °F NMR: & 87.3 (br s). HRMS (FAB): calcd for CysHsFsNO;S
(IM+H]") 450.1351; found 450.1332.

Minor product (syn isomer).

TSNS:E%O

Et

A pale yellow liquid.

IR (neat): 2974, 2937, 1724, 1684, 1354, 1259, 1159, 1090, 1026, 700, 661 cm™. *H NMR: §0.98 (3H, t, J = 7.5 Hz),
2.13 (1H, dg, J = 14.8, 7.5 Hz), 2.22 (1H, dq, J = 14.8, 7.5 Hz), 2.42 (3H, 5), 2.43 (1H, d, J = 17.9 Hz), 2.71 (1H, d, J =
17.9 Hz), 4.38 (1H, 5), 4.50 (1H, d, J = 15.7 Hz), 4.65 (1H, d, J = 15.7 Hz), 7.05-7.18 (1H, br s), 7.26 (2H, d, J = 8.2
Hz), 7.28-7.33 (3H, m), 7.55 (2H, d, J = 8.2 Hz), 7.56-7.67 (1H, br s). *C NMR: 5§12.0, 17.5, 21.5, 43.0, 48.3, 60.6 (g,
Jor = 26 Hz), 71.2, 125.2 (q, Jor = 285 Hz), 127.1 (brs), 127.9, 128.1 (br s), 128.6, 129.8, 133.3, 134.1, 143.9, 144.5,
160.8, 203.2. 9F NMR: & 93.8 (br s). HRMS (FAB): calcd for CpgH,3FsNO3S ( [M+H]") 450.1351; found 450.1360.

2-(4-Methylbenzenesulfonyl)-3-propyl-3a-trifluoromethyl-2,3,3a,4-tetrahydrocyclopenta[c]pyrrol-5(1H)-one
(24c)
71% (anti : syn = 86 : 14).

Major product (anti isomer).

-

:__ CF3

TsN O

A pale yellow liquid.

IR (neat): 2962, 2875, 1732, 1346, 1149, 1092, 1036, 665 cm™. *H NMR: §0.94 (3H, t, J = 7.3 Hz), 1.16-1.31 (2H, m),
1.57 (1H, dddd, J = 14.7, 14.7, 9.5, 5.5 Hz), 1.85-1.93 (1H, m), 2.43 (1H, d, J = 17.7 Hz), 2.45 (3H, s), 2.61 (1H, d, J =
17.7 Hz), 4.05 (1H, d, J = 15.2 Hz), 4.08 (1H, dd, J = 9.5, 2.8 Hz), 4.37 (1H, d, J = 15.2 Hz), 6.29 (1H, s), 7.35 (2H, d,
J=8.0Hz), 7.75 (2H, d, J = 8.0 Hz). *C NMR: §13.5, 18.6, 21.5, 35.6, 40.8, 47.2, 59.9, 60.2 (q, Jcr = 26 Hz), 125.8 (q,
Jor =284 Hz), 127.4,129.7, 130.4, 134.3, 144.1, 169.9, 203.5. F NMR: & 86.9 (br s). HRMS (FAB): calcd for
C1gH21F3NO3S ([M+H]") 388.1194; found 388.1199.

Minor product (syn isomer).
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TsN (0]

A pale yellow liquid.

IR (neat): 2964, 2931, 2877, 1732, 1348, 1161, 1090, 1032, 771 cm™. *H NMR: 5§0.88 (3H, t, J = 7.0 Hz), 1.22-1.32
(1H, m), 1.32-1.44 (1H, m), 1.81 (1H, br g, J = 10.2 Hz), 2.23 (1H, d, J = 18.0 Hz), 2.45 (3H, s), 2.45-2.52 (1H, m),
2.76 (1H, d, J = 18.0 Hz), 3.26 (1H, br d, J = 11.8 Hz), 4.39 (1H, d, J = 16.4 Hz), 4.47 (1H, d, J = 16.4 Hz), 6.07 (1H, 3),
7.34 (2H, d, J = 8.0 Hz), 7.68 (2H, d, J = 8.0 Hz). *C NMR: §14.0, 19.6, 21.6, 32.1, 44.1, 49.1, 59.6 (q, Jcr = 26 Hz),
67.8, 125.5 (q, Jor = 286 Hz), 127.3, 129.4, 130.0, 134.5, 144.4, 169.2, 203.4. *°F NMR: & 93.3 (br s). HRMS (FAB):
calcd for CigH,,FsNO3S ([M+H]") 388.1194; found 388.1209.

2-(4-Methylbenzenesulfonyl)-1-phenyl-6a-(trifluoromethyl)hexahydrocyclopenta[c]pyrrol-5(1H)-one (25)

P cr,
TsN (6]

H

To a solution of 2-(4-methylbenzenesulfonyl)-3-phenyl-3a-(trifluoromethyl)-2,3,3a,4-tetrahydrocyclopenta[c]-
pyrrol-5(1H)-one 24a (major isomer, 53 mg, 0.125 mmol) in MeOH (2 mL) was added 5% Pd/C (10 mg), and the
solution was stirred for 15 min at rt under H, (1 atm). After H, was replaced by argon, solid materials were removed
through a pad of Celite. The solvent was removed under reduced pressure, and the residue was purified by column
chromatography (hexane—-EtOAc, 3:2) to give cyclopentanone 25 (54 mg, quant.) as colorless crystals.
mp. 151155 °C. IR (neat): 3064, 3035, 2925, 1753, 1352, 1155, 1032, 665, 573 cm™. *H NMR: §2.00 (1H, d, J = 19.6
Hz), 2.18 (1H, d, J = 19.6 Hz), 2.33 (1H, dd, J = 19.4, 6.2 Hz), 2.45 (3H, s), 2.59 (1H, dd, J = 19.4, 9.2 Hz), 2.92 (1H,
dddd, J=9.2,6.2, 6.2, 6.2 Hz), 3.50 (1H, dd, J = 11.2, 6.2 Hz), 3.84 (1H, dd, J = 11.2, 6.2 Hz), 5.07 (1H, s), 7.22 (2H,
d, J = 7.2 Hz), 7.28-7.36 (5H, m), 7.67 (2H, d, J = 8.3 Hz). *C NMR: §21.6, 40.6, 41.6, 41.7, 53.5, 60.4 (q, Jcr = 25
Hz), 65.9, 127.0, 127.7 (q, Jcr = 281 Hz), 127.8, 128.5, 128.9, 129.7, 133.6, 137.4, 144.3, 211.4. >F NMR: & 87.5 (br
s). Anal. Calcd for Cy;H,0F3sNOsS: C, 59.56; H, 4.76; N, 3.31. Found: C, 59.68; H, 5.02; N, 3.03.

2-Trifluoromethyl-2,3-dihydrocyclopenta[a]lnaphthalene-1-one (26a)

To a solution of 1-(1-naphthyl)-2-(trifluoromethyl)prop-2-en-1-one 16a (71 mg, 0.29 mmol) in HFIP (1 mL) was added
TfOH (0.27 mL, 3 mmol) at rt. After stirring for 1 h, the reaction was quenched with phosphate buffer (pH 7, 5 mL).
Organic materials were extracted with EtOAc (10 mL x 2). The combined extracts were washed with brine (5 mL), and
dried over MgSO,. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography (hexane—EtOAc, 10:1) to give 1-indanone 26a (52 mg, 73 %) as colorless crystals.

mp. 102-104 °C. IR (neat): 3059, 2945, 1705, 1574, 1514, 1439, 1344, 1250, 1184, 1153, 1088, 955 cm™. *H NMR: &
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3.34-3.43 (1H, m), 3.48-3.57 (2H, m), 7.53 (1H, d, J = 8.4 Hz), 7.60 (1H, dd, J = 7.8, 7.8 Hz), 7.71 (1H, dd, J = 7.8,
7.8 Hz), 7.91 (1H, d, J = 7.8 Hz), 8.10 (1H, d, J = 8.4 Hz), 9.09 (1H, d, J = 7.8 Hz). ®°C NMR: 527.9 (q, Jcr = 2 Hz),
50.1 (q, Jor = 27 Hz), 123.3, 123.9, 125.0 (q, Jcr = 279 Hz), 127.2, 128.3, 129.3, 129.6, 130.1, 132.8, 137.1, 155.7,
197.1. F NMR: & 93.9 (d, Ju= = 9 Hz). Anal. Calcd for CHoF0: C, 67.20; H, 3.63. Found: C, 67.18; H, 3.83.

5-tert-Butyl-2-trifluoromethyl-2,3-dihydroinden-1-one (26b)

]

t-Bu

To a solution of 1-(4-tert-butylphenyl)-2-(trifluoromethyl)prop-2-en-1-one 16b (727 mg, 2.84 mmol) in HFIP (7 mL)
was added TfOH (2.5 mL, 28 mmol) at rt. After stirring for 3 d, the reaction was quenched with phosphate buffer (pH 7,
20 mL). Organic materials were extracted with EtOAc (15 mL x 2). The combined extracts were washed with brine (10
mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography (hexane—EtOAc, 20:1) to give 1-indanone 26b (636 mg, 87 %) as colorless crystals.

mp. 59-60 °C. IR (neat): 2966, 2871, 1720, 1608, 1350, 1254, 1174, 1157, 1109 cm™ *H NMR: & 1.37 (9H, s),
3.26-3.33 (1H, m), 3.39-3.46 (2H, m), 7.49 (1H, d, J = 8.2 Hz), 7.51 (1H, s), 7.75 (1H, d, J = 8.2 Hz). *C NMR: &
27.6 (9, Jcr = 2 Hz), 31.1, 35.6, 49.9 (q, Jcr = 27 Hz), 123.0, 124.3, 125.0 (q, Jcr = 279 Hz), 126.0, 133.5 (q, Jcr = 2
Hz), 152.4, 160.4, 196.4. *F NMR: & 94.0 (d, Jey = 9 Hz). Anal. Calcd for Cy4H;sF50: C, 65.62; H, 5.90. Found: C,
65.69; H, 6.05.
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1-(2,4-Dimethoxyphenyl)-3-(trifluoromethyl)but-3-en-1-ol (12i)

CF; OH OMe

OMe

To a mixture of trimethyl-2-(trifluoromethyl)prop-2-en-1-ylsilane 28 (273 mg, 1.50 mmol),
2,4-dimethoxybenzaldehyde (299 mg, 1.80 mmol), and MS 4A (0.10 g) in THF (5 mL) was added a solution of
tetrabutylammonium fluoride (TBAF, 1 M in THF; 0.15 mL, 0.15 mmol) at 0 °C. After the mixture was stirred for 1 d
at rt, the reaction was quenched by phosphate buffer (pH 7, 10 mL). The mixture was filtered through a pad of Celite,
and organic materials were extracted with EtOAc (10 mL x 2). The combined extracts were washed with water (10 mL
x 2), brine (10 mL), and dried over MgSQO,. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography (hexane—EtOAc, 5:1) to give 12i (261 mg, 63%) as a colorless liquid.

IR (neat): 3429, 3005, 2941, 2839, 1612, 1589, 1506, 1466, 1290, 1157, 1113, 1036 cm™. *H NMR: §2.53-2.70 (3H,
m), 3.81 (3H, s), 3.84 (3H, s), 5.02 (1H, dd, J = 6.8, 6.8 Hz), 5.43 (1H, @, Jur = 1.0 Hz), 5.74 (1H, g, Jur = 1.2 H2),
6.47 (1H, s), 6.48 (1H, dd, J = 8.6, 2.4 Hz), 7.21 (1H, d, J = 8.6 Hz). °C NMR: §37.5, 55.3, 55.4, 68.7, 98.7, 104.1,
120.4 (q, Jer = 6 Hz), 123.6, 123.7 (q, Jor = 274 Hz), 127.6, 135.2 (q, Jc = 30 Hz), 157.5, 160.3. **F NMR: & 93.3 (br
s). HRMS (FAB): calcd for Cy3H16F303 ([M+H]") 277.1052; found 277.1045.

tert-Butyl N-(4-Methylbenzenesulfonyl)-N-[1-phenyl-3-(trifluoromethyl)but-3-en-1-yl]carbamate (29h)

CF3 NTsBoc

Ph

To a solution of 12h (512 mg, 2.37 mmol), PPhy (1.24 g, 4.73 mmol), and tert-butyl
N-(4-methylbenzenesulfonyl)carbamate (945 mg, 3.48 mmol) in THF (15 mL) was added DEAD (40% in toluene; 0.82
ml, 4.7 mmol) at 0 °C. The reaction mixture was stirred at the same temperature for 10 h. After removal of the solvent
under reduced pressure, the residue was purified by column chromatography (hexane—-EtOAc, 10:1) to give 29h (1.12 g,
95%) as a colorless liquid.
IR (neat): 3018, 2981, 2933, 1728, 1599, 1354, 1169, 1151, 1122 cm™. *H NMR: §1.26 (9H, s), 2.40 (3H, s), 3.22 (1H,
dd, J =155, 6.5 Hz), 3.39 (1H, dd, J = 15.5, 8.7 Hz), 5.50 (1H, s), 5.83 (1H, s), 5.93 (1H, dd, J = 8.7, 6.5 Hz), 7.20 (2H,
d, J=8.1Hz), 7.31 (1H, t, J = 7.4 Hz), 7.35 (2H, dd, J = 7.4, 7.4 Hz), 7.45 (2H, d, J = 7.4 Hz), 7.53 (2H, d, J = 8.1 Hz).
BBC NMR: 6215, 27.7, 31.9, 58.9, 84.6, 121.5 (q, Jcr = 6 Hz), 123.6 (q, Jcr = 272 Hz), 127.8, 128.1, 128.3, 128.4,
128.9, 134.7 (q, Jcr = 30 Hz), 138.6, 144.1, 150.8, 171.1. **F NMR: & 93.3 (br s). Anal. Calcd for CpsHasFsNO,S: C,
58.84; H, 5.58; N, 2.98. Found: C, 58.60; H, 5.71; N, 2.79.

(S)-N-[1-(4-Methoxybenzyloxy)-4-(trifluoromethyl)pent-4-en-2-yl]-4- methylbenzenesulfonamide [(S)-30c]

OMe
CFs NHTs
4)\v/\\/0
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To a solution of (S)-31c (1.82 g, 3.45 mmol) and piperidine (1.02 mL, 10.3 mmol) in CH;CN (40 mL) was added
Pd(PPhs), (8.0 mg, 0.069 mmol) at rt.  After the mixture was stirred for 1.5 h, the solvent was removed under reduced
pressure. The residue was purified by column chromatography (hexane-EtOAc, 2:1) to give (S)-30c (1.47 g, 96%) as a
colorless liquid.

[a]p® = =33 (c 1.0, CHCLy). IR (neat): 3278, 2958, 2910, 2864, 1612, 1514, 1419, 1331, 1247, 1161, 1119 cm™. *H
NMR: §2.37 (1H, dd, J = 14.8, 7.1 Hz), 2.41 (3H, s), 2.43 (1H, dd, J = 14.8, 7.8 Hz), 3.22 (1H, dd, J = 9.5, 3.9 Hz),
3.33 (1H, dd, J = 9.5, 3.5 Hz), 3.55 (1H, ddddd, J = 8.2, 7.8, 7.4, 3.9, 3.5 Hz), 3.81 (3H, s), 4.27 (1H, d, J = 11.4 Hz),
4.30 (1H, d, J = 11.4 Hz), 5.03 (1H, d, J = 8.6 Hz), 5.29 (1H, q, Jur = 1.1 Hz), 5.63 (1H, q, Jur = 1.5 Hz), 6.87 (2H, d, J
= 8.7 Hz), 7.15 (2H, d, J = 8.7 Hz), 7.25 (2H, d, J = 8.7 Hz), 7.70 (2H, d, J = 8.7 Hz). *C NMR: 521.5, 32.7, 51.9,
55.2, 69.5, 72.9, 113.8, 121.6 (q, Jcr = 6 Hz), 123.3 (q, Jcr = 274 Hz), 127.0, 129.4, 129.5, 129.6, 133.9 (q, Jcr = 30
Hz), 137.7, 143.4, 159.4. **F NMR: & 93.5 (br s). HRMS (FAB): calcd for CpH,sFsNO,S ([M+H]") 444.1456; found
444.1453. HPLC (i-PrOH:hexane = 1:30): retention time 32.5 min major peak, 30.9 min minor peak.

4-Methyl-N-[1-phenyl-3-(trifluoromethyl)but-3-en-1-yl]benzenesulfonamide (30h)

CF; NHTs

To a solution of 29h (934 mg, 1.99 mmol) in CH,CI, (15 mL) was added CF;CO,H (1.53 ml, 20.6 mmol) at rt. The
reaction mixture was stirred at rt for 10 h. The reaction was quenched with sat. aqueous Na,CO3 (20 mL), and organic
materials were extracted with CH,Cl, (15 mL x 3). The combined extracts were washed with brine (10 mL), and dried
over Na,SO,. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAc, 2:1) to give 30h (688 mg, 94%) as colorless crystals.

IR (neat): 3269, 3064, 3030, 2927, 1456, 1325, 1159, 1120, 912 cm™. *H NMR: §2.37 (3H, s), 2.58 (1H, dd, J = 15.3,
7.2 Hz), 2.71 (1H, dd, J = 15.3, 7.8 Hz), 4.49 (1H, ddd, J = 7.8, 7.3, 7.2 Hz), 4.91 (1H, br d), 5.19 (1H, s), 5.63 (1H, s),
7.02-7.04 (2H, m), 7.14 (2H, d, J = 8.2 Hz), 7.17-7.19 (3H, m), 7.54 (2H, d, J = 8.2 Hz). *C NMR: 521.4, 37.6, 56.5,
121.9 (q, Jcr = 5 Hz), 123.3 (4, Jer = 272 Hz), 126.6, 127.1, 127.8, 128.6, 129.3, 133.4 (q, Jcr = 30 Hz), 137.2, 139.5,
143.2. F NMR: & 93.4 (3F, s). Anal. Calcd for CigH1FsNO,S: C, 58.52; H, 4.91; N, 3.79. Found: C, 58.56; H, 5.08;
N, 3.80.

N-[1-(2,4-Dimethoxyphenyl)-3-(trifluoromethyl)but-3-en-1-yl]-4-methylbenzenesulfonamide (30i)

CF; NHTs

MeO OMe

To a solution of 31i (1.47 g, 2.86 mmol) and piperidine (1.13 mL, 11.4 mmol) in CH;CN (40 mL) was added Pd(PPh),4
(66.0 mg, 57 umol) at rt. After the mixture was stirred for 12 h, water (10 mL) was added to quench the reaction.

Organic materials were extracted with EtOAc (10 mL x 3), and the combined extracts were washed with water (10 mL),
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brine (10 mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the residue was purified by
column chromatography (hexane-EtOAc, 2:1) to give 30i (1.15 g, 93%) as colorless crystals.

IR (neat): 3276, 3003, 2939, 2839, 1614, 1508, 1325, 1157, 1115, 1034 cm™. *H NMR: §2.32 (3H, s), 2.61 (1H, dd, J
= 15.4, 6.9 Hz), 2.75 (1H, dd, J = 15.4, 7.8 Hz), 3.71 (3H, s), 3.73 (3H, s), 4.49 (1H, ddd, J = 9.9, 7.8, 6.9 Hz), 5.23
(1H, s), 5.48 (1H, d, J = 9.9 Hz), 5.62 (1H, s), 6.18 (1H, d, J = 2.3 Hz), 6.21 (1H, dd, J = 8.2, 2.3 Hz), 6.70 (1H, d, J =
8.2 Hz), 7.04 (2H, d, J = 8.2 Hz), 7.45 (2H, d, J = 8.2 Hz). °C NMR: §21.3, 35.4, 55.1, 55.3, 55.5, 98.7, 103.8, 119.0,
121.2 (q, Jcr = 6 Hz), 123.5 (4, Jer = 272 Hz), 126.9, 128.9, 130.1, 134.0 (q, Jer = 30 Hz), 137.5, 142.6, 157.3, 160.5.
F NMR: & 93.2 (br s). Anal. Calcd for CyH,,FsNO,S: C, 55.93; H, 5.16; N, 3.26. Found: C, 55.91; H, 5.20; N, 3.05.

(S)-Allyl N-[1-(4-Methoxybenzyloxy)-4-(trifluoromethyl)pent-4-en-2-yl]-N-(4-methylbenzenesulfonyl)-
carbamate [(S)-31c]

OMe
CF3 NTsAlloc
/]‘\/'\/O

To a solution of DEAD (2.2 M in toluene; 4.09 mL, 9.00 mmol) in toluene (80 mL) was added triphenylphosphine
(2.36 g, 9.00 mmol) at 0 °C. After the mixture was stirred for 1 h, allyl N-(4-methylbenzenesulfonyl)carbamate (1.84 g,
7.20 mmol) and (R)-12c (1.74 g, 6.00 mmol) were added. The reaction mixture was stirred at 0 °C for 7 d, and hexane
(40 mL) was added. The mixture was filtered through a pad of Celite. The solvent was removed under reduced pressure,
the residue was purified by column chromatography (hexane-EtOAc, 5:1) to give (S)-31c (2.22 g, 70%) as a colorless
liquid.

[o]o”™ = +5.6 (¢ 1.0, CHCIs). IR (neat): 2956, 2870, 1732, 1354, 1250, 1169, 1119 cm™. *H NMR: 52.38 (3H, s), 2.62
(1H, dd, J = 15.0, 5.8 Hz), 2.89 (1H, dd, J = 15.0, 8.9 Hz), 3.60 (1H, dd, J = 9.3, 5.8 Hz), 3.82 (3H, s), 3.91 (1H, dd, J
=9.3,8.9 Hz), 4.37 (1H, d, J = 11.3 Hz), 4.47 (1H, d, J = 11.3 Hz), 4.51 (2H, ddd, J = 5.9, 1.3, 1.3 Hz), 5.03 (1H, dddd,
J=8.9,8.9,58,5.8Hz), 5.18 (1H, ddt, J = 10.3, 1.3, 1.3 Hz), 5.19 (1H, ddt, J = 17.4, 1.3, 1.3 Hz), 5.51 (1H, s), 5.71
(1H, ddt, J=17.4, 10.3, 5.9 Hz), 5.84 (1H, q, Jur = 1.3 Hz), 6.84 (2H, d, J =8.7 Hz), 7.11 (2H, d, J = 8.3 Hz), 7.14 (2H,
d, J=8.7 Hz), 7.82 (2H, d, J = 8.3 Hz). )C NMR: §21.5, 30.2, 55.2, 57.4, 67.4, 69.0, 72.5, 113.6, 119.3, 121.9 (q, Jcr
=6 Hz), 123.5 (g, Jcr = 274 Hz), 128.8, 129.0, 129.4, 129.8, 130.8, 134.1 (q, Jcr = 30 Hz), 136.6, 144.2, 151.6, 159.2.
BF NMR: & 93.1 (br s). HRMS (FAB): calcd for CsHpFsNOgS ([M+H]") 528.1668; found 528.1658. HPLC

(i-PrOH:hexane = 1:50): retention time 20.1 min major peak, 18.9 min minor peak.

Allyl N-[1-(2,4-Dimethoxyphenyl)-3-(trifluoromethyl)but-3-en-1-yl]-N-(4-methylbenzenesulfonyl)carbamate
(31i)

CF3 NTsAlloc

MeO OMe

To a solution of PPh; (403 mg, 1.54 mmol), allyl N-(4-methylbenzenesulfonyl)carbamate (294 mg, 1.15 mmol), and
12i (213 mg, 0.769 mmol) in THF (8 mL) was added DEAD (2.2 M in toluene; 0.70 mL, 1.54 mmol) at 0 °C. After the

reaction mixture was stirred at rt for 12 h, hexane (10 mL) was added. The mixture was filtered through a pad of
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Celite. The solvent was removed under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAcC, 5:1) to give 31i (267 mg, 67%) as a colorless liquid.

IR (neat): 2943, 1732, 1614, 1508, 1362, 1252, 1163, 1111, 1032, 937, 615 cm™. *H NMR: §2.35 (3H, s), 3.23 (1H, dd,
J =14.4, 6.8 Hz), 3.40 (3H, s), 3.40-3.46 (1H, m), 3.84 (3H, s), 4.63 (2H, d, J = 5.9 Hz), 5.23 (1H, dd, J = 10.4, 1.2
Hz), 5.28 (1H, dd, J = 17.2, 1.2 Hz), 5.55 (1H, s), 5.82 (1H, s), 5.81-5.88 (1H, m), 5.95 (1H, dd, J = 6.8, 6.8 Hz), 6.23
(1H, d, J = 2.3 Hz), 6.56 (1H, dd, J = 8.6, 2.3 Hz), 7.07 (2H, d, J = 8.2 Hz), 7.18-7.29 (2H, m), 7.40 (1H, d, J = 8.6 Hz).
BC NMR: §21.4, 32.0, 54.9, 55.0, 55.4, 67.6, 97.9, 103.6, 116.9, 119.1, 121.4 (q, Jcr = 3 Hz), 123.6 (q, Jcr = 274 Hz),
128.4, 128.5, 130.2, 131.2, 134.3 (q, Jcr = 30 Hz), 136.8, 143.7, 152.9, 158.7, 160.9. °F NMR: & 93.4 (br s). HRMS
(FABY): calcd for CpsH,7FsNOgS ([M+H]*) 514.1511; found 514.1489.

(2R,4S)-2-[(4-Methoxybenzyloxy)methyl]-1-(4-methylbenzenesulfonyl)-4-(trifluoromethyl)pyrrolidine
[(2R,4S)-32c]
CFs

QVOVQ/ -

Ts

To a solution of (S)-30c (102 mg, 0.229 mmol) in ethylene glycol (2.0 mL) was added KOH powder (64 mg, 1.15
mmol) at rt. After the reaction mixture was stirred at 130 °C for 20 h, phosphate buffer (pH 7, 10 mL) was added to
quench the reaction. Organic materials were extracted with EtOAc (10 mL x 3), and the combined extracts were
washed with water (10 mL), brine (10 mL), and dried over MgSO,. After removal of the solvent under reduced
pressure, the residue was purified by column chromatography (hexane—-EtOAc, 2:1) to give (2R,4S)-32c (69 mg, 68%,
anti:syn = 70:30) as a colorless liquid.

IR (neat): 2954, 2862, 1612, 1514, 1348, 1248, 1163, 1034, 818, 667 cm™. 'H NMR: (anti-7a) & 1.67 (1H, ddd, J =
12.7, 10.8, 8.9 Hz), 2.06 (1H, dd, J = 12.7, 5.6 Hz), 2.44 (3H, s), 3.05-3.15 (1H, m), 3.19 (1H, dd, J = 9.6, 9.6 Hz),
3.54 (1H, dd, J = 9.6, 6.3 Hz), 3.63 (1H, dd, J = 9.6, 3.2 Hz), 3.67 (1H, dd, J = 9.6, 8.1 Hz), 3.81 (3H, s), 3.85-3.93
(1H, m), 4.43 (1H, d, J =11.5 Hz), 4.46 (1H, d, J = 11.5 Hz), 6.89 (2H, d, J = 8.5 Hz), 7.22 (2H, d, J = 8.5 Hz), 7.32
(2H, d, J = 8.0 Hz), 7.70 (2H, d, J = 8.0 Hz). *C NMR: (anti-7a) §21.5, 28.7, 41.4 (q, Jcr = 29 Hz), 47.9, 55.2, 58.9,
72.5,73.2,113.8, 126.1 (q, Jcr = 277 Hz), 127.4, 129.3, 129.8, 130.0, 134.1, 143.9, 159.3. F NMR: (anti-7a) & 90.8
(d, Jen = 8 Hz). HRMS (FAB): calcd for CyH,sFsNO,S ([M+H]") 444.1456; found 444.1440. The ee value of anti-7a
was determined to be 99% by HPLC (i-PrOH:hexane = 1:30, anti-7a: retention time 18.2 min major peak, 20.6 min

minor peak; syn-7a: retention time 18.2 min major peak, 22.2 min minor peak).

1-(4-Methylbenzenesulfonyl)-2-phenyl-4-(trifluoromethyl)pyrrolidine (32h)

CF3
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To a solution of 30h (146 mg, 0.395 mmol) in ethylene glycol (3 mL) was added KOH powder (111 mg, 1.97 mmol) at
rt. After the reaction mixture was stirred at 130 °C for 10 h, phosphate buffer (pH 7, 10 mL) was added to quench the
reaction. Organic materials were extracted with EtOAc (20 mL x 3). The combined extracts were washed with water
(10 mL), brine (10 mL), and dried over Na,SO,. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography (hexane-EtOAc, 5:1) to give 32h (124 mg, 85%, anti:syn = 92:8) as colorless
crystals.

IR (neat): 3030, 2983, 2881, 1452, 1400, 1348, 1157, 1120 cm™. *H NMR: (anti-32h) §2.05 (2H, dd, J = 8.6, 5.4 Hz),
2.44 (3H, s), 2.88-3.06 (1H, m), 3.50 (1H, dd, J = 10.5, 8.8 Hz), 3.85 (1H, dd, J = 10.5, 8.3 Hz), 4.94 (1H, dd, J = 5.4,
5.4 Hz), 7.23-7.48 (7TH, m), 7.67 (2H, d, J = 8.2 Hz). (syn-32h) §2.42 (3H, s), 2.48-2.53 (2H, m), 2.58-3.68 (1H, m),
3.58 (1H, dd, J = 11.5, 9.8 Hz), 3.96 (1H, dd, J = 11.5, 8.1 Hz), 4.71 (1H, dd, J = 9.3, 7.3 Hz), 7.23-7.48 (7TH, m), 7.54
(2H, d, J = 8.2 Hz). *C NMR: (anti-32h) 521.6, 34.8, 40.9 (q, Jcr = 29 Hz), 47.7, 62.6, 125.9, 126.1 (q, Jor = 275 Hz),
127.5,127.7, 128.6, 129.7, 134.2, 141.1, 143.9. 9F NMR: (anti-32h) & 91.1 (d, Jey = 8 Hz,). (syn-32h) & 91.3 (d, Iy
=8 Hz). Anal. Calcd for CigHgF3NO,S: C, 58.52; H, 4.91; N, 3.79. Found: C, 58.43; H, 5.00; N, 3.59.

rel-(2R,4S)-2-(2,4-Dimethoxyphenyl)-1-(4-methylbenzenesulfonyl)-4-(trifluoromethyl)pyrrolidine (32i)

Fs Meo

-’|\-IS OMe

To a solution of 30i (88 mg, 0.21 mmol) in ethylene glycol (3 mL) was added KOH powder (15 mg, 0.27 mmol) at rt.
After the reaction mixture was stirred at 130 °C for 20 h, phosphate buffer (pH 7, 10 mL) was added to quench the
reaction. Organic materials were extracted with EtOAc (10 mL x 3), and the combined extracts were washed with
water (10 mL x 3), brine (10 mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography (hexane—EtOAc, 4:1) to give 32i (65 mg, 74%, anti:syn = 90:10) as a
colorless liquid.

IR (neat): 3001, 2958, 2839, 1614, 1589, 1506, 1340, 1161, 1034 cm™. *H NMR: (anti-32i) §1.89-2.01 (2H, m), 2.44
(3H, ), 2.84-2.95 (1H, m), 3.42 (1H, dd, J = 9.8, 9.8 Hz), 3.75 (3H, s), 3.80 (3H, s), 3.84 (1H, dd, J = 9.8, 9.8 Hz),
5.11 (1H, d, J = 8.0 Hz), 6.40 (1H, s), 6.45 (1H, d, J = 8.4 Hz), 7.26 (1H, d, J = 8.4 Hz), 7.31 (2H, d, J = 8.0 Hz), 7.84
(2H, d, J = 8.0 Hz). (syn-32i) 52.08 (2H, m), 2.41 (3H, s), 2.46 (1H, m), 3.55 (1H, dd, J = 9.9, 9.9 Hz), 3.62 (3H, 3),
3.80 (3H, ), 3.95 (1H, dd, J = 9.9, 9.9 Hz), 4.86 (1H, dd, J = 7.6, 7.6 Hz), 6.28 (1H, s), 6.44 (1H, J = 8.4 Hz), 7.22 (2H,
d, J=8.1 Hz), 7.26 (1H, d, J = 8.4 Hz), 7.49 (2H, d, J = 8.1 Hz). ©°C NMR: (anti-32i) 521.5, 33.3, 41.0 (g, Jcr = 29
Hz), 47.8, 55.1, 55.3, 58.7, 98.6, 103.5, 121.8, 126.2 (q, Jcr = 256 Hz), 127.4, 127.8, 129.6, 134.4, 143.6, 156.6, 160.5.
F NMR: (anti-32i) & 91.3 (d, Jg = 8 Hz). (syn-32i) & 91.4 (d, Je = 8 Hz). HRMS (FAB): calcd for CyHsFsNO,S
([IM+H]") 430.1300; found 430.1284.

rel-(2R,4S)-2-(4-Bromophenyl)-1-(4-methylbenzenesulfonyl)-4-(trifluoromethyl)pyrrolidine (32j)
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C!:3

"I\'ls Br

To a solution of N-[1-(4-bromophenyl)-3-(trifluoromethyl)but-3-en-1-yl]-4-methylbenzenesulfonamide (207 mg, 0.462
mmol) in ethylene glycol (6 mL) was added KOH powder (129 mg, 2.3 mmol) at rt. After the reaction mixture was
stirred at 130 °C for 20 h, phosphate buffer (pH 7, 20 mL) was added to quench the reaction. Organic materials were
extracted with EtOAc (10 mL x 3), and the combined extracts were washed with water (10 mL x 3), brine (10 mL), and
dried over MgSO,. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography (hexane—EtOAc, 5:1) to give 32j (anti, 146 mg, 70%; syn, 13 mg, 6%) as colorless crystals.

(anti-32j) mp. 119-120 °C. IR (neat): 3030, 2910, 1489, 1400, 1350, 1163, 1122, 914 cm™. *H NMR: §2.01 (1H, ddd,
J=12.9,7.2,3.3Hz),2.08 (1H, ddd, J = 12.9, 9.9, 8.2 Hz), 2.45 (3H, s), 2.86-2.99 (1H, m), 3.47 (1H, dd, J = 10.6, 8.6
Hz), 3.85 (1H, dd, J = 10.6, 8.2 Hz), 4.83 (1H, dd, J = 8.2, 3.3 Hz), 7.17 (2H, d, J = 8.5 Hz), 7.33 (2H, d, J = 8.1 Hz),
7.45 (2H, d, J = 8.5 Hz), 7.65 (2H, d, J = 8.1 Hz). *C NMR: §21.6, 34.8 (q, Jcr = 2 Hz), 40.8 (q, Jcr = 29 Hz), 47.8 (q,
Jor = 3 Hz), 62.1, 121.6, 126.0 (q, Jor = 276 Hz), 127.5, 127.7, 129.8, 131.7, 134.0, 140.2, 144.1. )F NMR: & 91.1 (d,
Jrn = 8 HZz). Anal. Calcd for CgH17,BriFsNO,S: C, 48.23; H, 3.82; N, 3.12. Found: C, 48.04; H, 3.84; N, 2.87.

(syn-32j) IR (neat): 2960, 2910, 1489, 1404, 1360, 1271, 1161, 912 cm™. *H NMR: §1.99 (1H, ddd, J = 13.3, 11.0, 9.4
Hz), 2.44 (3H, s), 2.52 (1H, ddd, J = 13.3, 7.5, 7.5 Hz), 2.58-2.71 (1H, m), 3.58 (1H, dd, J = 11.5, 9.7 Hz), 3.94 (1H,
dd, J = 11.5, 8.2 Hz), 4.65 (1H, dd, J = 9.4, 7.5 Hz), 7.14 (2H, d, J = 8.4 Hz), 7.27 (2H, d, J = 8.0 Hz), 7.40 (2H, d, J =
8.4 Hz), 7.54 (2H, d, J = 8.0 Hz). *C NMR: §21.6, 36.2, 41.6 (q, Jcr = 30 Hz), 48.5 (q, Jcr = 3 Hz), 63.0, 121.7, 125.6
(q, Jor = 276 Hz), 127.4, 128.2, 129.8, 131.6, 134.6, 139.7, 144.1. *°F NMR: & 91.2 (d, Jsy = 8 Hz). Anal. Calcd for
C1gH17BrF3NO,S: C, 48.23; H, 3.82; N, 3.12. Found: C, 48.30; H, 3.90; N, 2.90.

(S)-4-Difluoromethylene-2-[(4-methoxybenzyloxy)methyl]-1-[(4-methylbenzene)sulfonyl]pyrrolidine [(S)-33c]
CF,

Ts

To a solution of (S)-30c (1.28 g, 2.89 mmol) in DMF (30 mL) was added NaH (55% dispersion in mineral oil; 151 mg,
3.47 mmol) at 0 °C. After being stirred for 10 min, the mixture was heated at 120 °C for 4 h. The reaction was quenched
with phosphate buffer (pH 7, 40 mL), and organic materials were extracted with EtOAc (30 mL x 3). The combined
extracts were washed with water (30 mL x 4), brine (30 mL), and dried over MgSQO,. After removal of the solvent
under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 2:1) to give (S)-33c
(1.10 g, 90%) as a colorless liquid.

[a]o?® = -13.1 (¢ 1.0, CHCL). IR (neat): 2931, 2860, 1782, 1512, 1348, 1248, 1163, 1093, 1036, 816 cm™. *H NMR: &
2.12-2.21 (1H, m), 2.41 (3H, s), 2.47 (1H, br d, J = 15.5 Hz), 3.38 (1H, dd, J = 9.4, 8.1 Hz), 3.63 (1H, dd, J = 9.4, 4.0
Hz), 3.79 (3H, s), 3.95 (1H, br d, J = 14.0 Hz), 3.99 (1H, br d, J = 14.0 Hz), 3.99-4.03 (1H, m), 4.43 (2H, s), 6.87 (2H,
d, J=8.3Hz), 7.21 (2H, d, J = 8.3 Hz), 7.29 (2H, d, J = 8.3 Hz), 7.68 (2H, d, J = 8.3 Hz). *C NMR: §21.4, 27.8, 46.9
(d, Jcg =4 Hz), 55.1,59.2, 71.6, 72.9, 85.6 (dd, Jcr = 25, 23 Hz), 113.7, 127.2, 129.1, 129.7, 129.9, 134.8, 143.8, 149.9
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(dd, Jcr = 284, 284 Hz), 159.2. F NMR: & 71.3 (1F, d, Jg = 55 Hz), 74.2 (1F, d, Jg = 55 Hz). HRMS (FAB): calcd
for C,1H24FaNO,S ([M+H]Y) 424.1394; found 424.1390. HPLC (i-PrOH:hexane = 1:30): retention time 20.4 min major

peak, 22.7 min minor peak.

4-Difluoromethylene-1-(4-methylbenzene)sulfonyl-2-phenylpyrrolidine (33h)

N
Ts

To a solution of 30h (658 mg, 1.78 mmol) in DMF (15 mL) was added NaH (60% dispersion in mineral oil; 92 mg, 2.3
mmol) at 0 °C. After the reaction mixture was stirred at 0 °C for 15 min and then 120 °C for 3 h, phosphate buffer (pH
7) was added to quench the reaction. Organic materials were extracted with AcOEt (20 mL x 3). The combined extracts
were washed with brine and dried over Na,SO,. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography (hexane—EtOAc, 5:1) to give 33h (564 mg, 91%) as colorless crystals.

IR (neat): 3064, 3032, 2927, 2866, 1782, 1350, 1273, 1219, 1161, 1093, 1058 cm™. *H NMR: §2.42 (3H, s), 2.54 (1H,
br d, J = 15.0 Hz), 2.70 (1H, m), 4.13 (1H, dm, J = 14.5 Hz), 4.19 (1H, dm, J = 14.5 Hz), 4.95 (1H, ddd, J = 8.2, 3.1,
1.5 Hz), 7.22- 7.31 (7H, m), 7.57 (2H, d, J = 8.3 Hz). *C NMR: §21.5, 33.9, 47.0 (d, Jor = 4 Hz), 63.2, 85.4 (dd, Jcr =
25, 22 Hz), 126.2,127.4, 127.7, 128.5, 129.6, 134.8, 140.8, 143.7, 149.8 (dd, Jcr = 283, 283 Hz). F NMR: & 72.0 (1F,
ddd, Je= = 54 Hz, J4r = 3, 3 Hz), 74.5 (1F, d, J= = 54 Hz). Anal. Calcd for CigH;7 F,NO,S; C, 61.88; H, 4.90; N, 4.01.
Found: C, 61.81; H, 4.95; N, 3.74.

rel-(2R,4S)-1-(4-Methylbenzenesulfonyl)-4-(trifluoromethyl)proline (34)

CF3

“,

[;l‘COOH

Ts

To a suspension of NalO, (457 mg, 2.14 mmol) in CH3;CN (1 mL) and H,O (1.5 mL) was added a solution of 32i (84
mg, 0.19 mmol) in CCl, (1.0 mL) and then RuCl;-H,0 (0.8 mg, 4 umol) at rt. The reaction mixture was stirred for 6 h
at rt, and then water was added to quench the reaction. Organic materials were extracted with Et,0 (15 mL x 3). The
combined extracts were washed with aqueous NaOH (1 M; 15 mL x 3). The combined aqueous layer was brought to
pH 3.0 with aqueous HCI (6 M) and extracted with Et,0 (30 mL x 3). After removal of the solvent under reduced
pressure, 34 (47 mg, 72 %, anti:syn = 90:10) was obtained as colorless crystals.

IR (neat): 3238, 2956, 2926, 1732, 1400, 1350, 1271, 1161, 1128, 1039 cm™. *H NMR: (anti-34) §2.13 (1H, ddd, J =
13.4,9.2, 9.2 Hz), 2.34 (1H, ddd, J = 13.4, 8.0, 2.7 Hz), 2.46 (3H, s), 3.15 (1H, ddddg, Jyr = 8.0 Hz, J = 9.2, 8.0, 8.0,
8.0 Hz), 3.37 (1H, dd, J = 9.9, 8.0 Hz), 3.78 (1H, dd, J = 9.9, 8.0 Hz), 4.41 (1H, dd, J = 9.2, 2.7 Hz), 7.37 (2H, d, J =
8.4 Hz), 7.76 (2H, d, J = 8.4 Hz), 8.04 (1H, br s). (syn-34) §2.27 (1H, ddd, J = 13.5, 8.9, 7.4 Hz), 2.46 (3H, s), 2.51
(1H, ddd, J = 13.5, 8.2, 8.2 Hz), 2.62-2.76 (1H, m), 3.45 (1H, dd, J = 11.4, 10.4 Hz), 3.77 (1H, dd, J = 11.4, 8.6 Hz),
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4.47 (1H, dd, J = 8.2, 7.4 Hz), 7.37 (2H, d, J = 8.4 Hz), 7.79 (2H, d, J = 8.4 Hz), 8.04 (1H, br s). *C NMR: (anti-34) &
21.6, 30.0, 41.6 (g, Jcr = 30 Hz), 47.1, 59.9, 125.7 (q, Jcr = 276 Hz), 127.5, 130.0, 133.8, 144.5, 175.8. F NMR:
(anti-34) &= 90.9 (d, Jry = 8 Hz). (syn-34) & 91.5 (d, Jrw = 8 HZz). Anal. Calcd for C3H14FsNO,S: C, 46.29; H, 4.18; N,
4.15. Found: C, 46.38; H, 4.25; N, 3.89.

(S)-4-Difluoromethylene-1-(4-methylbenzenesulfonyl)proline [(S)-35]

CF,

N~ COOH

Ts

To a solution of (S)-37 (144 mg, 0.475 mmol) in CH3;CN (4.8 mL) and phosphate buffer (pH 7, 3.6 mL) were added
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 3.7 mg, 24 umol) and NaClO, (80 %; 70 mg, 0.62 mmol). The reaction
mixture was stirred for 7 d at rt. After aqueous HCI (1 M, 2 mL) was added to the mixture, organic materials were
extracted with Et,0 (10 mL x 4). The combined extracts were washed with aqueous Na,CO; (10%; 10 mL x 2), and
then the combined aqueous layer was acidified with conc. aqueous HCI (2 mL). Organic materials were extracted again
by Et,0 (10 mL x 3). The combined extracts were washed with brine (10 mL), and dried over MgSQ,. After removal of
the solvent under reduced pressure, (S)-35 (141 mg, 93%) was obtained as a colorless liquid.

[a]p® = —13.7 (c 1.0, CHCIy). IR (neat): 3228, 2927, 2879, 1783, 1724, 1350, 1275, 1161, 1095, 1063, 771cm™. *H
NMR: §2.45 (3H, s), 2.70-2.75 (2H, m), 4.04-4.12 (2H, m), 4.53 (1H, ddd, J = 8.4, 4.1, 1.6 Hz), 7.35 (2H, d, J = 8.1
Hz), 7.62 (1H, br's), 7.75 (2H, d, J = 8.1 Hz). *C NMR: §21.5, 29.6, 46.5 (d, Jcr = 3 Hz), 60.2, 84.6 (dd, Jcr = 25, 25
Hz), 127.4, 130.0, 134.5, 144.4, 150.1 (dd, Jcr = 286, 286 Hz), 175.6. *°F NMR: & 73.1 (1F, d, Jer = 52 Hz), 75.5 (1F,
d, Jee = 52 Hz). HRMS (FAB): calcd for Cy3H14F.NO,S ([M+H]") 318.0613; found 318.0601. The ee value was
determined to be 99% by HPLC (i-PrOH:hexane = 1:10, retention time 12.0 min major peak, 9.1 min minor peak).

(S)-4-Difluoromethylene-2-hydroxymethyl-1-(4-methylbenzenesulfonyl)pyrrolidine [(S)-37]

To a solution of (S)-33c (141 mg, 0.333 mmol) in CH,Cl, (1.5 mL) and MeOH (0.15 mL) was added
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 98.2 mg, 0.433 mmol) at rt. After being stirred for 2 d, the reaction
mixture was filtered through a pad of Celite, and the filtrate was evaporated under reduced pressure. The residue was
purified by column chromatography (hexane—EtOAc, 2:1) to give (S)-37 (92 mg, 91%) as a pale yellow liquid.

[o]o® = +45.5 (¢ 1.0, CHCL). IR (neat): 3529, 2954, 2924, 2854, 1782, 1344, 1271, 1161 cm™. *H NMR: §2.23-2.31
(1H, m), 2.39 (1H, br d, J = 14.5 Hz), 2.45 (3H, s), 2.52 (1H, br s), 3.65 (1H, dd, J = 11.5, 5.8 Hz), 3.70 (1H, dd, J =
11.5, 4.7 Hz), 3.79-3.86 (1H, m), 3.96 (1H, br d, J = 14.1 Hz), 4.08 (1H, br d, J = 14.1 Hz), 7.35 (2H, d, J = 7.9 Hz),
7.73 (2H, d, J = 7.9 Hz). ®C NMR: §21.5, 27.5, 47.5 (d, Jor = 3 Hz), 61.8, 64.4, 84.9 (dd, Jcr = 23, 23 Hz), 127.5,
130.0, 133.7, 144.3, 149.9 (dd, Jcr = 283, 283 Hz). F NMR: & 71.7 (1F, ddd, Jer = 54 Hz, Jgy = 3, 3 Hz), 74.4 (1F,
dd, Jer = 54 Hz, Jpy = 1 Hz). HRMS (FAB): calcd for Ci3HigFaNO5S ([M+H]) 304.0820; found 304.0828. The ee
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value was determined to be 99% by HPLC (i-PrOH:hexane = 1:10, retention time 12.9 min major peak, 10.9 min minor

peak).

rel-(2R,4S)-4-Difluoromethyl-2-hydroxymethyl-1-(4-methylbenzenesulfonyl)pyrrolidine (anti-38)
CFoH
OVOH

1’\—15
To a solution of 37 (19.2 mg, 63 pumol) in CHCI; (5 mL) was added Pd/C (5%, 67 mg, 32 umol). The mixture was
stirred under H, (1 atm) at rt for 6 h. The mixture was filtered through a pad of Celite. Removal of the solvent under
reduced pressure gave 38 (90% NMR yield, anti:syn = 79:21) as a pale yellow liquid.
IR (neat): 3521, 2952, 2881, 1597, 1398, 1336, 1155, 1087, 1024, 665 cm™. *H NMR: §1.67 (1H, ddd, J = 12.9, 8.8,
8.8 Hz), 1.95-2.00 (1H, m), 2.46 (3H, s), 2.71 (1H, br s), 2.71-2.84 (1H, m), 3.16 (1H, dd, J = 10.1, 8.2 Hz), 3.61-3.73
(3H, m), 3.80 (1H, dd, J = 10.9, 2.9 Hz), 5.38 (1H, ddd, Jr = 56.1, 56.1 Hz, J = 4.8 Hz), 7.37 (2H, d, J = 8.0 Hz), 7.74
(2H, d, J = 8.0 Hz). ®C NMR: §21.4, 28.5, 41.0 (t, Jor = 8 Hz), 48.5 (t, Jcr = 4 Hz), 61.0, 65.2, 116.1 (t, Jor = 240 Hz),
127.6,129.9, 133.3, 144.2. **F NMR: & 40.5 (1F, ddd, Jgr = 285 Hz, Jry = 56, 14 Hz), 41.4 (1F, ddd, Jgr = 285 Hz, Jry
=56, 12 Hz). HRMS (FAB): calcd for Cy3H1gF,NO5S ([M+H]") 306.0977; found 306.0966.

rel-(2R,4R)-4-Difluoromethyl-2-hydroxymethyl-1-(4-methylbenzenesulfonyl)pyrrolidine (syn-38)
CF,H

OH

N
Ts

To a solution of 43a (86 mg, 0.204 mmol, anti:syn = 11:89) in THF (3 mL) was added TBAF (1 M in THF; 0.25 mL,
0.25 mmol) at rt. The reaction mixture was stirred at rt for 1 h. The reaction was quenched with water (10 mL), and
organic materials were extracted with EtOAc (15 mL x 3). The combined extracts were washed with brine (10 mL),
and dried over Na,SO,. After removal of the solvent under reduced pressure, the residue was purified by column
chromatography (hexane—EtOAc, 10:1) to give 38 (56 mg, 90%, anti:syn = 11:89) as a colorless liquid.

IR (neat): 3521, 2954, 2885, 1597, 1338, 1219, 1157, 1089, 1026, 771 cm™. *H NMR: §1.75-1.86 (1H, m), 1.93-2.12
(2H, m), 2.46 (3H, s), 2.89 (1H, br s), 3.39 (1H, dd, J = 11.8, 8.6 Hz), 3.58 (1H, dd, J = 11.8, 7.8 Hz), 3.61-3.73 (2H,
m), 3.87 (1H, br d, J = 10.5 Hz), 5.69 (1H, ddd, Jus = 56.2, 56.2 Hz, J = 5.4 Hz), 7.37 (2H, d, J = 8.0 Hz), 7.74 (2H, d,
J=8.0 Hz). ®C NMR: §21.5, 28.7, 41.0 (t, Jcr = 22 Hz), 49.2 (t, Jcr = 4 Hz), 61.8, 64.8, 116.2 (t, Jcr = 240 Hz), 127.5,
130.1, 133.6, 144.3. F NMR: & 41.7 (1F, ddd, Jer = 286 Hz, Jey = 56, 11 Hz), 42.7 (1F, ddd, Jer = 286 Hz, Jey = 56,
12 Hz). HRMS (FAB): calcd for C13H:5F,NO5S ([M+H]") 306.0975; found 306.0978.

rel-(2R,4S)-4-Difluoromethyl-1-(4-methylbenzenesulfonyl)proline (anti-40)
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CF,H

[;B‘COOH

Ts

To a solution of anti-38 (19.8 mg, 65 pumol, anti:syn = 79:21) in acetone (2 mL) were added a solution of aqueous
NaHCO; (15%, 0.6 mL), NaBr (3.6 mg, 35 umol), TEMPO (0.56 mg, 3.6 umol), and trichloroisocyanuric acid (82 mg,
0.35 mmol). After the mixture was stirred for 3 h at rt, the reaction was quenched with H,O (5 mL). Organic materials
were extracted with Et,O (5 mL x 3). The combined extracts were washed with aqueous NaOH (1 M, 5 mL x 3). The
combined aqueous layer was brought to pH 3.0 with aqueous HCI (6 M), and extracted with Et,O (30 mL x 3). After
removal of the solvent under reduced pressure, anti-40 (19.8 mg, 96%, anti:syn = 79:21) was obtained as colorless
crystals.

IR (neat): 3534, 2954, 2924, 2852, 1732, 1340, 1159, 1090, 1034 cm™. *H NMR: §1.98 (1H, ddd, J = 13.3, 9.5, 9.2
Hz), 2.30 (1H, ddd, J = 13.3, 6.8, 2.8 Hz), 2.46 (3H, s), 2.81-2.93 (1H, m), 3.29 (1H, dd, J = 10.0, 8.2 Hz), 3.69 (1H,
dd, J = 10.0, 8.0 Hz), 4.38 (1H, dd, J = 9.2, 2.8 Hz), 5.60 (1H, td, Jur = 55.3 Hz, J = 4.4 Hz), 7.37 (2H, d, J = 8.5 Hz),
7.76 (2H, d, J = 8.5 Hz), 8.20 (1H, br s). *C NMR: §21.8, 30.2 (t, Jor = 3 Hz), 41.7 (t, Jor = 22 Hz), 47.4 (t, Jer = 5
Hz), 60.2, 115.8 (t, Jcr = 241 Hz), 127.7, 130.2, 134.3, 144.6, 176.2. **F NMR: & 40.2 (1F, ddd, Jgr = 287 Hz , Jey =
55, 13 Hz), 41.0 (1F, ddd, Je = 287 Hz , Jgy = 55, 11 Hz). HRMS (FAB): calcd for CisHisF2NO,S ([M+H]") 320.0768;
found 320.0742.

rel-(2R,4R)-4-Difluoromethyl-1-(4-methylbenzenesulfonyl)proline (syn-40)
CF,H

N COOH
Ts

To a solution of syn-38 (54 mg, 0.18 mmol, anti:syn = 11:89) in acetone (2 mL) was added a solution of aqueous
NaHCO; (15%, 0.6 mL), NaBr (4 mg, 0.03 mmol), TEMPO (0.56 mg, 3.6 umol), and then trichloroisocyanuric acid
(82 mg, 0.35 mmol). After the mixture was stirred for 3 h at rt, the reaction was quenched with water (5 mL). Organic
materials were extracted with Et,0 (5 mL x 3), and the combined extracts were washed with aqueous NaOH (1 M, 15
mL x 3). The combined aqueous layer was brought to pH 3.0 with aqueous HCI (6 M), and extracted with Et,O (30 mL
x 3). After removal of the solvent under reduced pressure, syn-40 (57 mg, 100 %, anti:syn = 11:89) was obtained as
colorless crystals.

IR (neat): 3546, 3220, 2964, 1733, 1340, 1219, 1161, 1035 cm™. *H NMR: §2.19 (1H, ddd, J = 13.5, 6.4, 6.1 Hz), 2.35
(1H, ddd, J = 13.5, 9.0, 8.8 Hz), 2.41-2.50 (1H, m), 2.46 (3H, s), 3.47 (1H, dd, J = 11.1, 6.5 Hz), 3.54 (1H, dd, J = 11.1,
7.6 Hz), 4.32 (1H, dd, J = 9.0, 6.1 Hz), 5.79 (1H, ddd, Jur = 56.1, 56.1 Hz, J = 6.0 Hz), 7.38 (2H, d, J = 8.0 Hz), 7.78
(2H, d, J = 8.0 Hz), 8.20 (1H, br s). *C NMR: 521.8, 30.4 (t, Jor = 3 Hz), 42.3 (t, Jcr = 22 Hz), 48.3 (t, Jcr = 4 Hz),
60.0, 116.1 (t, Jcr = 240 Hz), 127.9, 130.3, 133.9, 144.8, 176.3. F NMR: & 40.9 (1F, ddd, Jer = 287 Hz, Jpy = 56, 11
Hz), 42.3 (1F, ddd, Jer = 287 Hz, Jey = 56, 13 Hz). Anal. Calcd for C3HsF.NO,S: C, 48.90; H, 4.73; N, 4.39. Found:
C, 48.99; H, 4.85; N, 4.12.
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2-[(tert-Butyldimethylsilyloxy)methyl]-4-difluoromethylene-1-(4-methylbenzenesulfonyl)pyrrolidine (42a)

CF,

N
Ts

To a solution of 37 (81 mg, 0.27 mmol) in CH,Cl, (3 mL) was added t-BuMe,SiCl (61 mg, 0.41 mmol), NEt; (54 mg,
0.54 mmol), and 4-dimethylaminopyridine (DMAP, 10 mg, 0.08 mmol) at rt. The reaction mixture was stirred at rt for
3 h. The reaction was quenched with water (10 mL), and organic materials were extracted with EtOAc (15 mL x 3).
The combined extracts were washed with brine (10 mL), and dried over Na,SO,. After removal of the solvent under
reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 10:1) to give 42a (105 mg,
94%) as a colorless liquid.

IR (neat): 2954, 2929, 2858, 1782, 1350, 1271, 1163, 1093, 837, 777, 665 cm™. *H NMR: §0.04 (3H, s), 0.05 (3H, s),
0.87 (9H, s), 2.14-2.22 (1H, m), 2.44 (3H, s), 2.49 (1H, br d, J = 15.3 Hz), 3.56 (1H, dd, J = 10.1, 7.1 Hz), 3.75 (1H, dd,
J=10.1, 3.6 Hz), 3.92-3.98 (2H, m), 4.01 (1H, br d, J = 13.8 Hz), 7.32 (2H, d, J = 8.2 Hz), 7.72 (2H, d, J = 8.2 Hz).
BC NMR: §-5.6, -5.6, 18.1, 21.5, 25.7, 27.4, 47.2 (d, Jcr = 4 Hz), 61.1, 65.5, 86.1 (dd, Jcr = 26, 22 Hz), 127.3, 129.8,
135.1, 143.8, 149.9 (dd, Jcr = 284, 284 Hz). *°F NMR: & 70.7 (1F, ddddd, Jer = 57 Hz, Jey = 3, 3, 3, 3 Hz), 73.6 (1F,
dd, Jer = 56 Hz, Jey = 2 Hz). HRMS (FAB): calcd for CigH3oF,NO3SSi ([M+H]") 418.1684; found 418.1683.

rel-(2R,4R)-2-[(tert-Butyldimethylsilyloxy)methyl]-4-difluoromethyl-1-(4-methylbenzenesulfonyl)pyrrolidine
43a)
CF,H

OTBS

N
Ts

To a solution of 42a (75 mg, 0.18 mmol) in EtOH (3 mL) was added Pd/C (5%, 19 mg, 9.0 umol). The mixture was
stirred under H, (1 atm) at rt for 1 h. The mixture was filtered through a pad of Celite. After removal of the solvent
under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 5:1) to give 43a (73 mg,
98%, anti:syn = 11:89) as a colorless liquid.

IR (neat): 2954, 2929, 2858, 1348, 1254, 1161, 1090, 1036, 835 cm™. *H NMR: (syn-43a) 50.08 (6H, s), 0.89 (9H, s),
1.92 (1H, ddd, J = 13.4, 8.6, 6.1 Hz), 2.00 (1H, ddd, J = 13.4, 8.0, 8.0 Hz), 2.02-2.12 (1H, m), 2.44 (3H, s), 3.30 (1H,
dd, J = 11.7, 8.6 Hz), 3.56 (1H, dd, J = 11.7, 7.5 Hz), 3.72-3.79 (2H, m), 3.84 (1H, dd, J = 9.9, 3.0 Hz), 5.69 (1H, ddd,
Jur = 56.3, 56.3 Hz, J = 5.6 Hz), 7.34 (2H, d, J = 8.4 Hz), 7.72 (2H, d, J = 8.4 Hz). (anti-43a) 50.08 (6H, s), 0.89 (9H,
s), 2.02-2.12 (2H, m), 2.44 (3H, s), 2.78-2.89 (1H, m), 3.11 (1H, dd, J = 9.7, 8.6 Hz), 3.66 (1H, dd, J = 9.7, 6.5 Hz),
3.72-3.79 (3H, m), 5.43 (1H, ddd, Jye = 57.8, 57.8 Hz, J = 5.2 Hz), 7.34 (2H, d, J = 8.4 Hz), 7.72 (2H, d, J = 8.4 Hz).
3C NMR: (syn-43a) 6-5.5, -5.4, 18.2, 21.5, 25.8, 28.4 (dd, Jcr = 5, 3 Hz), 41.8 (t, Jor = 22 Hz), 49.0 (dd, Jer = 7, 4
Hz), 60.8, 65.8, 116.5 (t, Jor = 241 Hz), 127.4, 129.9, 134.8, 143.8. *°F NMR: (syn-43a) & 41.8 (1F, ddd, Jer = 286 Hz,
Jrn = 56, 11 Hz), 42.9 (1F, ddd, Jer = 286 Hz, Jgy = 56, 12 Hz). HRMS (FAB): calcd for CigHs, F,NO,SSi ([M+H])
420.1840; found 420.1853.
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Benzyl 4-(Difluoromethylene)pyrrolidine-2-carboxylate (45)

CF,

N~ YCOOBn
H

After a solution of benzyl 4-difluoromethylene-1-(4-methylbenzenesulfonyl)pyrrolidine-2-carboxylate (37 mg, 90
umol), 1,5-dimethoxynaphthalene (8.8 mg, 47 umol) and ascorbic acid (49 mg, 280 pumol) in H,O (1.1 mL) and EtOH
(19 mL) was degassed with argon, the solution was irradiated with high-pressure Hg lamp at rt for 2 h through a Pyrex
tube. Aqueous HCI (1 M, 1 mL) was added, and the solvent was removed under reduced pressure. Aqueous HCI (1 M,
5 mL) was added to the residue, and the aqueous solution was washed with Et,O (5 mL). After the aqueous layer was
brought to alkaline pH with conc aqueous Na,COj3 (5 mL), organic materials were extracted by Et,O (5 mL x 3). The
combined extracts were washed with brine (5 mL), and dried over MgSO,. After removal of the solvent under reduced
pressure, 45 (8.0 mg, 35%) was obtained as a colorless liquid.

IR (neat): 3035, 2925, 2856, 1783, 1743, 1265, 1219, 1186, 771 cm™. *H NMR: §1.92 (1H, br s), 2.58-2.64 (1H, m),
2.78-2.85 (1H, m), 3.56 (1H, br d, J = 13.7 Hz), 3.74 (1H, br d, J = 13.7 Hz), 3.93 (1H, dd, J = 7.6, 6.0 Hz), 5.18 (2H,
s), 7.32-7.41 (5H, m). *C NMR: §30.3, 45.5, 60.3, 67.0, 88.0, 128.2, 128.5, 128.7, 135.4, 149.7 (dd, Jcr =128, 128
Hz), 173.3. F NMR: & 71.7 (1F, dq, Jer = 59 Hz, Jey = 3 Hz), 72.9 (1F, dq, Jer = 59 Hz, Jgy = 3 Hz). HRMS (FAB):
calcd for Cy3H14Fo.NO, ([M+H]") 254.0993; found 254.0985.
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4-Difluoromethyl-3,3-dimethyl-2-phenyl-3H-pyrrole (46)

N
/A
F,HC Ph

To a solution of 2,2-dimethyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-imine (80 mg, 0.33 mmol) in DMF (3 mL) was
added NaH (55% dispersion in mineral oil; 18.8 mg, 0.43 mmol), and the mixture was stirred at 0 °C for 20 min. After
the reaction mixture was stirred at 90 °C for 1.5 h, the reaction was quenched with phosphate buffer (pH 7, 10 mL), and
organic materials were extracted with Et,0 (10 mL x 3). The combined extracts were washed with brine (10 mL), and
dried over MgSO,. After removal of the solvent under reduced pressure, the crude product was observed by °F NMR
(9%, NMR vyield). The residue was purified by column chromatography (hexane—Et,0, 4:1) to give 46 (6.0 mg, 7%) as
a pale yellow liquid.

IR (neat): 3060, 2981, 2937, 2873, 1614, 1510, 1053, 1005, 777, 696 cm™. *H NMR: §1.57 (6H, s), 6.55 (1H, t, Jue =
54 Hz), 7.33 (1H, t, Jur = 3.5 Hz), 7.45-7.51 (3H, m), 8.01-8.06 (2H, m). °C NMR: §22.4, 56.5, 112.8 (t, Jcr = 235
Hz), 128.0, 128.6, 130.9, 132.3, 140.5 (t, Jcr = 22 Hz), 142.8 (t, Jcr = 11 Hz), 187.1. *°F NMR: & 49.1 (dd, Jr = 54, 3
Hz). HRMS (FAB): calcd for Cy3H14F,N ([M + H]*) 222.1094; found 222.1117.

1-Phenyl-3-(trifluoromethyl)but-3-en-1-one (47)

J L
FsC Ph

To a mixture of pyridinium chlorochromate (38.4 g, 178 mmol) and silica gel (38.4 g) in dichloromethane (350 mL)
was added 1-phenyl-3-(trifluoromethyl)but-3-en-1-ol 12h (13.9 g, 64.4 mmol). The reaction mixture was stirred for 2 h
at rt, and then diluted with Et,0. The solid materials were removed by filtration through a short column of florisil. After
removal of the solvent under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc,
4:1) to give 47 (12.2 g, 88%) as colorless crystals.

IR (neat): 3062, 1689, 1414, 1358, 1323, 1169, 1115, 1005, 949, 754, 688 cm™. *H NMR: §3.85 (2H, s), 5.51 (1H, br s),
5.95 (1H, br s), 7.46-7.51 (2H, m), 7.57-7.62 (1H, m), 7.94-7.98 (2H, m). *C NMR: §38.7, 122.6 (4, Jcr = 6 Hz),
123.1 (q, Jor = 272 Hz), 128.3, 128.7, 131.8 (q, Jcr = 31 Hz), 133.5, 135.9, 194.8. *%F NMR: & 92.9 (3F, ). Anal.
Calcd for C41HgF30: C, 61.68; H, 4.24. Found: C, 61.75; H, 4.39.

1-Phenyl-5-(trifluoromethyl)hex-5-en-3-one (48)

JI\/IOJ\/\
FsC Ph

To a mixture of pyridinium chlorochromate (13.6 g, 63.2 mmol) and silica gel (14 g) in dichloromethane (126 mL) was
added 1-phenyl-5-(trifluoromethyl)hex-5-en-3-ol 12a (10.3 g, 42.2 mmol). The reaction mixture was stirred for 12 h at
rt, and then diluted with Et,O. The solid materials were removed by filtration through a pad of Celite. After removal of
the solvent under reduced pressure, the residue was purified by column chromatography (hexane-Et,0, 5:1) to give 48

(9.81 g, 96%) as a colorless liquid.
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IR (neat): 3030, 2927, 1722, 1604, 1496, 1456, 1412, 1363, 1308, 1169, 1113, 950, 748, 698 cm™. *H NMR: §2.82 (2H,
t,J = 7.6 Hz), 2.92 (2H, t, J = 7.6 Hz), 3.25 (2H, s), 5.45 (1H, q, Jur = 1.1 Hz), 5.89 (1H, q, Jue = 1.5 Hz), 7.17-7.22
(3H, m), 7.29 (2H, dd, J = 7.6, 7.6 Hz). *C NMR: 529.5, 43.2, 43.9, 122.7 (q, Jcr = 6 Hz), 123.0 (q, Jcr = 274 Hz),
126.2, 128.3, 128.5, 131.3 (q, Jor = 31 Hz), 140.5, 204.2. 9F NMR: & 92.7 (br s). Anal. Calcd for Ci3HysF30: C,
64.46; H, 5.41. Found: C, 64.68; H, 5.60.

2-Methyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one (49)

0
FSCM Ph

To a solution of 1-phenyl-3-(trifluoromethyl)but-3-en-1-one 47 (500 mg, 2.33 mmol) in Et,0 (20 mL) was added a
solution of potassium hexamethyldisilazide (0.56 M in toluene; 4.1 mL, 2.3 mmol) dropwise, and the reaction mixture
was stirred for 40 min at —78 °C. Methyl trifluoromethanesulfonate (0.26 mL, 2.3 mmol) was added at that temperature,
and then the mixture was warmed to rt. After stirring for 6 h, reaction was quenched with phosphate buffer (pH 7, 20
mL), and organic materials were extracted with EtOAc (10 mL x 3). The combined extracts were washed with brine (10
mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the residue was purified by
preparative thin layer chromatography (hexane—EtOAc, 4:1) to give 49 (429 mg, 81%) as a colorless liquid.

IR (neat): 2987, 2943, 1687, 1273, 1219, 1169, 1115, 962, 704, 687 cm™. *"H NMR: §1.42 (3H, d, J = 6.8 Hz), 4.36 (1H,
g, J = 6.8 Hz), 5.52 (1H, br s), 5.87 (1H, br s), 7.45-7.49 (2H, m), 7.55-7.60 (1H, m), 7.94-7.98 (2H, m). **C NMR:
517.8,40.2, 120.7 (q, Jor = 6 Hz), 123.5 (4, Jor = 272 Hz), 128.4, 128.7, 133.3, 135.5, 137.9 (g, Jer = 30 Hz), 198.5.
F NMR: & 94.0 (br s). Anal. Calcd for Cy,Hy,F;0: C, 63.16; H, 4.86. Found: C, 63.13; H, 5.05.

2,2-Dimethyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one (50)

o)
F3CJ><U\Ph

To a solution of 2-methyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one 49 (205 mg, 0.90 mmol) in Et,0 (10 mL) was
added a solution of potassium hexamethyldisilazide (0.56 M in toluene; 1.6 mL, 0.90 mmol) dropwise, and the reaction
mixture was stirred for 1 h at —78 °C. Methyl trifluoromethanesulfonate (0.11 mL, 0.90 mmol) was added at that
temperature, and then the mixture was warmed to rt. After stirring for 12 h, reaction was quenched with phosphate
buffer (pH 7, 10 mL), and organic materials were extracted with EtOAc (10 mL x 3). The combined extracts were
washed with brine (10 mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the residue
was purified by column chromatography (hexane-EtOAc, 5:1) to give 50 (110 mg, 51%) as a colorless liquid.

IR (neat): 2987, 1684, 1323, 1246, 1178, 1119, 1092, 972, 719, 690 cm™. *H NMR: §1.53 (6H, s), 5.60 (1H, br s), 5.93
(1H, br s), 7.35-7.40 (2H, m), 7.46-7.50 (1H, m), 7.84-7.87 (2H, m). *C NMR: §26.4, 49.8, 120.4 (q, Jcr = 6 Hz),
123.6 (0, Jor = 276 Hz), 128.1, 129.2, 132.1, 135.6, 143.5 (q, Jor = 27 Hz), 200.8. °F NMR: & 100.3 (br s). Anal.
Calcd for C43H3F50: C, 64.46; H, 5.41. Found: C, 64.25; H, 5.58.

2-Methyl-1-phenyl-2-phenylmethyl-3-trifluoromethylbut-3-en-1-one (51)
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(0]
F3CJ>%Ph
Bn

To a solution of 2-methyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one 49 (1.14 g, 5.0 mmol) in Et,0 (50 mL) was
added a solution of potassium hexamethyldisilazide (0.50 M in toluene; 10.5 mL, 5.25 mmol) dropwise at —78 °C, and
the reaction mixture was stirred for 10 min at 0 °C. Benzyl bromide (1.19 mL, 10 mmol) was added at —78 °C, and then
the mixture was allowed to warm up to rt. After stirring for 12 h, reaction was quenched with phosphate buffer (pH 7,
30 mL), and organic materials were extracted with EtOAc (30 mL x 3). The combined extracts were washed with brine
(50 mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the residue was purified by
column chromatography (hexane—EtOAc, 10:1) to give 51 (1.40 g, 88%) as a colorless liquid.

IR (neat): 3062, 3032, 2941, 1684, 1317, 1219, 1167, 1119, 1082, 964, 771 cm™. *H NMR: §1.43 (3H, s), 3.22 (1H, d,
J =13.7 Hz), 3.43 (1H, d, J = 13.7 Hz), 5.33 (1H, br s), 5.95 (1H, br s), 7.04 (2H, d, J = 7.4 Hz), 7.17-7.23 (3H, m),
7.37 (2H, dd, J = 8.0, 8.0 Hz), 7.47 (1H, t, J = 8.0 Hz), 7.78 (2H, d, J = 8.0 Hz). *C NMR: §23.1, 42.7, 54.1, 122.5 (q,
Jor = 6 HZz), 123.7 (9, JoF = 277 Hz), 126.6, 127.8, 128.1, 129.3, 131.3, 132.2, 136.3x2, 141.4 (q, Jcr = 28 Hz), 200.0.
F NMR: & 101.6 (br s). HRMS (FAB): calcd for C1oH15Fs0 ([M+H]*) 319.1310; found 319.1316.

[1-(1,1,2-Trifluoroprop-2-en-2-yl)cyclopentyl](phenyl)methanone (53)

o)
Fgc)gl\ Ph

To a solution of 1-phenyl-3-(trifluoromethyl)but-3-en-1-one 47 (1.29 g, 6.0 mmol) in Et,O (30 mL) was added a
solution of potassium hexamethyldisilazide (0.50 M in toluene; 12.6 mL, 6.3 mmol) dropwise at —78 °C. The reaction
mixture was stirred for 10 min at 0 °C, and was transferred to a solution of 1,4-diiodobutane (4.7 mL, 36 mmol) and
hexamethylphosphoric triamide (HMPA, 10 mL) in Et,O (30 mL) at —78 °C. The reaction mixture was allowed to be rt
and stirred for 12 h. Reaction was quenched with phosphate buffer (pH 7, 30 mL), and organic materials were extracted
with EtOAc (10 mL x 3). The combined extracts were washed with brine (10 mL), and dried over MgSQO,. After
removal of the solvent under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc,
20:1 to 5:1) to give a mixture of [1-(1,1,1-Trifluoroprop-2-en-2-yl)cyclopentyl](phenyl)methanone 53 and
2-(4-iodobutyl)-2-methyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one (1.82 g) as a colorless liquid.

To a solution of the mixture (1.43 g) in Et,0 (30 mL) was added a solution of potassium hexamethyldisilazide (0.50 M
in toluene; 7.22 mL, 3.6 mmol) dropwise at =78 °C. The reaction mixture was stirred for 5 min at —78 °C, and allowed
to be rt. After stirring for 4 h, the reaction was quenched with phosphate buffer (pH 7, 30 mL), and organic materials
were extracted with EtOAc (10 mL x 3). The combined extracts were washed with brine (10 mL), and dried over
MgSO,. After removal of the solvent under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAc, 20:1) to give 53 as a colorless liquid.

IR (neat): 2958, 2925, 2854, 1684, 1317, 1234, 1167, 1126 cm™. 'H NMR: & 1.56-1.64 (2H, m), 1.67-1.76 (2H, m),
2.02 (2H, ddd, J = 13.0, 6.5, 6.5 Hz), 2.46 (2H, ddd, J = 13.0, 6.5, 6.5 Hz), 5.55 (1H, br m), 5.87 (1H, br m), 7.38 (2H,
dd, J = 7.5, 7.5 Hz), 7.48 (1H, t, J = 7.5 Hz), 7.88 (2H, d, J = 7.5 Hz). *C NMR: &524.3, 35.9, 60.7, 119.9 (q, Jcr = 6
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Hz), 123.6 (q, Jee = 277 Hz), 128.1, 129.5, 132.2, 135.4, 142.1 (q, Jcr = 27 Hz), 199.2. °F NMR: & 99.9 (br s). HRMS
(FAB): calcd for CisH16F;0 ([M+H]") 269.1153; found 269.1178.

4-Methyl-1-phenyl-5-(trifluoromethyl)hex-5-en-3-one (54)

o)
F3CJH/”\A Ph

To a solution of 1-phenyl-5-(trifluoromethyl)hex-5-en-3-one 48 (9.81 g, 40.5 mmol) in Et,O (200 mL) was added a
solution of potassium hexamethyldisilazide (0.70 M in toluene; 59.6 mL, 41.7 mmol) dropwise at —78 °C, and the
reaction mixture was stirred for 1 h at that temperature. Methyl trifluoromethanesulfonate (9.2 mL, 81 mmol) was
added, and the mixture was stirred for 15 min. After being allowed to warm up to rt, the reaction mixture was stirred for
12 h. Reaction was quenched with phosphate buffer (pH 7, 50 mL), and organic materials were extracted with EtOAc
(50 mL x 3). The combined extracts were washed with brine (30 mL), and dried over MgSQ,. After removal of the
solvent under reduced pressure, the residue was purified by column chromatography (hexane—-EtOAc, 20:1) to give 54
(9.74 g, 94%) as a colorless liquid.

IR (neat): 3030, 2983, 2941, 1720, 1604, 1496, 1454, 1415, 1304, 1277, 1171, 1115, 953, 748, 698 cm™. 'H NMR: §
1.25 (3H, d, J = 7.0 Hz), 2.71-2.78 (1H, m), 2.81-2.90 (3H, m), 3.37 (1H, g, J = 7.0 Hz), 5.35 (1H, s), 5.80 (1H, s),
7.15-7.20 (3H, m), 7.27 (2H, dd, J = 7.5 Hz). *C NMR: §16.5, 29.7, 42.6, 45.7, 120.3 (q, Jcr = 6 Hz), 123.4 (q, Jcr =
274 Hz), 126.1, 128.3, 128.4, 137.6 (q, Jer = 30 Hz), 140.7, 207.3. *°F NMR: & 93.3 (br s). Anal. Calcd for Cy4H1sF50:
C, 65.62; H, 5.90. Found: C, 65.84; H, 6.13.

4,4-Dimethyl-1-phenyl-5-(trifluoromethyl)hex-5-en-3-one (55)

0
F3CJ><U\/\ Ph

To a solution of 4-methyl-1-phenyl-5-(trifluoromethyl)hex-5-en-3-one 54 (5.72 g, 22.3 mmol) in Et,0 (200 mL) was
added a solution of potassium hexamethyldisilazide (0.70 M in toluene; 33.5 mL, 23.4 mmol) dropwise at —105 °C, and
the reaction mixture was stirred for 30 min at —90 °C. Methyl trifluoromethanesulfonate (5.05 mL, 44.6 mmol) was
added at —105 °C, and the mixture was stirred for 10 min at that temperature. After being allowed to warm up to rt, the
mixture was stirred for 2 h. Reaction was quenched with phosphate buffer (pH 7, 30 mL), and organic materials were
extracted with EtOAc (30 mL x 3). The combined extracts were washed with brine (30 mL), and dried over MgSO;.
After removal of the solvent under reduced pressure, the residue was purified by column chromatography
(hexane—EtOAcC, 20:1) to give 55 (4.38 g, 73%) as a colorless liquid.

IR (neat): 3028, 2983, 2941, 1716, 1454, 1325, 1176, 1126, 1099, 953 cm™. *H NMR: §1.31 (6H, s), 2.73 (2H, t, J =
7.6 Hz), 2.89 (2H, t, J = 7.6 Hz), 5.56 (1H, br s), 5.91 (1H, br s), 7.19 (2H, d, J = 7.5 Hz), 7.20 (1H, t, J = 7.5 Hz), 7.29
(2H, dd, J = 7.5, 7.5 Hz). *C NMR: & 23.5, 30.1, 38.7, 50.4, 120.8 (q, Jcr = 6 Hz), 123.7 (q, Jcr = 277 Hz), 126.0,
128.3, 128.4, 141.0, 142.4 (q, Jor = 28 Hz), 209.1. **F NMR: & 100.3 (br s). HRMS (FAB): calcd for CysHigFsO
(IM+H]") 271.1310; found 271.1281.
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3-Methyl-1-phenylbut-3-en-1-ol (56)

OH
AL,
A solution of 2-methylallyl chloride (3.95 mL, 40 mmol) in THF (10 mL) was added dropwise at rt to a mixture of
magnesium (4.86 g, 200 mmol) in THF (40 mL) over 1 h. The reaction mixture was transferred to a solution of
benzaldehyde (3.1 g, 30 mmol) in THF (30 mL) at 0 °C, and the resulted mixture was stirred for 1 h at that temperature,
then for 12 h at rt. The reaction was quenched with aqueous NH,CI (100 mL), and organic materials were extracted with
EtOAc (50 mL x 2). The combined extracts were washed with brine (50 mL), and dried over MgSQO,. After removal of
the solvent under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 10:1) to give
56 (4.64 g, 71%) as a colorless liquid.
IR (neat): 3419, 3074, 3030, 2970, 2935, 1645, 1495, 1055, 891 cm™. *H NMR: §1.80 (3H, s), 2.15 (1H, d, J = 2.0 Hz),
2.39 (1H, d, J = 6.7 Hz), 2.45 (1H, d, J = 6.7 Hz), 4.81 (1H, ddd, J = 6.7, 6.7, 2.0 Hz), 4.86 (1H, g, J = 1.0 Hz), 4.93
(1H,t,J = 1.6 Hz), 7.28 (1H, t, J = 7.8 Hz), 7.33-7.40 (4H, m). °C NMR: §22.3, 48.4, 71.3, 114.1, 125.7, 127.5, 128 4,
142.4, 144.0. HRMS (FAB): calcd for C1Hy50 ([M+H]") 163.1123; found 163.1101.

3-Methyl-1-phenylbut-3-en-1-one (57)

o]
AL,
To a mixture of pyridinium chlorochromate (17.4 g, 80.7 mmol) and silica gel (17.4 g) in dichloromethane (150 mL)
was added 3-methyl-1-phenylbut-3-en-1-ol 56 (4.37 g, 26.9 mmol). The reaction mixture was stirred for 2 h at rt, and
then diluted with Et,0. The solid materials were removed by filtration through a short column of florisil. After removal
of the solvent under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 20:1) to
give 57 (4.16 g, 97%) as a pale yellow liquid.
IR (neat): 3078, 2974, 2912, 1682, 1448, 1335, 1277, 1218, 1003, 893 cm™. *H NMR: §1.82 (3H, s), 3.69 (2H, s), 4.86
(1H, s), 4.99 (1H, s), 7.46 (2H, dd, J = 7.4, 7.4 Hz), 7.56 (1H, t, J = 7.4 Hz), 7.98 (2H, d, J = 7.4 Hz). °C NMR: §22.8,
47.7, 114.9, 128.3, 128.5, 133.1, 136.7, 139.7, 198.1. HRMS (FAB): calcd for Cy;H;30 ([M+H]") 161.0966; found
161.0953.

2,3-Dimethyl-1-phenylbut-3-en-1-one (58)

o)
)H/u\Ph
To a solution of 3-methyl-1-phenylbut-3-en-1-one 57 (1.04 g, 6.5 mmol) in Et,0 (60 mL) was added a solution of
potassium hexamethyldisilazide (0.50 M in toluene; 13.0 mL, 6.5 mmol) dropwise at —78 °C, and the reaction mixture
was stirred for 1 h at that temperature. Methyl trifluoromethanesulfonate (1.46 mL, 13 mmol) was added, and the
mixture was stirred for 15 min. After being allowed to warm up to rt, the reaction mixture was stirred for 1 h. The

reaction was quenched with phosphate buffer (pH 7, 30 mL), and organic materials were extracted with Et,O (20 mL x

2). The combined extracts were washed with brine (20 mL), and dried over MgSO,. After removal of the solvent under
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reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 20:1) to give 58 (1.13 g,
quant.) as a colorless liquid.

IR (neat): 3076, 2974, 2935, 1682, 1448, 1219, 968, 771 cm™. *H NMR: §1.33 (3H, d, J = 6.8 Hz), 1.73 (3H, s), 4.12
(1H, g, J = 6.8 Hz), 4.88 (1H, s), 4.89 (1H, dg, J = 1.4, 1.4 Hz), 7.42 (2H, dd, J = 7.3, 7.3 Hz), 7.52 (1H, t, J = 7.3 HZ),
7.97 (2H, d, J = 7.3 Hz). B3C NMR: §16.0, 20.5, 49.0, 113.5, 128.4x2, 132.8, 136.6, 145.2, 200.9. Anal. Calcd for
C1,H140: C, 82.72; H, 8.10. Found: C, 82.71; H, 8.30.

2,2,3-Trimethyl-1-phenylbut-3-en-1-one (59)

o]
A
To a solution of 2,3-dimethyl-1-phenylbut-3-en-1-one 58 (1.13 g, 6.5 mmol) in Et,0 (60 mL) was added a solution of
potassium hexamethyldisilazide (0.50 M in toluene; 13.0 mL, 6.5 mmol) dropwise at —78 °C, and the reaction mixture
was stirred for 1 h at that temperature. Methyl trifluoromethanesulfonate (1.46 mL, 13 mmol) was added, and the
mixture was stirred for 15 min. After being allowed to warm up to rt, the reaction mixture was stirred for 12 h. Reaction
was quenched with phosphate buffer (pH 7, 30 mL), and organic materials were extracted with Et,O (20 mL x 2). The
combined extracts were washed with brine (20 mL), and dried over MgSO,. After removal of the solvent under reduced
pressure, the residue was purified by column chromatography (hexane-EtOAc, 20:1) to give 59 (1.07 g, 88%) as a
colorless liquid.
IR (neat): 3087, 2976, 2939, 1676, 1637, 1446, 1245, 1173, 970, 893 cm™. *H NMR: §1.40 (6H, s), 1.75 (3H, s), 5.02
(1H, dg, J = 1.3, 1.3 Hz), 5.11, 7.36 (2H, dd, J = 7.9 Hz), 7.47 (1H, t, J = 7.9 Hz), 7.99 (2H, d, J = 7.9 Hz). ®C NMR: &
20.5, 26.0, 52.8, 110.7, 128.1, 129.0, 132.1, 136.7, 149.6, 204.0. Anal. Calcd for C;3H;60: C, 82.94; H, 8.57. Found: C,
82.75; H, 8.73.

Oximation of ketone

Method A

To a solution of hydroxylamine hydrochloride (347 mg, 5.0 mmol) in pyridine (5 mL) was added ketone (0.5 mmol),
and the reaction mixture was heated to reflux for 1 d. After phosphate buffer (pH 7, 30 mL) was added to quench the
reaction, the mixture was extracted with EtOAc (30 mL x 3). The combined organic extracts were washed with aqueous
HCI (1 M; 10 mL) and brine, and dried over Na,SO,. After removal of the solvent under reduced pressure, the residue

was purified by column chromatography (hexane-EtOAc, 4:1) to give ketone oxime 60.

Method B

To a solution of ketone (3.0 mmol) and hydroxylamine hydrochloride (3.13 g, 45 mmol) in ethylene glycol (20 mL) and
ethanol (5 mL) was added pyridine (1.2 mL, 15 mmol), and the reaction mixture was heated at 130 °C for 1 d. After
phosphate buffer (pH 7, 30 mL) was added to quench the reaction, the mixture was extracted with EtOAc (30 mL x 3).
The combined organic extracts were washed with water (30 mL) and brine, and dried over Na,SO,4. After removal of

the solvent under reduced pressure, the residue was purified by column chromatography (hexane-EtOAc, 4:1) to give
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ketone oxime 60.

Method C

To a solution of ketone (0.5 mmol) in ethanol (3 mL) was added hydroxylamine hydrochloride (69 mg, 1.0 mmol) and
pyridine (0.12 mL, 1.5 mmol). After the reaction mixture was stirred for 12 h at rt, phosphate buffer (pH 7) was added
to quench the reaction. The mixture was extracted with EtOAc (30 mL x 3). The combined organic extracts were
washed with aqueous HCI (1 M; 10 mL) and brine, and dried over Na,SO,. After removal of the solvent under reduced

pressure, the residue was purified by column chromatography (hexane-EtOAc, 4:1) to give ketone oxime 60.

2,2-Dimethyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one oxime (60a)

+~OH

N
F30J><U\ Ph

Colorless crystals. 59% (method A).

mp. 122-127 °C (dec.). IR (neat): 3257, 2983, 1323, 1176, 1149, 1117, 1097, 955, 766, 702 cm™. *H NMR: §1.38 (6H,
s), 5.44 (1H, br's), 5.83 (1H, br s), 7.09-7.11 (2H, m), 7.33-7.44 (3H, m), 8.39 (1H, s). *C NMR: §26.2, 43.4,120.9 (q,
Jor = 6 Hz), 123.9 (q, Jcr = 276 Hz), 127.8, 127.9, 128.3, 132.3, 142.6 (q, Jor = 27 Hz), 162.6. °F NMR: & 101.3 (br
s). Anal. Calcd for C;3H4F3sNO: C, 60.70; H, 5.49; N, 5.44. Found: C, 60.51; H, 5.69; N, 5.21.

2-Methyl-1-phenyl-2-phenylmethyl-3-(trifluoromethyl)but-3-en-1-one oxime (60b)

+OH

N
ac%%
Ph

Colorless crystals. 51% (method B).

mp. 91-93 °C. IR (neat): 3298, 3060, 3030, 2945, 1410, 1317, 1167, 1119, 1082, 958, 696 cm™. 'H NMR: §1.17 (3H,
s), 3.18 (1H, d, J = 14.1 Hz), 3.20 (1H, d, J = 14.1 Hz), 5.48 (1H, br s), 5.96 (1H, br s), 7.04 (2H, d, J = 7.9 Hz), 7.15
(2H, d, J = 7.3 Hz), 7.21-7.26 (3H, m), 7.34-7.37 (3H, m), 7.90 (1H, s). °C NMR: §22.9, 43.7, 47.5, 122.8 (, Jcr = 6
Hz), 124.0 (q, Jor = 277 Hz), 126.6, 127.9x2, 128.1, 128.4, 131.2, 132.5, 136.9, 142.0 (q, Jor = 277 Hz), 162.3. °F
NMR: & 102.7 (br s). Anal. Calcd for CgH15F3NO: C, 68.46; H, 5.44; N, 4.20. Found: C, 68.28; H, 5.49; N, 4.23.

[1-(1,1,1-Trifluoroprop-2-en-2-yl)cyclopentyl](phenyl)methanone oxime (60c)

\
FaC Ph

Colorless crystals. 47% (method B).
mp. 120-127 °C (dec.). IR (neat): 3263, 2972, 2881, 1410, 1319, 1161, 1111, 974, 771 cm™. *H NMR: 51.62-1.84 (6H,
m), 2.11-2.19 (2H, m), 5.30 (1H, q, Jur = 1.4 Hz), 5.82 (1H, br s), 7.09 (2H, d, J = 7.8 Hz), 7.32-7.41 (3H, m), 8.37
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(1H, s). ®*C NMR: §22.1, 34.6, 55.3, 121.7 (q, Jcr = 6 Hz), 123.9 (4, Jor = 277 Hz), 127.9, 128.0, 128.3, 132.4, 140.5
(9, Jor = 29 Hz), 159.8. °F NMR: & 100.3 (br s). Anal. Calcd for CysH;6FsNO: C, 63.60; H, 5.69; N, 4.94. Found: C,
63.65; H, 5.80; N, 4.95.

4,4-Dimethyl-1-phenyl-5-(trifluoromethyl)hex-5-en-3-one oxime (60d)

N,,OH

FsC Ph

Colorless crystals. 48% (method A).

mp. 108-111 °C. IR (neat): 3271, 3132, 2974, 2943, 1456, 1319, 1176, 1153, 1120, 947, 771 cm™. *H NMR: §1.43 (6H,
s), 2.47-2.51 (2H, m), 2.87-2.91 (2H, m), 5.56 (1H, q, Jur = 1.4 Hz), 5.90 (1H, ), 7.18-7.24 (3H, m), 7.29 (2H, dd, J =
7.4, 7.4 Hz), 9.03 (1H, br s). *C NMR: §25.4, 29.5, 32.0, 44.2, 120.7 (q, Jcr = 6 Hz), 123.8 (q, Jcr = 277 Hz), 126.1,
128.2, 128.5, 142.1, 143.2 (q, Jcr = 28 Hz), 163.0. *°F NMR: & 100.4 (br s). Anal. Calcd for C45HysFsNO: C, 63.15; H,
6.36; N, 4.91. Found: C, 63.36; 6.48; N, 5.00.

1-Phenyl-3-(trifluoromethyl)but-3-en-1-one oxime (60e)
~OH

N
F3CMPh

Colorless crystals. 89% (method C).

mp. 97-98 °C. IR (neat): 3249, 3070, 2925, 1319, 1288, 1219, 1163, 1111, 968, 941, 773 cm™. 'H NMR: §3.72 (2H, s),
5.26 (1H, br s), 5.71 (1H, br s), 7.37-7.41 (3H, m), 7.57-7.62 (2H, m) 9.44 (br s). *C NMR: 526.3, 118.9 (q, Jcr = 5
Hz), 123.3 (q, Jor = 273 Hz), 125.9, 128.7, 129.8, 132.4 (q, Jor = 31 Hz), 134.4, 154.6. *°F NMR: & 92.4 (br s). Anal.
Calcd for Cy1HygF3NO: C, 57.64; H, 4.40; N, 6.11. Found: C, 57.48; H, 4.54; N, 5.91.

2-Methyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one oxime (60f)

~OH

N
FchPh

Colorless crystals. 91% (method C).

Oximes were obtained as a mixture of two isomers (major : minor = 53 : 47).

IR (neat): 3296, 2889, 1417, 1302, 1169, 1119, 949, 768, 694 cm™. *H NMR: (major) 51.41 (3H, d, J = 7.0 Hz), 3.67
(1H, g9, J = 7.0 Hz), 5.47 (1H, br s), 5.82 (1H, br s), 7.28-7.41 (5H, m), 9.30 (1H, br s). (minor) 61.46 (3H,d, J =7.2
Hz), 4.48 (1H, q, J = 7.2 Hz), 5.48 (1H, br s), 5.86 (1H, br s), 7.28-7.41 (5H, m), 9.68 (1H, br s). **C NMR: (major)
518.3,39.7, 120.4 (q, Jor = 6 Hz), 123.5 (q, Jor = 273 Hz), 127.8, 128.1, 128.9, 132.4, 138.1 (q, Jer = 28 Hz), 158.5.
(minor) 15.7, 32.8, 119.8 (q, Jcr = 6 Hz), 123.5 (q, Jcr = 273 Hz), 127.6, 128.1, 128.9, 134.6, 139.2 (q, Jcr = 29 H2z),
159.0. F NMR: (major) & 94.2 (3F, br s). (minor) & 94.9 (3F, br s). HRMS (FAB): calcd for C1,H13FsNO ([M + H])
244.0949; found 244.0962.
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2,2,3-Trimethyl-1-phenylbut-3-en-1-one oxime (60g)

N
At

Colorless crystals. 84% (method A).

IR (neat): 3234, 3095, 3060, 2970, 2931, 1637, 1442, 1378, 1277, 1153, 947, 891 cm™. *H NMR: §1.24 (6H, s), 1.85
(3H, s), 4.75 (1H, s), 4.90 (1H, dg, J = 1.3, 1.3 Hz), 7.11 (2H, d, J = 8.0 Hz), 7.32-7.38 (3H, m), 8.77 (1H, br s). **C

NMR: 620.1, 25.6, 46.0, 112.2, 127.7x2, 128.1, 133.0, 148.2, 163.5. Anal. Calcd for C;3H;NO: C, 76.81; H, 8.43; N,
6.89. Found: C, 76.69; H, 8.56; N, 6.84.

Pentafluorobenzoylation of oxime derivatives

To a solution of oxime 60 (1.0 mmol) and pentafluorobenzoyl chloride (0.22 mL, 1.5 mmol) in CH,Cl, (10 mL) was
added Et;N (0.28 mL, 2 mmol) at 0 °C, and the reaction mixture was stirred for 30 min. After the reaction was
quenched with phosphate buffer (pH 7, 10 mL), organic materials were extracted with CH,Cl, (10 mL x 3). The
combined extracts were washed with brine (10 mL), and dried over MgSO,. After removal of the solvent under reduced
pressure, the residue was purified by column chromatography (hexane-EtOAc, 10:1) to give 2-(trifluoromethylallyl

ketone oxime O-pentafluorobenzoate 61.

2,2-Dimethyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one oxime O-pentafluorobenzoate (61a)

\OCOCsFs

F3CJ><U\ Ph

Colorless crystals. 82%.

mp. 61-64 °C. IR (neat): 2991, 1763, 1653, 1522, 1498, 1325, 1184, 1124, 1090, 995, 926, 879, 700 cm™. *H NMR:
5153 (6H, s), 5.56 (1H, br s), 5.93 (1H, br s), 7.05-7.07 (2H, m), 7.37-7.38 (3H, m). 3C NMR: §25.9, 44.5, 106.9
(M), 122.1 (q, Jcr = 6 Hz), 123.7 (q, Jer = 277 Hz), 126.8, 128.0, 129.0, 131.4, 137.5 (dm, Jer = 256 Hz), 141.4 (4, Jcr
= 27 Hz), 143.2 (dm, Jcr = 260 Hz), 145.1 (dm, Jer = 257 Hz), 156.6, 173.5. 1°F NMR: & 1.4 (2F, m), 13.6 (1F, m),
24.5 (2F, m), 101.2 (3F, br s). Anal. Calcd for C,oH13FgNO,: C, 53.23; H, 2.90; N, 3.10. Found: C, 53.05; H, 3.00; N,
2.86.

2-Methyl-1-phenyl-2-phenylmethyl-3-(trifluoromethyl)but-3-en-1-one oxime O-pentafluorobenzoate (61b)
n*OCOCGFs

FsC Ph
Ph

A pale yellow liquid. 76%.
IR (neat): 3032, 2943, 1761, 1653, 1496, 1327, 1188, 1126, 1002, 771 cm™. *H NMR: §1.24 (3H, s), 3.32 (1H, d, J =

116



13.8 Hz), 3.47 (1H, d, J = 13.8 Hz), 5.70 (1H, br s), 6.10 (1H, br s), 6.98 (2H, d, J = 7.9 Hz), 7.22-7.37 (8H, m). *C
NMR: §22.4, 43.9, 48.8, 107.0 (M), 123.7 (q, Jor = 277 Hz), 124.2 (q, Jo = 6 Hz), 126.8x2, 128.0, 128.1, 129.1, 1315,
131.7, 136.3, 137.6 (dm, Jor = 256 Hz), 140.5 (4, Jcr = 26 Hz), 143.3 (dm, Jer = 251 Hz), 145.3 (dm, Jcr = 254 Hz),
156.5, 172.7. F NMR: & 1.6 (2F, m), 13.9 (IF, m), 24.6 (2F, m), 102.2 (3F, br s). HRMS (FAB): calcd for
CasH1sFsNO, (IM+H]") 528.1210; found 528.1206.

[1-(1,1,1-Trifluoroprop-2-en-2-yl)cyclopentyl](phenyl)methanone oxime O-pentafluorobenzoate (61c)

\-OCOCeFs

FaC Ph

A pale yellow liquid. 82%.

IR (neat): 2966, 2881, 1763, 1653, 1496, 1325, 1188, 1124, 995, 700 cm™. *H NMR: § 1.73-1.84 (2H, m), 1.84-1.95
(4H, m), 2.31-2.39 (2H, m), 5.40 (1H, g, Jue = 0.9 Hz), 5.91 (1H, s), 7.02—7.06 (2H, m), 7.33-7.39 (3H, m). *C NMR:
522.1,34.7,56.4, 106.9 (M), 122.9 (g, Jcr = 6 Hz), 123.7 (q, Jor = 277 Hz), 126.8, 127.9, 129.1, 131.5, 137.6 (dm, Jcr
= 255 Hz), 139.5 (4, Jcr = 28 Hz), 143.2 (dm, Jc = 255 Hz), 145.1 (dm, Jer = 255 Hz), 156.6, 170.9. *°F NMR: & 1.5
(2F, m), 13.5 (1F, m), 24.4 (2F, m), 100.2 (3F, br s). HRMS (FAB): calcd for C»,H1sFsNO, ([M+H]") 478.1053; found
478.1067.

4,4-Dimethyl-1-phenyl-5-(trifluoromethyl)hex-5-en-3-one oxime O-pentafluorobenzoate (61d)
n*OCOCsFs

FsC Ph

Colorless crystals. 87%.

mp. 89-90 °C. IR (neat): 2991, 2945, 1757, 1653, 1489, 1321, 1192, 1090, 771 cm™. 'H NMR: & 1.52 (6H, s),
2.55-2.60 (2H, m), 2.83-2.87 (2H, m), 5.64 (1H, br's), 5.99 (1H, brs), 7.12 (2H, d, J = 7.5 Hz), 7.20 (1H, t, J = 7.5 Hz),
7.27 (2H, dd, J = 7.5, 7.5 Hz). *C NMR: §25.1, 30.9, 32.6, 45.2, 107.2 (m), 121.7 (q, Jcr = 6 Hz), 123.5 (q, Jor = 276
Hz), 126.4, 127.9, 128.6, 137.7 (dm, Jcr = 256 Hz), 140.5, 142.2 (q, Jcr = 27 Hz), 143.4 (dm, Jcr = 259 Hz), 145.3 (dm,
Jor = 255 Hz), 156.6, 172.5. °F NMR: & 1.9 (2F, m), 14.1 (1F, m), 24.7 (2F, m), 100.5 (3F, br s). Anal. Calcd for
CyH17FgNO,: C, 55.12; H, 3.57; N, 2.92. Found: C, 55.21; H, 3.71; N, 2.83.

1-Phenyl-3-(trifluoromethyl)but-3-en-1-one oxime O-pentafluorobenzoate (61¢)

y OCOC6Fs
FsC Ph
Colorless crystals. 88%.
mp. 85-86 °C. IR (neat): 1761, 1651, 1525, 1491, 1327, 1288, 1171, 1117, 1003, 895, 764 cm™. *H NMR: §3.80 (2H,
s), 5.30 (1H, br s), 5.78 (1H, br s), 7.43-7.48 (2H, m), 7.49-7.54 (1H, m), 7.77-7.80 (2H, m). **C NMR: §28.7, 106.7
(M), 119.6 (q, Jor = 5 Hz), 122.9 (q, Jor = 272 Hz), 127.2, 128.9, 131.6, 131.9 (q, Jer = 31 Hz), 132.4, 137.7 (dm, Jgr =
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251 Hz), 143.6 (dm, Jer = 260 Hz), 145.6 (dm, Jer = 258 Hz), 163.1. °F NMR: & 2.2 (2F, m), 15.0 (1F, m), 24.9 (2F,
m), 92.2 (3F, br s). HRMS (FAB): calcd for CigHioFgNO, ([M+H]") 424.0584; found 424.0584. Anal. Calcd for
CisHoFgNO,: C, 51.08; H, 2.14; N, 3.31. Found: C, 50.85; H, 2.32; N, 3.12.

2-Methyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one oxime O-pentafluorobenzoate (61f)

~OCOCgxF
N 675

FSCM%

isomer 1 (less polar).

A yellow liquid. 28%.

IR (neat): 3068, 2991, 2945, 1763, 1653, 1496, 1327, 1173, 1122, 995 cm™. *H NMR: §1.54 (3H, d, J = 7.0 Hz), 3.84
(1H, g, J = 7.0 Hz), 5.58 (1H, s), 5.92 (1H, s), 7.18-7.22 (2H, m), 7.38-7.42 (3H, m). *C NMR: §18.1, 40.3, 106.7
(m), 121.6 (q, Jcr = 6 Hz), 123.3 (q, Jor = 274 Hz), 127.1, 128.2, 129.8, 131.5, 137.6 (dm, Jcr = 256 Hz), 137.9 (q, Jcr
=30 Hz), 143.2 (dm, Jcr = 287 Hz), 145.3 (dm, Jcr = 258 Hz), 156.6, 169.6.

F NMR: & 1.7 (2F, m), 14.0 (1F, m), 24.6 (2F, m), 93.9 (3F, br s). HRMS (FAB): calcd for CigH1,FsNO, ([M+H]")
438.0740; found 438.0716.

isomer 2 (polar).

A colorless liquid. 38%.

IR (neat): 3062, 2991, 2949, 1766, 1653, 1496, 1325, 1173, 1120, 995 cm™. *H NMR: 5§1.49 (3H, d, J = 7.2 Hz), 4.46
(1H, g, J = 7.2 Hz), 5.48 (1H, s), 5.91 (1H, s), 7.41 (2H, dd, J = 7.4, 7.4 Hz), 7.47 (1H, t, I = 7.4 Hz), 7.51 (2H, ) = 7.4
Hz). *C NMR: §15.9, 35.0, 106.6-106.8 (m), 120.7 (q, Jcr = 6 Hz), 123.2 (q, Jcr = 275 Hz), 128.4x2, 130.5, 132.1,
137.3 (4, Jcr = 29 Hz), 137.8 (dm, Jer = 256 Hz), 143.6 (dm, Jer = 261 Hz), 145.4 (dm, Jcr = 264 Hz), 156.1, 168.6.
F NMR: & 2.1 (2F, m), 14.6 (1F, m), 24.7 (2F, m), 94.7 (3F, br s). HRMS (FAB): calcd for CigH1,FsNO, ([M+H]")
438.0740; found 438.0759.

2,2,3-Trimethyl-1-phenylbut-3-en-1-one oxime O-pentafluorobenzoate (61g)
n*OCOCsFs

Ph

A colorless liquid. 34%.

IR (neat): 2976, 2935, 1756, 1653, 1496, 1325, 1190, 995, 858, 771 cm™. *H NMR: §1.37 (6H, s), 1.93 (3H, s), 4.84
(1H, s), 5.01 (1H, dg, J = 1.2, 1.2 Hz), 7.03-7.06 (2H, m), 7.31-7.36 (3H, m). 3C NMR: §20.0, 25.3, 47.4, 107.0 (m),
113.6, 126.6, 127.7, 128.7, 132.0, 137.5 (dm, Jcr = 256 Hz), 143.1 (dm, Jcr = 260 Hz), 145.1 (dm, Jcr = 264 Hz), 146.5,
156.7, 174.5. 9F NMR: & 1.4 (2F, m), 13.3 (1F, m), 24.2 (2F, m). HRMS (FAB): calcd for CH;7FsNO, ([M+H]")
398.1179; found 398.1149.

118



5-endo Heck-type reaction of O-pentafluorobenzoyl oxime 61

To a solution of triphenylphosphine (131 mg, 0.50 mmol) and tetrakis(triphenylphosphine)palladium (58 mg, 0.050
mmol) in N,N-dimethylacetamide (DMA; 10 mL) was added 2-(trifluoromethylallyl ketone oxime
O-pentafluorobenzoate 61 (0.50 mmol) at rt. After the reaction mixture was stirred at 100 °C, phosphate buffer (pH 7,
10 mL) was added to quench the reaction, and organic materials were extracted with Et,0 (10 mL x 3). The combined
organic extracts were washed with water (10 mL x 3) and brine, and dried over MgSQO,. After removal of the solvent

under reduced pressure, the residue was purified by column chromatography (hexane—-EtOAc, 4:1) to give 62.

3-Difluoromethylene-3,4-dihydro-4,4-dimethyl-5-phenyl-2H-pyrrole (62a)

N
\
F,C Ph

A pale yellow liquid. 60%.

IR (neat): 2978, 1765, 1466, 1267, 1223, 1132, 1047, 1014, 775, 694, 598 cm™. *H NMR: §1.52 (6H, s), 4.61 (2H, dd,
Jur = 3.6, 3.6 Hz), 7.37-7.42 (3H, m), 7.69-7.73 (2H, m). *C NMR: §24.6 (dd, Jcr = 3, 2 Hz), 51.6 (dd, Jcr = 4, 3 Hz),
57.8 (dd, Jer = 3, 2 Hz), 97.5 (dd, Jcr = 21, 15 Hz), 127.9, 128.2, 129.7, 133.7 (dd, Jer = 2, 2 Hz), 149.3 (dd, Jcr = 287,
282 Hz), 178.5. °F NMR: & 68.5 (1F, dt, Jer = 64 Hz, Jey = 3.6 Hz), 76.3 (LF, dt, Jgr = 64 Hz, Jry = 3.6 Hz). HRMS
(FAB): calcd for Ci3H1,FoN ([M+H]Y) 222.1094; found 222.1091.

4-Benzyl-3-difluoromethylene-3,4-dihydro-4-methyl-5-phenyl-2H-pyrrole (62b)

\

FZC&Ph

Ph
A pale yellow liquid. 71%.
IR (neat): 3030, 2979, 2933, 1763, 1606, 1452, 1254, 1014, 692 cm™ 'H NMR: 61.73 (3H, s), 3.07 (1H, d, J = 14.0
Hz), 3.40 (1H, dd, J = 14.0, 1.6 Hz), 3.69 (1H, ddd, J = 20.5 Hz, J4r = 3.7, 3.7 Hz), 4.40 (1H, ddd, J = 20.5 Hz, J4 =
2.8, 2.8 Hz), 6.91-6.95 (2H, m), 7.13-7.17 (3H, m), 7.43-7.51 (3H, m), 7.92-7.97 (2H, m). *C NMR: & 24.3, 43.5,
57.5 (dd, Jcg = 5, 3 Hz), 58.2 (br m), 95.9 (dd, Jcr = 23, 14 Hz), 126.6, 128.1, 128.4, 128.5, 129.4, 130.2, 134.0, 137.1,
149.2 (dd, Jer = 287, 284 Hz), 175.7. °F NMR: & 70.3 (1F, d, Ji = 62 Hz), 76.6 (LF, d, Jgr = 62 Hz). HRMS (FAB):
calcd for CygHygFoN ([M+H]") 298.1407; found 298.1389.

4-Difluoromethylene-1-phenyl-2-azaspiro[4.4]non-1-ene (62c)

N
\
cmé §\Ph

Pale yellow crystals. 65%.
mp. 78-79 °C. IR (neat): 2976, 2883, 2846, 1761, 1606, 1570, 1458, 1252, 1088, 775 cm™. *H NMR: §1.76-1.85 (2H,
m), 1.85-2.03 (4H, m), 2.29 (2H, ddd, J = 13.7, 6.9, 6.9 Hz), 4.59 (2H, dd, Jye = 3.2, 3.2 Hz), 7.36-7.43 (3H, m), 7.68
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(2H, d, J = 8.2 Hz). ®C NMR: §27.0, 37.5, 58.6, 60.6 (br s), 99.9 (dd, Jer = 23, 14 Hz), 128.1, 128.2, 129.6, 133.8,
149.5 (dd, Jcr = 288, 281 Hz), 178.3. F NMR: & 70.6 (1F, d, Jur = 65 Hz), 74.8 (LF, d, Jur = 65 Hz). Anal. Calcd for
CisHisFoN: C, 72.86; H, 6.11; N, 5.66. Found: C, 72.78; H, 6.32; N, 5.67.

3-Difluoromethylene-3,4-dihydro-4,4-dimethyl-5-phenethyl-2H-pyrrole (62d)

N
\

A pale yellow liquid. 20% (NMR yield).

IR (neat): 3028, 2968, 2929, 1766, 1641, 1496, 1464, 1277, 1219, 1045 cm™. *H NMR: §1.25 (6H, s), 2.48-2.53 (2H,
m), 3.00 (2H, t, J = 7.9 Hz), 4.45-4.47 (2H, m), 7.20-7.30 (5H, m). *C NMR: §23.4, 30.1, 32.4, 51.3, 57.9, 96.0 (dd,
Jor =21, 15 Hz), 126.1, 128.3, 128.4, 141.7, 149.7 (dd, Jcr = 283, 283 Hz), 181.8. F NMR: & 68.4 (1F dd, Jer =61
Hz, Jue = 3 Hz), 76.6 (1F, d, Jer = 61 Hz). HRMS (FAB): calcd for CysH1sF,N ([M+H]*) 250.1407; found 250.1397.

2,2-Dimethyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-imine (63a)

NH
F3CJ><U\Ph

To a solution of 2,2-dimethyl-1-phenyl-3-(trifluoromethyl)but-3-en-1-one oxime O-pentafluorobenzoate 61a (199 mg,
0.441 mmol) in DMA (5 mL) were added H,O (100 uL), Pd(PPhs), (51 mg, 0.044 mmol), and PPh; (116 mg, 0.441
mmol) at rt. After the reaction mixture was stirred at 90 °C for 1 h, the reaction was quenched with phosphate buffer
(pH 7, 10 mL) at 0 °C, and organic materials were extracted with Et,O (10 mL x 3). The combined extracts were
washed with brine (10 mL), and dried over MgSO,. After removal of the solvent under reduced pressure, the residue
was purified by column chromatography (hexane-Et,0, 4:1) to give 63a (80 mg, 76%) as a pale yellow liquid.

IR (neat): 2983, 1616, 1323, 1178, 1124, 1093, 957, 895, 758, 702 cm™. *H NMR: §1.46 (6H, s), 5.60 (1H, g, Jur = 0.9
Hz), 5.91 (1H, br s), 7.25-7.36 (5H, m), 9.62 (1H, br s). °C NMR: §26.7, 46.2, 120.8 (br s), 123.9 (q, Jcr = 277 Hz),
126.8 (br s), 128.0, 128.8, 140.3 (br s), 143.4 (q, Jor = 27 Hz), 184.8. F NMR: & 101.1 (br s). HRMS (FAB): calcd
for C13H1sFsN ([M+H]") 242.1156; found 242.1141.
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ORTEP structure of
2-(4-methylbenzenesulfonyl)-1-phenyl-6a-(trifluoromethyl)hexahydrocyclopenta[c]pyrrol-5(1H)-one 25
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Table 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Crystal data and structure refinement for nadano2.

nadano2

C21H20F3N O3S

423.44

120(2) K

0.71070 A

Monoclinic

P 21/n

a=13.365(5) A o=90°.
b=9.396(3) A B=92.7110(16)°.
c=15.191(5) A y =90°.
1905.5(11) A3

4

1.476 Mg/m3

0.222 mm-!

880

0.60 x 0.40 x 0.30 mm3

3.00 to 27.48°.

-17<=h<=17, -12<=k<=12, -19<=I<=19
20726

4351 [R(int) = 0.0196]

99.3 %

Semi-empirical from equivalents
0.9364 and 0.8783

Full-matrix least-squares on F2
4351/0/263

1.085

R1=0.0337, wR2 = 0.0914

R1 =0.0381, wR2 = 0.0939

0.308 and -0.383 e.A3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)
for nadano2. U(eq) is defined as one third of the trace of the orthogonalized U'i tensor.

X y z U(eq)
C(1) 8628(1) 3355(1) 991(1) 18(1)
C(2) 7628(1) 2636(1) 632(1) 18(1)
C(3) 7293(1) 1296(1) 1116(1) 19(1)
C(4) 6161(1) 1341(1) 1046(1) 20(1)
C(5) 5827(1) 2887(1) 960(1) 24(1)
C(6) 6781(1) 3738(1) 794(1) 19(1)
C(7) 7218(1) 4567(1) 1586(1) 19(1)
N(1) 8291(1) 4674(1) 1421(1) 18(1)
0(1) 5611(1) 319(1) 1050(1) 26(1)
C(8) 9254(1) 2431(1) 1633(1) 20(1)
C(9) 9434(1) 2841(1) 2502(1) 24(1)
C(10) 10013(1) 1996(2) 3081(1) 31(1)
C(11) 10415(1) 731(2) 2799(1) 32(1)
C(12) 10233(1) 304(2) 1933(1) 33(1)
C(13) 9664(1) 1151(2) 1351(1) 27(1)
C(14) 7671(1) 2312(2) -339(1) 25(1)
F(1) 7833(1) 3477(1) -822(1) 37(1)
F(2) 8394(1) 1378(1) -516(1) 37(1)
F@3) 6806(1) 1738(1) -664(1) 32(1)
S(1) 8758(1) 6225(1) 1177(2) 19(1)
0(2) 8521(1) 7156(1) 1888(1) 24(1)
0o@3) 9781(1) 5975(1) 979(1) 26(1)
C(15) 8110(1) 6872(1) 223(1) 18(1)
C(16) 7248(1) 7690(1) 302(1) 19(1)
C(17) 6746(1) 8207(1) -453(1) 21(1)
C(18) 7091(1) 7918(1) -1287(1) 23(1)
C(19) 7947(1) 7079(2) -1347(1) 26(1)
C(20) 8457(1) 6553(1) -605(1) 23(1)
C(21) 6563(1) 8533(2) -2100(1) 34(1)
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Table 3.  Bond lengths [A] and angles [°] for nadano2.

C(1)-NQ)
C(1)-C(8)
C(1)-C(2)
C(1)-HQ)
C(2)-C(14)
C(2-C(3)
C(2)-C(6)
C(3)-C(4)
C(3)-HE)
C(3)-HE)
C(4)-0(2)
C(4)-C(5)
C(5)-C(6)
C(5)-H)
C(5)-H(®)
C(6)-C(7)
C(6)-H(6)
C(7)-N(2)
C(7)-H()
C(7)-H(®)
N(1)-S(1)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-H(13)
C(14)-F(1)
C(14)-F(2)
C(14)-F(3)
S(1)-0(3)
S(1)-0(2)
S(1)-C(15)
C(15)-C(20)
C(15)-C(16)

1.4807(15)
1.5261(18)
1.5714(17)
1.0000
1.5089(18)
1.5356(17)
1.5621(17)
1.5123(18)
0.9900
0.9900
1.2096(16)
1.5234(19)
1.5355(17)
0.9900
0.9900
1.5263(18)
1.0000
1.4701(15)
0.9900
0.9900
1.6349(11)
1.3860(19)
1.3969(18)
1.392(2)
0.9500
1.381(2)
0.9500
1.385(2)
0.9500
1.389(2)
0.9500
0.9500
1.3413(16)
1.3419(17)
1.3487(16)
1.4330(10)
1.4359(10)
1.7616(14)
1.3939(18)
1.3946(17)
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C(16)-C(17)
C(16)-H(14)
C(17)-C(18)
C(17)-H(15)
C(18)-C(19)
C(18)-C(21)
C(19)-C(20)
C(19)-H(16)
C(20)-H(17)
C(21)-H(18)
C(21)-H(19)
C(21)-H(20)

N(1)-C(1)-C(8)
N(1)-C(1)-C(2)
C(8)-C(1)-C(2)
N(1)-C(1)-H(1)
C(8)-C(1)-H()
C(29)-C(1)-H()
C(14)-C(2)-C(3)
C(14)-C(2)-C(6)
C(3)-C(2)-C(6)
C(14)-C(2)-C(2)
C(3)-C(2)-C(1)
C(6)-C(29)-C(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(2)
C(2)-C(3)-H(2)
C(4)-C(3)-H(E)
C(29)-C(3)-HE)
H(2)-C(3)-H(3)
O(1)-C(4)-CE)
O(1)-C(4)-C(5)
C(3)-C(4)-C(5)
C(4)-C(5)-C(6)
C(4)-C(5)-H4)
C(6)-C(5)-H(4)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
H(4)-C(5)-H(5)

1.3883(19)
0.9500
1.3948(19)
0.9500
1.397(2)
1.507(2)
1.380(2)
0.9500
0.9500
0.9800
0.9800
0.9800

111.31(10)
103.98(9)
114.11(10)
109.1
109.1
109.1
109.14(10)
110.45(11)
103.77(9)
110.77(10)
116.65(10)
105.72(10)
104.89(10)
110.8
110.8
110.8
110.8
108.8
125.75(12)
125.56(12)
108.68(10)
105.60(10)
110.6
110.6
110.6
110.6
108.8



C(7)-C(6)-C(5)
C(7)-C(6)-C(2)
C(5)-C(6)-C(2)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(2)-C(6)-H(6)
N(1)-C(7)-C(6)
N(1)-C(7)-H(7)
C(6)-C(7)-H(7)
N(1)-C(7)-H(8)
C(6)-C(7)-H(8)
H(7)-C(7)-H(8)
C(7)-N(1)-C(2)
C(7)-N(1)-S(2)
C(1)-N(1)-S(1)
C(9)-C(8)-C(13)
C(9)-C(8)-C(1)
C(13)-C(8)-C(1)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(12)-C(13)-C(8)
C(12)-C(13)-H(13)
C(8)-C(13)-H(13)
F(1)-C(14)-F(2)
F(1)-C(14)-F(3)

115.21(11)
102.07(10)
107.11(10)
110.7
110.7
110.7
103.93(9)
111.0
111.0
111.0
111.0
109.0
109.71(9)
119.04(8)
121.25(8)
118.53(12)
121.07(11)
120.40(12)
120.66(13)
119.7
119.7
120.49(14)
119.8
119.8
119.40(13)
120.3
1203
120.26(14)
119.9
119.9
120.65(14)
119.7
119.7
106.73(11)
106.48(11)

F(2)-C(14)-F(3)
F(1)-C(14)-C(2)
F(2)-C(14)-C(2)
F(3)-C(14)-C(2)
0(3)-5(1)-0(2)
0(3)-S(1)-N(1)
0(2)-S(1)-N(1)
0(3)-S(1)-C(15)
0(2)-S(1)-C(15)
N(L)-S(1)-C(15)
C(20)-C(15)-C(16)
C(20)-C(15)-S(1)
C(16)-C(15)-S(1)
C(17)-C(16)-C(15)
C(17)-C(16)-H(14)
C(15)-C(16)-H(14)
C(16)-C(17)-C(18)
C(16)-C(17)-H(15)
C(18)-C(17)-H(15)
C(17)-C(18)-C(19)
C(17)-C(18)-C(21)
C(19)-C(18)-C(21)
C(20)-C(19)-C(18)
C(20)-C(19)-H(16)
C(18)-C(19)-H(16)
C(19)-C(20)-C(15)
C(19)-C(20)-H(17)
C(15)-C(20)-H(17)
C(18)-C(21)-H(18)
C(18)-C(21)-H(19)
H(18)-C(21)-H(19)
C(18)-C(21)-H(20)
H(18)-C(21)-H(20)
H(19)-C(21)-H(20)

106.10(11)
112.58(11)
112.94(11)
111.55(11)
120.31(6)
106.26(6)
105.83(6)
108.68(6)
106.90(6)
108.38(6)
120.49(12)
119.79(10)
119.72(9)
119.36(11)
120.3
120.3
121.01(12)
119.5
119.5
118.38(12)
120.51(13)
121.09(12)
121.57(12)
119.2
119.2
119.17(12)
120.4
120.4
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivalent atoms:
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Table 4.

displacement factor exponent takes the form: -2x2[ h2a*2U1 + ... + 2 h k a* b* U12]

Anisotropic displacement parameters (A2x 103)for nadano2. The anisotropic

Ull U22 U33 U23 U13 U12
c(1) 20(1) 16(1) 17(1) -1(1) 4(2) 0(1)
C(2) 20(1) 18(1) 16(1) -1(1) 2(1) -1(1)
c(3) 22(1) 17(1) 20(1) 1(1) 2(1) 0(1)
C(4) 23(1) 22(1) 16(1) 0(1) 1(1) -2(1)
C(5) 19(1) 22(1) 33(1) 1(1) 0(1) -1(1)
C(6) 19(1) 18(1) 21(1) 2(1) 1(1) 0(1)
c(7) 19(1) 17(1) 22(1) 0(1) 5(1) 0(1)
N(L) 19(1) 15(1) 20(1) -1(1) 4(2) 0(1)
o) 26(1) 23(1) 29(1) 1(1) 2(1) -6(1)
c(8) 16(1) 19(1) 24(1) 1(1) 3(1) -1(1)
Cc(9) 21(1) 23(1) 26(1) -1(1) -1(1) -1(1)
C(10) 26(1) 36(1) 30(1) 5(1) -5(1) -4(1)
C(11) 21(1) 33(1) 41(2) 15(1) 0(1) 1(1)
C(12) 28(1) 25(1) 46(1) 6(1) 9(1) 8(1)
C(13) 28(1) 24(1) 30(1) -2(1) 5(1) 5(1)
C(14) 30(1) 27(1) 20(1) -2(1) 2(1) -3(1)
F(1) 55(1) 39(1) 18(1) 4(2) 6(1) -12(1)
F(2) 39(1) 45(1) 27(1) -13(1) 9(1) 5(1)
F(3) 37(1) 37(1) 21(1) -4(1) -5(1) -7(1)
(1) 18(1) 16(1) 21(1) -1(1) 2(1) -2(1)
0(2) 29(1) 20(1) 23(1) -4(1) 1(1) -2(1)
0@3) 18(1) 25(1) 34(1) 1(1) 3(1) -2(1)
C(15) 20(1) 15(1) 21(1) 1(1) 4(2) -3(1)
C(16) 22(1) 16(1) 20(1) -2(1) 5(1) -2(1)
c(17) 21(1) 18(1) 24(1) 0(1) 3(1) -2(1)
C(18) 26(1) 21(1) 22(1) 2(1) 3(1) -5(1)
C(19) 30(1) 26(1) 21(1) -1(1) 10(1) -2(1)
C(20) 23(1) 21(1) 26(1) 1(1) 10(1) 0(1)
C(21) 39(1) 39(1) 22(1) 5(1) 2(1) 2(1)
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Table 5.

for nadano2.

Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

X y z U(eq)
H(L) 9040 3615 482 21
H(2) 7547 427 833 23
H(3) 7540 1313 1740 23
H(4) 5525 3213 1507 29
H(5) 5329 3001 462 29
H(6) 6672 4379 272 23
H(7) 6910 5523 1618 23
H(8) 7113 4051 2142 23
H(9) 9160 3707 2705 28
H(10) 10133 2292 3674 37
H(11) 10811 158 3195 38
H(12) 10500 572 1736 39
H(13) 9553 857 756 33
H(14) 7006 7892 867 23
H(15) 6160 8765 -401 25
H(16) 8185 6865 -1911 31
H(17) 9037 5981 -658 28
H(18) 7036 9105 -2424 50
H(19) 6007 9136 -1927 50
H(20) 6303 7758 -2477 50
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Table 6. Torsion angles [°] for nadano2.

N(1)-C(1)-C(2)-C(14)
C(8)-C(1)-C(2)-C(14)
N(1)-C(1)-C(2)-C(3)
C(8)-C(1)-C(2)-C(Q)
N(1)-C(1)-C(2)-C(6)
C(8)-C(1)-C(2)-C(6)
C(14)-C(2)-C(3)-C(4)
C(6)-C(2)-C(3)-C(4)
C(1)-C(29)-C(3)-C(4)
C(2)-C(3)-C(4)-0(1)
C(2)-C(3)-C(4)-C(5)
0O(1)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-C(2)
C(14)-C(2)-C(6)-C(7)
C(3)-C(2)-C(6)-C(7)
C(1)-C(2)-C(6)-C(7)
C(14)-C(2)-C(6)-C(5)
C(3)-C(2)-C(6)-C(5)
C(1)-C(2)-C(6)-C(5)
C(5)-C(6)-C(7)-N(1)
C(2)-C(6)-C(7)-N(1)
C(6)-C(7)-N(1)-C(1)
C(6)-C(7)-N(1)-S(1)
C(8)-C(1)-N(1)-C(7)
C(29)-C(1)-N(D)-C(7)
C(8)-C(1)-N(1)-5(1)
C(2)-C(1)-N(1)-S(1)
N(1)-C(1)-C(8)-C(9)
C(2)-C(1)-C(8)-C(9)
N(1)-C(1)-C(8)-C(13)
C(2)-C(1)-C(8)-C(13)
C(13)-C(8)-C(9)-C(10)
C(1)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)

126.59(11)

-111.95(12)
-107.77(11)

13.68(15)
6.93(12)
128.39(11)
-86.06(12)
31.70(12)
147.49(10)
152.26(13)
-27.16(13)

-168.37(12)

11.06(14)

-103.61(12)

9.15(14)

-147.07(10)

96.08(11)
-27.20(12)
91.49(12)
-25.36(13)

-148.64(10)

153.30(10)
37.63(11)
-35.59(12)
110.43(10)

-105.84(11)

17.46(12)

109.02(10)

-127.67(9)
1.01(16)

-116.30(13)
-178.52(11)

64.16(15)
0.08(19)

-179.47(12)

-0.2(2)

C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(8)
C(9)-C(8)-C(13)-C(12)
C(1)-C(8)-C(13)-C(12)
C(3)-C(2)-C(14)-F(1)
C(6)-C(2)-C(14)-F(1)
C(1)-C(2)-C(14)-F(1)
C(3)-C(2)-C(14)-F(2)
C(6)-C(2)-C(14)-F(2)
C(1)-C(2)-C(14)-F(2)
C(3)-C(2)-C(14)-F(3)
C(6)-C(2)-C(14)-F(3)
C(1)-C(2)-C(14)-F(3)
C(7)-N(1)-S(1)-0(3)
C(1)-N(1)-S(1)-0(3)
C(7)-N(1)-S(1)-0(2)
C(1)-N(1)-S(1)-0(2)
C(7)-N(1)-S(1)-C(15)
C(1)-N(1)-S(1)-C(15)
0(3)-S(1)-C(15)-C(20)
0(2)-S(1)-C(15)-C(20)
N(1)-S(1)-C(15)-C(20)
0(3)-S(1)-C(15)-C(16)
0(2)-S(1)-C(15)-C(16)
N(1)-S(1)-C(15)-C(16)
C(20)-C(15)-C(16)-C(17)
S(1)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(16)-C(17)-C(18)-C(21)
C(17)-C(18)-C(19)-C(20)
C(21)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(15)
C(16)-C(15)-C(20)-C(19)
S(1)-C(15)-C(20)-C(19)

-0.2(2)
0.9(2)
-1.0(2)
0.6(2)

-179.89(12)

171.96(11)
58.49(14)
-58.30(14)
-67.07(14)
179.46(10)
62.67(14)
52.32(14)
-61.15(14)

-177.94(10)

-175.02(9)
-33.01(11)
56.00(10)
-161.99(9)
-58.38(10)
83.63(11)
24.88(12)
156.14(10)
-90.19(11)

-155.64(10)

-24.38(11)
89.29(11)
-1.10(18)
179.43(9)
0.07(18)
0.86(19)

-177.59(12)

-0.8(2)
177.64(13)
-0.2(2)
1.17(19)

-179.36(10)

Symmetry transformations used to generate equivalent atoms
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i reactive electrophile
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s-BulLi 3 ] electrophile 3 aldehyde
fast exchange | Li E  N-tosylimine
CF;
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slow exchange
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$-BuLi n-BuLi 2 1-(

CF3 CF3 OH

X
Rl
4
/j‘\ﬁRz RlJJ\ R3/(])>/R /J‘\/kRLl
73_9;N( O, NTs / R® 40-91%

3 pd_
R! = alkyl, aryl, vinyl BF.-OFL, R R"=H, alkyl, Ph
RZ=H, aryl CF3

O /]\Li &R5

Me,N O
oF, / \ oF,
%\[( R6 BF;-OEt, BF;-OEt, MRS

O 24-78% OH 81%
R = alkyl, vinyl, RS = alkyl
aryl, heteroaryl

( )
2+(
1,6- Pauson Khand
-a,B3- Nazarov or(
C-3
1-( )
1 1
¢ Co,(CO)g (1.2 eq) R:’ T
07 8 .z €e(q
TN CF, TsN o R'=Ph, n-Pr
—" 2 rt, 0.5 h /CH,Cl, R2 = H, Et
then 60 °C, 2-3 h / CH5CN R2 71-85%
O R! o R
CF4 RZ  TfOH (10 eq) R?
, rt, 1-36 h CFs 3
R®  /(CF),CHOH R 73-87%
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1 )

5-endo-trig
N3+( ) ]
SN2’ (CFs)
(CF2=)
a) Addition process
@) p CFs
KOH (1.3-5.0 eq) /
130 °C, 20 h / (CH,0H), N R
s
CF3 NHTs R = CH,OPMB 68% (anti : syn =70 : 30, anti: 99% ee)
R | CsH3-2,4-(OMe), 74% (anti: syn =90 :10)
R
CF2
NaH (1.2 or 1.3 eq)
120 °C, 3-4 h / DMF N R
Ts
(b) SN2'-type process R =CH,OPMB 90% (99% ee)
CFs= CF:H
2 2
anti CFzH- 2
syn CFaH-

R = CH,OH
5% Pd/ C (0.5 eq)

CF.H
H, (1 atm) O‘
N~ CH,OH

CF, rt, 6 h / CHCl,

Ts 90%
R — (anti : syn =79 : 21)

N 5% Pd / C (0.05 eq) CFH
Ts H, (1 atm)
rt, 1 h/EtOH N~ CH2OTBS
R = CH,0TBS Ts  99%

(anti: syn=11: 89)

2 24-
CFs CFo= CFaH
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N
Fch R3

N
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F,C RS
100 °C, 0.8-2.5 h

Rl RZ? R "R2
/ DMA 20-71%
PPhg
oxidative PdL, XPdF B-fluorine
addition elimination
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1-(Trifluoromethyl)vinylation via Oxirane or Oxetane Ring-Opening: A Facile
Synthesis of 4- or 5-Hydroxy-Functionalized 2-Trifluoromethyl-1-alkenes

Ryo Nadano, Junji Ichikawa*

Department of Chemistry, Graduate School of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Fax +81(3)58414345; E-mail: Junji @chem.s.u-tokyo.ac.jp
Received 8 June 2005; revised 4 July 2005

Abstract: Introduction of a 1-(trifluoromethyl)vinyl group has
been accomplished by the reaction of thermally unstable 1-(trifluo-
romethyl)vinyllithium (1) with strained cyclic ethers. Treatment of
2-bromo-3,3,3-trifluoropropene with butyllithium generates 1,
which in turn reacts with several oxiranes or an oxetane at —100 °C
in the presence of BF;-OEt, to afford the corresponding 2-trifluo-
romethyl- 1-alkenes bearing a hydroxy group on the 4- or 5-position.
An enantiopure oxirane undergoes ring-opening without racemiza-
tion, providing an optically active homoallyllic alcohol with a 3-tri-
fluoromethyl group.

Key words: (trifluoromethyl)vinyl group, ring-opening, oxirane,
unsaturated alcohol, lithium-halogen exchange

The building block strategy has now become one of the
most efficient approaches for the synthesis of fluorine-
containing compounds.! In this respect, a 1-(trifluoro-
methyl)vinyl group is a versatile component due to (i) its
double bond which is reactive toward nucleophiles and
(ii) its allylic fluorine atoms which act as leaving
groups.® Recently, we have established versatile and
flexible synthetic routes to (i) 1,1-difluoro-1-alkenes via
Sy2'-type reaction of a 1-(trifluoromethyl)vinylsilane*
and (ii) fluorine-containing heterocycles via nucleophilic
6- and 5-endo-trig cyclizations starting from trifluorome-
thylvinyl compounds.® Due to the synthetic potential of
the 1-(trifluoromethyl)vinyl system, extensive efforts
have been made to exploit synthetic methods for 2-triflu-
oromethyl-1-alkenes.>¢' Among them, 1-(trifluorometh-
yl)vinylmetal species are straightforward reagents to
provide a variety of compounds bearing a (trifluorometh-
ylvinyl moiety. 1-(Trifluoromethyl)vinyl compounds
with a conjugated system can be prepared by palladium-
catalyzed coupling reactions of ‘relatively stable’ (trifluo-
romethyl)vinylmetals, such as (trifluoromethylvi-
nyl)zinc,” -tin,® and -boronic acid,’ with appropriate
unsaturated organohalides. In contrast, methods for the
preparation of non-conjugated 1-(trifluoromethyl)vinyl
compounds are still limited.”*¢

Tarrant reported that 1-(trifluoromethyl)vinyllithium (1),
generated on treatment of 2-bromo-3,3,3-trifluoropropene
(2) with butyllithium, reacted with aldehydes or ketones
to afford 2-(trifluoromethyl)allyllic alcohols.!® Whereas
the lithium reagent was of high enough reactivity to allow

SYNTHESIS 2006, No. 1, pp 0128-0132
Advanced online publication: 12.10.2005

DOI: 10.1055/5-2005-918413; Art ID: F10205SS
© Georg Thieme Verlag Stuttgart - New York

the preparation of non-conjugated (trifluoromethyl)vinyl
compounds, this approach had serious drawbacks: (i) bro-
mide 2 had the potential to react with butyllithium in an
Sy2’ fashion; (ii) the generated lithium species 1 was
highly unstable and readily underwent elimination of lith-
ium fluoride even at —100 °C, leading to 1,1-difluoroal-
lene, thus, the reaction required alternative addition of
butyllithium and a carbonyl substrate to 2 in several ali-
quots,'% and (iii) the product alcohols were obtained only
in 30-50% yields along with butyl carbinols derived from
butyllithium, which suggested incomplete lithium-halo-
gen exchange.

In view of alcohol synthesis, ring cleavage of strained cy-
clic ethers with nucleophiles is a versatile process. Orga-
nolithium species, such as alkyl-, alkenyl-, and
alkynyllithiums, are known to effect ring-opening reac-
tions of oxiranes and oxetanes in the presence of
BF;-OEt,.!! In terms of this process, we discovered a cu-
rious fact that an oxirane was opened up by phenyllithium
in preference to butyllithium, although normally sp*-hy-
bridized carbanions are more nucleophilic than sp*-hy-
bridized carbanions.'? Taking account of this finding, we
expected that oxiranes might react selectively with vinyl-
lithium 1 in the lithium—halogen exchange reaction be-
tween bromide 2 and butyllithium. We report herein an
efficient method for the synthesis of alcohols with a 1-(tri-
fluoromethyl)vinyl moiety via the unstable vinyllithium
1.

To confirm the generation of vinyllithium 1, we re-exam-
ined the reaction of 2-bromo-3,3,3-trifluoropropene with
butyllithium under different reaction conditions, and the
'9F NMR spectra of the reaction mixtures were measured
after quenching with methanol (Scheme 1). When the re-
action was carried out at —78 °C for 15 minutes, difluoro-
allene, generated by decomposition of 1 via elimination of
lithium fluoride, and 3,3,3-trifluoropropene were ob-
tained in 54% and 20% yields, respectively, while starting
material 2 (17%) was recovered. Running the reaction at
—96 °C for 15 minutes, we observed only 31% yield of
3,3,3-trifluoropropene and 11% yield of difluoroallene
along with 58% of recovered 2. These results indicated
that (i) the conversion to vinyllithium 1 was not driven to
completion at —78 °C and once formed was thermally un-
stable, and that (ii) the decomposition of 1 to difluoro-
allene proceeded even at -96 °C and a large amount of
butyllithium remained at that temperature.
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n-BuLi
CF3 (1.0 equiv) MeOH CF3 . _CF, CF3
Br Et0 Z * )\ Br
2 ~78 °C, 15 min 20% 54% 17%
=96 °C, 15 min 31% 11% 58%
Scheme 1

Moreover, we conducted the reaction of these lithium spe-
cies with an aldehyde to evaluate their composition. When
a 1:1 mixture of 2 and butyllithium was kept at —100 °C
for 15 minutes and then treated with benzaldehyde, alco-
hols 3 and 4, the adducts of vinyllithium 1 and butyllith-
ium, were obtained in 25% and 64% yields, respectively
(Scheme 2). These data suggested that the poor yield of 1-
(trifluoromethyl)vinyl carbinol was due to (i) the incom-
plete lithium-halogen exchange between bromide 2 and
butyllithium and (ii) the thermal instability of vinyllith-
ium 1.

CFy CFs
)\Br ~100 °C, 15 min / EL,O )\u

2 (1.5 equiv) 1

n-BuLi (1.5 equiv)

PhCHO (1.0 equiv)
— .

~100°C, 15min  F4C + nBu

OH 3 25% OH 4 64%

Scheme 2

In the course of our study involving the reaction of cyclic
ethers, we had encountered unusual reactivity: an oxirane
underwent BF;-promoted ring-opening preferentially
with phenyllithium even in the presence of buthyllith-
ium.'? This fact prompted us to apply the process to selec-
tive trapping of the in-situ generated vinyllithium 1,
leading to homoallylic alcohols with a trifluoromethyl
group. We examined the reaction of several oxiranes with
1 in the presence of a stoichiometric amount of BF;-OEt,
to obtain 3-(trifluoromethyl)homoallyllic alcohols 6 se-
lectively as expected (Scheme 3).!>!4 The results are sum-
marized in Table 1.

CFs n-BuLi (1.5 equiv) CFs
)\B, ~100 °C, 15 min / Et,0 )\U
2 (1.5 equiv) 1
HZ
R OH
T
BF3.OEt, (10 equiv) . FoC R?
-100 °C, 15 min R'" ¢
Scheme 3

The reaction was conducted following the procedure out-
lined here: butyllithium was added to a diethyl ether solu-
tion of bromide 2 and BF;-OEt, at —100 °C; after being
stirred at —100 °C for 15 minutes, the mixture was treated

with an oxirane in diethyl ether. Monoalkyl-substituted
oxiranes readily underwent ring-opening with vinyllith-
ium 1 to afford the corresponding homoallylic alcohols
6a—c in high yield (Table 1, entries 1-3). An optically ac-
tive glycidyl ether was transformed to partially protected
diol 6c in 99% ee, where no racemization was observed
(Table 1, entry 3). Styrene oxide was subjected to nucleo-
philic attack on the more hindered carbon as well as the
methylene carbon, which resulted in a mixture of regio-
isomers. Under the same reaction conditions as above, a
mixture of 2-phenyl-3-butenol (6d) and 1-phenyl-3-
butenol (6e) was obtained in 48% yield with a 6d/6e ratio
of 38:62. Screening the reaction conditions revealed that
the isomer ratio ranged from 1:4 to 2:1 depending on alkyl-
lithium and the addition order of the reagents. Addition of
tert-butyllithium instead of butyllithium in the order: 2,
tert-butyllithium, BF;-OEt,, and styrene oxide improved
the ratio of 6d/6e to 19:81 (Table 1, entry 4). When the re-
agents were added in the following order: 2, BF;-OEt,,
styrene oxide, and butyllithium, 6d was predominantly
obtained in the ratio of 67:33 (Table 1, entry 5). The low
yields starting from styrene oxide were probably due to its
high reactivity, which gave rise to non-selective addition
of butyllithium as well as 1. A 2,3-disubstituted oxirane,

Table 1 Synthesis of 3-(Trifluoromethyl)homoallylic Alcohols 6

Entry  Electrophile 5 Product 6 Yield (%)?
1 P J\/ct/\ 6a (91)
° FaC Ph
2 |>/\Ph /“\/0(/ 6b (89)
(o) Ph
F30
3 N OH 6c (81)
"3> ore J\/'VOPMB 99% ee
99% ee FaC
4¢ Ph OH 6d+6e (31)
> [19:81)¢
FsC 6d
Ph
OH
J L, e
F3C Ph
5¢ Ph 6d+6e (49)
O'>/ [67:33]¢
6 of (40)
CDO 49
6g (34)

O

2 Isolated yield.

® PMB: p-methoxybenzyl.

¢ t-BuLi was used instead, of n-BuLi (see text).

4 Determined by '"H NMR spectroscopy.

¢ n-BuLi was added after the addition of 5 (see text).

"Yield deduced from '°F NMR spectrum relative to internal standard
(CF3),CTol,.

Synthesis 2006, No. 1, 128-132 © Thieme Stuttgart - New York
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cyclohexene oxide provided the corresponding cyclohex-
anol 6f in modest yield (Table 1, entry 6), whereas 2,2-
disubstituted oxirane, 2,2-dibenzyloxirane gave no ring-
opening products. Due to its volatility, the product derived
from ethylene oxide was isolated as the corresponding to-
sylate 6g by subsequent treatment of the reaction mixture
with tosyl chloride and pyridine (Table 1, entry 7).

To expand the scope of this method, we tried another
strained cyclic ether, an oxetane in the reaction with vinyl-
lithium 1. The reaction with 2-phenethyloxetane gave 1-
phenyl-6-(trifluormethyl)hept-6-en-3-ol (7) in 30% yield
along with recovered starting oxetane under the same re-
action conditions as above. A longer reaction time and
three equivalents of the lithium species improved the yield
of 7 up to 82% (Scheme 4).
CF3

CF3 n-Buli (3.0 equiv)
)\B, ~100 °C, 15 min / Et,0 )\u
2 (3.0 equiv) 1
O

o Ph
BF4-OEt, (1.2 equiv) FaC

~100 °C to -78 °C, 2 h OH 2 509

Scheme 4

We have succeeded in efficiently trapping highly unstable
1-(trifluoromethyl)vinyllithium (1), generated in situ via
lithium-halogen exchange of 2-bromo-3,3,3-trifluoropro-
pene (2), in the vinyl-selective ring-opening of strained
cyclic ethers. Vinyllithium 1 reacted with oxiranes and an
oxetane in the presence of BF;-OEt, to afford 4- and 5-hy-
droxy functionalized 2-trifluoromethyl-1-alkenes 6 and 7,
respectively. Since oxiranes and oxetanes are readily
available, this method provides an easy access to a wide
range of alkyl alcohols bearing a 1-(trifluoromethyl)vinyl
unit.

'H NMR (500 MHz), 3C NMR (126 MHz), and '°F NMR (470
MHz) spectra were recorded in CDCl; on a Bruker Avance-500
spectrometer. 'H NMR chemical shifts are given in ppm downfield
from TMS. '*C NMR chemical shifts are given in ppm downfield
from TMS, relative to CDCl, (8§ = 77.0). "°F NMR chemical shifts
are given in ppm downfield from CF;. IR spectra were recorded on
a Horiba FT-300S spectrometer. Elemental analyses were per-
formed with a YANAKO MT-6 CHN Corder apparatus. Mass spec-
tra were taken with a JEOL MS-700M spectrometer.

All reactions were carried out under argon. Et,0 was purchased in
an anhydrous form from Kanto Chemical Co., Inc. and stored over
4 A molecular sieves. Column chromatography and preparative
thin-layer chromatography were performed on silica gel (Kanto
Chemical Co. Inc., Silica Gel 60 and Wako Pure Chemical [ndus-
tries, Ltd., B5-F), respectively.

The ee of 2d was determined by HPLC using an AD-H Daicel col-
umn (i-PrOH-hexane, 1:50).

Ethylene oxide, styrene oxide, and cyclohexene oxide were com-
mercially available. 2-Benzyloxirane,'® 2-phenethyloxirane,'® (S)-
p-methoxybenzyl glycidy] ether,'” and 2-phenethyloxetane'® were
prepared according to the literature.

Synthesis 2006, No. 1, 128-132 © Thieme Stuttgart - New York

Oxirane Ring-Opening with 1-(Trifluoromethyl)vinyllithium;
General Procedure

To a soln of 2-bromo-3,3,3-trifluoropropene (0.47 mL, 4.5 mmol)
and BF;-OEt, (0.38 mL, 3.0 mmol) in Et,0 (15 mL) was added
dropwise a soln of n-BuLi (2.67 M in hexane; 1.69 mL, 4.5 mmol)
in Et,0 (2 mL) at =100 °C. After the mixture was stirred for 15 min,
a soln of an oxirane (3.0 mmol) in Et,0 (2 mL) was added dropwise.
The mixture was stirred for 15 min, and then allowed to warm to r.t.
The reaction mixture was quenched with phosphate buffer (pH 7, 30
mL) and organic materials were extracted with EtOAc (2 x 15 mL).
The combined extracts were washed with H,O (2 x 10 mL), brine
(10 mL), and dried over MgSO,. After removal of the solvent under
reduced pressure, the residue was purified by column chromatogra-
phy (hexane-EtOAc, 5:1) to give a 3-(trifluoromethyl)homoallylic
alcohol.

1-Phenyl-5-(trifluoromethyl)hex-5-en-3-ol (6a)
Colorless liquid; yield: 91%.

IR (neat): 3384, 3027, 2929, 1604, 1496, 1454, 1344, 1165, 1117,
947,748 cm™.

'HNMR: § = 1.70 (1 H, d, J = 4.2 Hz), 1.76-1.88 (2 H, m), 2.32 (1
H, ddd, J = 15.0, 8.4, 0.9 Hz), 2.44 (1 H, ddd, J = 15.0, 4.2, 0.9 Hz),
270 (1 H, ddd, J = 13.8, 9.6, 6.7 Hz), 2.83 (1 H, ddd, J = 13.8,9.8,
5.8 Hz), 3.85 (1 H, ddddd, J = 8.4, 8.4, 4.2, 4.2, 42 Hz), 5.46 (1 H,
q, Jur = 1.2 Hz), 5.79 (1 H, q, Jye = 1.5 Hz), 7.18-7.21 (3 H, m),
7.27-7.31 (2 H, m).

3C NMR: 5 =32.0,38.2,38.8,68.7, 121.0 (q, Jos = 6 Hz), 123.6 (q,
Jep =274 Hz), 126.0, 128.4, 128.5, 135.0 (q, Jog = 30 Hz), 141.6.

9F NMR: § = 93.5 (brs).

Anal. Caled for C3H5F;0: C, 63.93; H, 6.19. Found: C, 64.19; H,
6.40.

1-Phenyl-4-(trifluoromethyl)pent-4-en-2-ol (6b)
Colorless liquid; yield: 89%.

IR (neat): 3426, 3030, 2924, 1496, 1455, 1418, 1164, 1111, 1080,
946 cm™!,

'HNMR: §=1.71 (1 H,d, J = 4.3 Hz), 2.34 (1 H,ddd, J = 15.1,8.6,
0.8 Hz), 2.43 (1 H, ddd, J=15.1, 4.3, 0.8 Hz), 2.66 (I H, dd,
J=13.6,8.6Hz),2.83 (1 H,dd, J = 13.6, 4.3 Hz), 4.00 (1 H, ddddd,
J=86,8.6,4.3,43,43Hz),5.52 (1 H, q, Ju= 1.3 Hz), 5.81 (1 H,
q, Jur = 1.4 Hz),7.20 2 H,d, J = 7.3 Hz), 7.22 (1 H, t, ] = 7.3 Hz),
7.30 (2 H, dd, J=7.3, 7.3 Hz).

13C NMR: § = 37.3, 43.6, 70.0, 120.8 (q, Jop = 6 Hz), 123.6 (q,
Jep = 274 Hz), 126.7, 128.6, 129.4, 135.0 (q, Jo = 30 Hz), 137.8.

F NMR: & = 93.6 (brs).

Anal. Calcd for Cj,H,,F,0: C, 62.60; H, 5.69. Found: C, 62.52; H,
5.86.

(R)-1-(4-Methoxybenzyloxy)-4-(trifluoromethyl)pent-4-en-2-ol
(6¢)
Colorless liquid; yield: 81%.

IR (neat): 3446, 2908, 2864, 1612, 1513, 1246, 1165, 1109, 1034,
947, 820 cm.

'H NMR: & = 2.32-2.34 (2 H, m), 2.56 (1 H, brs), 3.35 (1 H, dd,
J=95,6.8 Hz),3.50 (1 H, dd, J = 9.5,3.3 Hz), 3.80 (3 H, 5), 3.97-
4.02 (1H, m),4.46 (1 H,d,J = 11.5 Hz),4.49 (1 H,d, J = 11.5 Hz),
549 (1 H, q, Jyp = 1.2 Hz), 5.77 (1 H, q, Jyz = 1.3 Hz), 6.89 (2 H,
d,J=8.7Hz),7.25(2H,d,J =8.7 Hz).

13C NMR: § = 33.6, 55.2, 68.1, 73.0, 73.2, 113.8, 120.6 (q, Joz = 6
Hz), 123.5 (q, Jor = 274 Hz), 129.4, 129.7, 134.5 (q, Jey = 30 Hz),
159.3.

F NMR: § = 93.2 (br s).
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Anal. Calcd for C 4H,F;05: C, 57.93; H, 5.90. Found: C, 57.91; H,
5.95.

trans-2-[1-(Trifluoromethyl)vinyljcyclohexanol (6f)
Colorless liquid; yield: 40%.

IR (neat): 3404, 2933, 2860, 1450, 1346, 1296, 1163, 1113, 1063,
937 cm™.

'HNMR: & = 1.22-1.34 (4 H, m), 1.69-1.72 (1 H, m), 1.78-1.82 (I
H, m), 1.92-1.94 (1 H, m), 2.02 (1 H, br s), 2.07-2.10 (1 H, m),
2.11-2.16 (1 H, m), 3.58 (1 H, ddd, J = 10.2, 10.2, 4.3 Hz), 5.49 (1
H, s),5.85 (1 H, q, Jys = 1.3 Hz).

13C NMR: 8 = 24.7, 25.7, 33.0, 34.9, 47.1, 72.6, 118.5 (q, Jr = 6
Hz), 123.8 (q, Jor = 274 Hz), 140.8 (q, Jop = 29 Hz).

YF NMR: 8 = 94.0 (br s).

HRMS (FAB): m/z caled for CoH,,F;0 [M + H]*: 195.0997, found:
195.0977.

2-Phenyl-3-(trifluoromethyl)but-3-en-1-ol (6d)

To a soln of 2-bromo-3,3,3-trifluoropropene (1.24 mL, 12 mmol)
and styrene oxide (0.91 mL, 8.0 mmol) in Et,O (40 mL) were added
dropwise BF;-OEt, (1.52 mL, 12 mmol) and then a soln of n-BuLi
(2.71 M in hexane; 4.43 mL, 12 mmol) in Et,0 (4 mL) at —100 °C.
The reaction mixture was stirred for 15 min and then allowed to
warm to r.t. The reaction was quenched with phosphate buffer (pH
7,40 mL) and organic materials were extracted with EtOAc (3 x 30
mL). The combined extracts were washed with H,O (30 mL), brine
(30 mL), and dried over MgSO,. After removal of the solvent under
reduced pressure, the residue was purified by column chromatogra-
phy (hexane-EtOAc, 5:1) to give 6d (564 mg, 33%) as a colorless
liquid.

IR (neat): 3377, 3031, 2933, 2887, 1495, 1454, 1414, 1309, 1167,
1117, 1059, 949 cm™'.

'HNMR: § = 1.57 (1 H, brs), 3.78 (1 H, dd, J = 6.8, 6.8 Hz), 3.93—
401 2 H, m), 5.85 (1 H, q, Jyz = 1.1 Hz), 5.96 (1 H, q, Jyp = 1.4
Hz), 7.26-7.30 (3 H, m), 7.34-7.37 (2 H, m).

13C NMR: § = 47.4, 65.0, 119.7 (q, Jep = 6 Hz), 123.5 (q, Jr = 275
Hz), 127.5, 128.1, 128.8, 138.2, 138.6 (q, Jcr = 28 Hz).

9F NMR: § =94.2 (br s).

HRMS (FAB): m/z calcd for C;H,F;0 [M + H]*: 217.0840; found:
217.0857.

1-Phenyl-3-(trifluoromethyl)but-3-en-1-0l (6e)

To a soln of 2-bromo-3,3,3-trifluoropropene (0.51 mL, 4.9 mmol)
in Et,0 (15 mL) was added dropwise ¢-BuLi (1.47 M in pentane; 3.1
mL, 4.5 mmol) at —100 °C. After the reaction mixture was stirred
for 30 min, a soln of BF;-OEt, (0.57 mL, 4.5 mmol) in Et,O (3 mL)
was added. After stirring for 5 min, a soln of styrene oxide (360 mg,
3.0 mmol) in Et,0 (3 mL) was added. The reaction mixture was
stirred for 15 min and then allowed to warm to r.t. The reaction was
quenched with phosphate buffer (pH 7, 20 mL), and organic mate-
rials were extracted with EtOAc (3 x 20 mL). The combined ex-
tracts were washed with H,O (20 mL), brine (20 mL), and dried
over MgSO,. After removal of the solvent under reduced pressure,
the residue was purified by column chromatography (hexane—
EtOAc, 10:1) to give 6e (166 mg, 26%) as a colorless liquid.

IR (neat): 3388, 3064, 3033, 2927, 1346, 1165, 1111, 1045, 947,
756, 698 cm™'.

'HNMR: §=2.26 (1 H, brs), 2.55 (1 H, dd, J = 15.1, 4.9 Hz), 2.62
(1 H, ddd, J=15.1, 8.7, 1.0 Hz), 4.84 (1 H, m), 538 (1 H, q,
Jur=12Hz),5.74 (1 H, q, Jp = 1.4 Hz), 7.27-7.34 (5 H, m).

BCNMR: § = 39.6, 71.9, 121.3 (g, Jop = 6 Hz), 123.6 (q, Jez = 274
Hz), 125.8, 127.9, 128.5, 134.6 (q, Jop = 30 Hz), 143.2.

1F NMR: § = 93.6 (br s).

HRMS (FAB): m/z calcd for C,,H,,F;ONa [M + Na]*: 239.0660;
found: 239.0654.

3-(Trifluoromethyl)but-3-enyl 4-Methylbenzenesulfonate (6g)
After the ring-opening reaction of ethylene oxide (5 mmol) with -
(trifluoromethyl)vinyllithium, solvents were partially evaporated to
ca. 25% of the original volume. Pyridine (5 mL) and TsC] (0.95 g,
5.0 mmol) were added to the residue. After the mixture was stirred
at r.t. overnight, the reaction was quenched with aq HCI1 (1 M; 30
mL). Organic materials were extracted with EtOAc (3 x 20 mL).
The combined extracts were washed with H,O (10 mL), brine (10
mL), and dried over MgSO,. After removal of the solvent under re-
duced pressure, the residue was purified by column chromatogra-
phy (hexane-EtOAc, 5:1) to give 6g (498 mg, 34%) as a colorless
liquid.

IR (neat): 2970, 2929, 1599, 1358, 1171, 1117, 978, 908 cm™".

'"HNMR: =245 3 H,s),2.57 (2H,t,J=6.6 Hz), 417 2 H, ¢,
J=6.6Hz),5.42 (1 H, q, Jyr = 1.3 Hz), 5.76 (L H, br s), 7.36 (2 H,
d,J=84Hz),7.78 2H, d,J=8.4 Hz).

13C NMR: § = 21.5, 29.1, 67.1, 121.1 (q, Jor =6 Hz), 123.1 (q,
Jer = 274 Hz), 127.8, 129.9, 132.6, 133.0 (q, Jo = 30 Hz), 145.1.

FNMR: § = 93.1 (br s).

Anal. Calcd for C,H,3F;0,S: C, 48.97; H, 4.45. Found: C, 49.17;
H, 4.68.

1-Phenyl-6-(trifluoromethyl)hept-6-en-3-ol (7)

To a soln of 2-bromo-3,3,3-trifluoropropene (0.31 mL, 3.0 mmol)
and BF;-OEt, (0.15 mL, 1.2 mmol) in Et,O (5 mL) was added drop-
wise a soln of n-BuLi (2.67 M in hexane; 1.1 mL, 3.0 mmol) in Et,0
(2 mL) at =100 °C. After the mixture was stirred for 15 min, a soln
of 2-phenethyloxetane (158 mg, 0.97 mmol) in Et,0 (2 mL) was
added dropwise. The mixture was stirred for 15 min and warmed to
—78 °C over 2 h. After the mixture was allowed to warm to r.t., the
reaction was quenched with phosphate buffer (pH 7, 15 mL). Or-
ganic materials were extracted with EtOAc (3 X 15 mL). The com-
bined extracts were washed with H,O (15 mL), brine (15 mL), and
dried over MgSO,. After removal of the solvent under reduced pres-
sure, the residue was purified by column chromatography (hexane—
EtOAc, 5:1) to give 7 (206 mg, 82%) as a colorless liquid.

IR (neat): 3354, 3028, 2927, 2862, 1496, 1454, 1323, 1165, 1113,
939 cm™.

'H NMR: & = 1.48 (1 H, br s), 1.61-1.83 (4 H, m), 2.25 (1 H, ddd,
J=15.7,10.5,5.9 Hz), 2.41 (1 H, ddd, J = 15.7,10.7, 5.0 Hz), 2.69
(1 H,ddd, J = 13.7, 9.3, 6.9 Hz), 2.80 (1 H, ddd, J = 13.7, 9.4, 6.1
Hz), 3.66 (1 H, dddd, J=8.2, 8.2, 4.1, 4.1 Hz), 531 (1 H, q,
Jur = 1.4 Hz), 5.66 (1 H, q, Ju = 1.3 Hz), 7.18-7.21 (3 H, m), 7.26—
731 (2 H, m).

13C NMR: & = 25.7, 32.0, 35.2, 39.1, 70.5, 117.7 (q, Jcr = 6 Hz),
123.8(q, Jor = 274 Hz), 125.9, 128.4, 128.5, 138.2 (q, Jcr = 29 Hz),
141.7.

9F NMR: 8 = 93.3 (br s).

Anal. Calcd for C;,H,,F;0: C, 65.10; H, 6.63. Found: C, 65.08; H,
6.86.
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S-endo-trig CYCLIZATION OF 1,1-DIFLUORO-1-ALKENES: SYNTHESIS
OF 3-BUTYL-2-FLUORO-1-TOSYLINDOLE

[1H-Indole, 3-butyl-2-fluoro-1-[(4-methylphenyl)sulfonyl]-]
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3, MagNO PPhy, TEAF
Hah
=] Bu
TsCl
B. F¢ N '
Pyridine
Hal TsHMN

Bu Bu
- MaH
TsHN DMF _I,\_,

Submitted by Junji Ichikawa, Ryo Nadano, Takashi Mori, and Yukinori Wada'.
Checked by Sigrid Holle and Alois Fiirstner.

1. Procedure

A. o-(1,1-Difluorohex-1-en-2-yl)aniline. A 1-L, three-necked, round-bottomed flask is equipped with a Teflon-
coated magnetic stirbar, two pressure-equalizing dropping funnels, and a reflux condenser fitted with an argon
stopcock inlet. The system is flame-dried and flushed with argon. The flask is charged with anhydrous
tetrahydrofuran (200 mL) (Note 1) and 2,2,2-trifluoroethyl p-toluenesulfonate (15.3 g, 60 mmol) (Note 2), and the
solution is cooled to —78 °C in a dry ice—acetone bath. Butyllithium (76.8 mL, 1.64 M in hexane, 126 mmol) (Note
3) is added via one of the dropping funnels over 10 min (Note 4) and the resulting mixture is stirred for an
additional 20 min. Then tributylborane (66.0 mL, 1.0 M in THF, 66 mmol) (Note 5) is added via the other dropping
funnel at —78 °C over 3 min. After being stirred for 1 h, the reaction mixture is warmed to room temperature and
stirred for an additional 3 h to generate 2,2-difluorovinylborane. This solution of 2,2-difluorovinylborane is cooled
in an ice bath prior to addition of trimethylamine oxide (10.9 g, 145 mmol) (Note 6). The reaction mixture is stirred
at 0 °C for 2 h, and then allowed to warm to room temperature. Triphenylphosphine (PPh,, 2.52 g, 9.60 mmol)
(Note 7) and tris(dibenzylideneacetone)dipalladium-chloroform (1/1) (Pd,(dba),"CHCI,, 2.48 g, 2.40 mmol) (Note
8) are added in this order, and the mixture is stirred for 15 min. To the mixture are added o-iodoaniline (9.20 g,
42.0 mmol) (Note 9) and tetrabutylammonium fluoride (168 mL, 1.0 M in tetrahydrofuran, 168 mmol) (Note 10).
After being stirred at room temperature for 15 min, the resulting mixture is heated in a 60 °C oil bath for 13 h, at
which time TLC analysis indicates the reaction to be complete (Notes 11, 12). Then the reaction mixture is cooled
to ambient temperature, and phosphate buffer (200 mL) (Note 13) is added. Organic materials are extracted with
ethyl acetate (AcOEt, 3 x 200 mL), the combined extracts are washed successively with water (3 x 200 mL) and
brine (200 mL), and then dried over anhydrous magnesium sulfate (30 g). After filtration through a filter paper and
removal of the solvent under reduced pressure (Note 14), the palladium catalyst and ammonium salt are removed
by short column chromatography on silica gel (Note 15). The eluent is concentrated under reduced pressure (Note
14) to give the crude product as a brown oil. This oil is distilled twice under reduced pressure (74-77 °C/1.2-1.4
mmHg) to give o-(1,1-difluorohex-1-en-2-yl)aniline (5.63 g, 63%) (Note 16) as a pale yellow liquid that was pure
enough (90-95%) for use in the next step.

B. o'-(1,1-Difluorohex- 1-en-2-yl)-p-toluenesulfonanilide. A 100-mL, two-necked, round-bottomed flask
containing o-(1,1-difluorohex-1-en-2-yl)aniline (4.94 g, 23.4 mmol) is equipped with a glass stopper, a Teflon-
coated magnetic stirbar, and a stopcock inlet connected to the argon line. Pyridine (50 mL) (Note 17) is introduced
and the solution is cooled to 0 °C. p-Toluenesulfonyl chloride (TsCl, 6.69 g, 35.1 mmol) (Note 18) is added, and
the mixture is stirred at room temperature for 15 h. Water (5 mL) is added and the reaction mixture is stirred for 0.5

142



h. Water (50 mL) and ether (100 mL) are added to the mixture before 2 M aqueous HCl solution (400 mL) is
introduced. Organic materials are extracted with ether (4 x 100 mL). The combined organic extracts are washed
successively with water (100 mL) and brine (100 mL), and then dried over anhydrous magnesium sulfate (30 g).
After filtration through filter paper and removal of the solvent under reduced pressure (Note 14), a brown liquid
(8.77 g) (Note 19) is obtained. This is used in the next step without further purification.

C. 3-Butyl-2-fluoro-1-tosylindole. A 300-mL, two-necked, round-bottomed flask is equipped with a glass
stopper, a Teflon-coated magnetic stirbar, and a reflux condenser connected to the argon line. The system is flame-
dried and flushed with argon. The flask is charged with anhydrous N, N-dimethylformamide (50 mL) (Note 1) and
crude o'-(1,1-difluorohex-1-en-2-yl)-p-toluenesulfonanilide (8.77 g) (Note 19). Sodium hydride (0.65 g, 27 mmol)
(Note 20) is added in portions to the solution at 0 °C. After the reaction mixture is stirred at 0 °C for 30 min, the
flask is placed in an 80 °C oil bath. The mixture is stirred at this temperature for 7 h, at which time TLC analysis
indicates the reaction to be complete (Notes 11, 21). The reaction mixture is cooled to ambient temperature, and
phosphate buffer (100 mL) (Note 13) is added. Organic materials are extracted with ethyl acetate (3 x 150 mL),
and the combined extracts are washed with water (4 x 100 mL) and brine (100 mL), and then dried over anhydrous
magnesium sulfate (30 g). After filtration through a filter paper and removal of the solvent under reduced pressure
(Note 14), the resulting brown residue is purified by column chromatography on silica gel (Note 22). The eluent
containing the product is concentrated under reduced pressure (Note 14) to provide pure 3-butyl-2-fluoro-1-
tosylindole as a yellow liquid (6.43 g, 80% over two steps) (Note 23).

2. Notes

1. Anhydrous tetrahydrofuran (THF) and N, N-dimethylformamide (DMF) (organic synthesis grade) were
purchased from Kanto Chemical Co., Inc. and used as supplied. The checkers used anhydrous THF dried by
distillation over Mg-anthracene, and DMF (Fluka) that was dried by storing over molecular sieves (3 A) and
subsequent distillation under reduced pressure.

2. Trifluoroethyl p-toluenesulfonate (Guaranteed Reagent grade) was purchased from Tokyo Kasei
Kogyo Co., Ltd. and used as supplied. The checkers purchased this compound from Lancaster.

3. Butyllithium (ca. 1.6 M solution in hexane, organic synthesis grade) was purchased from Kanto
Chemical Co., Inc. and used as supplied. The checkers purchased BuLi (1.64 M in hexanes) from Fischer
Science.

4. The submitters introduced the butyllithium via syringe, adding the solution along the wall of the
reaction flask that was cooled by a dry ice—acetone bath.

5. Tributylborane (1.0 M solution in tetrahydrofuran) was purchased from Aldrich Chemical Company,
Inc. and used as supplied.

6. Anhydrous trimethylamine oxide was prepared by sublimation of trimethylamine oxide dihydrate under
reduced pressure (150 °C, 2.0 mmHg). Trimethylamine oxide dihydrate (Guaranteed Reagent grade) was
purchased from Tokyo Kasei Kogyo Co., Ltd. The checkers used anhydrous trimethylamine oxide purchased
from Aldrich.

7. Triphenylphosphine (Extra Pure grade) was purchased from Tokyo Kasei Kogyo Co., Ltd. and
recrystallized from methanol prior to use. The checkers used triphenylphosphine (Aldrich) recrystallized from
acetone prior to use.

8. The palladium catalyst was prepared from palladium(II) diacetate and dibenzylideneacetone according
to the literature method.?

9. o-lodoaniline (Extra Pure grade) was purchased from Tokyo Kasei Kogyo Co., Ltd. and used as
supplied. The checkers used the commercial sample purchased from Acros as received.

10. Tetrabutylammonium fluoride (1.0 M solution in tetrahydrofuran) was purchased from Tokyo Kasei
Kogyo Co., Ltd. and used as supplied. The checkers purchased the solution of this reagent from Aldrich.

11. Silica gel TLC plates (60F,,) were purchased from Merck Ltd. Japan, and visualized with 3%
aqueous KMnO,.

12. The R, value of iodoaniline was 0.30 (ethyl acetate:hexane (1:5)); the product possessed an R, = 0.42
in this solvent system. The submitters reported that the reaction was complete after only 6 h.

13. Phosphate buffer (pH 7, 1 L) was prepared by dissolving KH,PO, 9.1 g and Na,HPO, 12H,0 (47.7 g)
in distilled water.

14. Rotary evaporation was conducted at 100 mmHg in a 40 °C water bath.

15. Short column chromatography was performed by using a 3.5-cm x 40-cm column packed with 250
mL of silica gel (Fuji Silysia Chemical Ltd., PSQ100B, >100 um). The product was eluted with 500 mL of
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ethyl acetate:hexane (1:5). The checkers used silica gel purchased from E. Merck, Darmstadt (230-400
mesh).

16. 0-(1,1-Difluorohex-1-en-2-yl)aniline has the following physical properties: R, = 0.42 (ethyl
acetate:hexane (1:5); 'H NMR (300 MHz, CDCL,) &: 0.84-0.89 (m, 3 H), 1.30-1.35 (m, 4 H), 2.24-2.32 (m, 2
H), 3.59 (br. s, 2 H), 6.70-6.77 (m, 2 H), 6.99 (dd, 1 H, J=1.6, 7.6 Hz), 7.11 (ddd, 1 H, J=1.6, 7.5, 7.8 Hz);
BCNMR (75 MHz, CDCl,) &: 13.8,22.3,27.7,29.8 (dd, /=2, 3 Hz), 89.0 (dd, J= 17, 22 Hz), 115.6, 118 4,
119.1 (dd, J=1, 4 Hz), 128.9, 130.4 (dd, J =2, 3 Hz), 144.2 (dd, /=1, 3 Hz), 152.8 (dd, J =287, 288 Hz);
F NMR (282 MHz, CDCL,/CFCl,) §: —89.2 (d, 1 F, J=43 Hz), —93.2 (d, 1 F, J =43 Hz); IR (KAP) 3475,
3385, 2958, 2930, 2862, 1737, 1617, 1496, 1232 cm™!; MS (70 eV) m/z (rel intensity) 211 (M*; 80), 168 (98),
148 (100); Anal. Calcd for C,H,,NF,: C, 68.23; H, 7.16; N, 6.63. Found: C, 66.95; H, 7.86; N, 5.78.

17. Pyridine (JIS special grade) was purchased from Kokusan Chemical Works, Ltd. and used as
supplied. The checkers used pyridine (E. Merck, Darmstadt) distilled over KOH prior to use.

18. p-Toluenesulfonyl chloride (Extra Pure grade) was purchased from Kanto Chemical Co., Inc. and
recrystallized from toluene prior to use. The checkers used tosyl chloride as received from Aldrich.

19. An analytically pure sample of the toluenesulfonanilide can be isolated by column chromatography on
silica gel (Fuji Silysia Chemical Ltd., PSQ100B, >100 um). The product was eluted with ethyl acetate:hexane
(1:5) and the eluent was concentrated with a rotary evaporator (Note 14) to give o'-(1,1-difluorohex-1-en-2-
yl)-p-toluenesulfonanilide as a white powder. The product exhibits the following physical properties: R, =
0.31 (ethyl acetate:hexane (1:5)) (Note 11); 'H NMR (400 MHz, CDCl,) &: 0.79 (t, 3 H, J=7.1 Hz), 1.05-
1.23 (m, 4 H), 1.98 (br. s, 2 H), 2.35 (s, 3 H), 6.52 (s, 1 H), 6.98-7.06 (m, 2 H), 7.19-7.27 (m, 3 H), 7.60 (d, 1
H,J=7.9 Hz), 7.68 (d, 2 H, J = 8.4 Hz); 1*C NMR (100 MHz, CDCl,) &: 13.6, 21.5, 22.2, 28.0, 29.4, 88.0
(dd, J=16,23 Hz), 119.7, 124.1 (d, J=4 Hz), 124.3, 127.2, 129.1, 129.7, 130.6, 135.0, 136.4, 144.1, 153.0
(dd, J= 288, 291 Hz); F NMR (282 MHz, CDCL,/CFCL,) 8: -86.9 (d, 1 F, J=39 Hz), —90.3 (d, 1 F, /=41
Hz); IR (KAP) 3274, 2958, 1742, 1494, 1401, 1339, 1247, 1167, 1092, 920, 666 cm™'; MS (70 eV) m/z (rel
intensity) 365 (M*; 0.5), 210 (100), 148 (62); HRMS calcd for C,jH, NO,F,SNa 388.11533 (M" + Na); found
388.11525.

20. The checkers used pure NaH by removing the mineral oil from the commercial sample (Aldrich) with
pentane (three washings). The submitters used sodium hydride (NaH) in mineral oil (1.06 g, 60% dispersion in
mineral oil, 27 mmol, organic synthesis grade) purchased from Kanto Chemical Co., Inc. without further
purification.

21. The product possessed an R, = 0.39 (ethyl acetate:hexane (1:5)).

22. Column chromatography was performed by using a 3-cm x 50-cm column packed with 300 mL of
silica gel (Fuji Silysia Chemical Ltd., PSQ100B, >100 um). The product was eluted with ethyl acetate:hexane
(1:10). After collection of 200 mL of eluent, 50 mL-fractions were collected. The KMnO,-active product was
eluted in the fractions 611 (Note 11). The checkers used silica purchased from E. Merck, Darmstadt (230—
400 mesh).

23. 3-Butyl-2-fluoro-1-tosylindole exhibits the following physical properties: 'H NMR (400 MHz,
CDCI,) 6: 0.84 (t, 3 H,J="7.3 Hz), 1.16-1.25 (m, 2 H), 1.48-1.56 (m, 2 H), 2.33 (s, 3 H), 2.51 (dt,2 H, J =
0.8,7.4Hz), 7.19 (d, 2 H, J=8.0 Hz), 7.23 (ddd, 1 H,J=1.1, 7.6, 7.6 Hz), 7.25-7.29 (m, 1 H), 7.33 (d, 1 H, J
=7.1Hz),7.71 (d, 2 H,J=8.3 Hz), 8.07 (d, 1 H, J=8.1 Hz); 3C NMR (100 MHz, CDCl,) &: 13.7,21.3 (d, J
=2 Hz),21.6,22.1,30.5 (d, /=2 Hz), 99.7 (d, /=11 Hz), 114.4, 118.9 (d, /=7 Hz), 123.9, 124.0 (d, /=4
Hz), 126.8, 128.1 (d, J= 6 Hz), 129.8, 130.6, 134.7, 145.2, 147.4 (d, J =277 Hz); '°F NMR (282 MHz,
CDCL,/CFCl,) 8: —132.8; IR (KAP) 2957, 2931, 2861, 1659, 1453, 1393, 1190, 1179, 746, 689, 663 cm™!; MS
(70 eV) m/z (rel intensity) 345 (M*; 91), 190 (100), 148 (71); HRMS calcd for C,,H,,;NO,FSNa 368.10910
(M" + Na); found 368.10906; Anal. Calcd for C ,H, NO,FS: C, 66.06; H, 5.84; N, 4.05. Found: C, 65.97; H,
5.90; N, 4.10.

Waste Disposal Information

All hazardous materials should be handled and disposed of in accordance with "Prudent Practices in the
Laboratory"; National Academy Press; Washington, DC, 1995.

3. Discussion

Synthetic methods for the preparation of 2-fluoroindoles have been limited to difluorination of indole
derivatives followed by elimination®" and electrophilic fluorination of stannylindoles.*® The procedures described
herein illustrate an efficient construction of 2-fluoroindoles via intramolecular substitution of the vinylic fluorine in
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B,B-difluorostyrenes bearing an ortho-amido substituent.* This reaction can be classified as a 5-endo-trig ring
closure, a disfavored process according to Baldwin's rules.’* While having only rarely been observed in synthetic
chemistry, the nucleophilic 5-endo-trig cyclization was successfully achieved by taking advantage of the unique
properties of fluorine: (i) the highly polarized difluorovinylidene double bond ('*C NMR: ca. 150 ppm and 90 ppm
for CF,=C) aids initial ring formation by electrostatic attraction between the CF, carbon and the internal
nucleophile, and (ii) the successive elimination of the fluoride ion suppresses the reverse ring opening, thus
functioning as a "lock".*

Difluorostyrene derivatives 4 including o0-(2,2-difluorovinyl)anilines are easily prepared by using a one-pot
sequence as outlined below.%*¢ The sequence comprises the following two processes starting from 2,2,2-
trifluoroethyl p-toluenesulfonate (1): (i) a boron-mediated alkylation via 1,2-migration, leading to 2,2-
difluorovinylboranes 2 and (ii) subsequent palladium-catalyzed coupling reaction with aryl iodides via 2,2-
difluorovinylboronates 3, which affords difluorostyrenes 4 in good yield. The substituent R at the vinylic position
of 4 is derived from a trialkylborane (BR,), which is readily generated by hydroboration of the corresponding
alkene. The selective oxidation of boron—alkyl bonds with trimethylamine oxide prevents the coupling reaction of
B-alkyl groups in 2.

2 Buli Li BRy f
CFiCHaOTs — = | Faoeyf — o | Fan{

OTs BRg
1 2
MasMO R cal. Pd R
—_—= (F —_— FgE:{
BiOR)z Al A
3 4

Another vinyl-selective coupling reaction of 2 with aryl iodides is accomplished via the transmetalation to 2,2-
difluorovinylcopper species by adding cuprous iodide.*>%¢ ,B-Difluorostyrenes 4 (R = H) without a vinylic
substituent can also be prepared via 2,2-difluorovinylzirconocene from 1.19

After tosylation of 0-(2,2-difluorovinyl)anilines, treatment of the obtained sulfonanilides with 1.1 equiv of
NaH in DMF promotes the normally "disfavored" 5-endo-trig cyclization to afford the corresponding 2-
fluoroindoles in high yield. High-dilution conditions are not required in this ring closure.

This methodology for constructing five-membered rings is widely applicable to the cyclization of (i) j,p-
difluorostyrene derivatives and (ii) 1,1-difluoro-1-butene derivatives bearing a nucleophilic nitrogen, oxygen, or
sulfur atom at the ortho or the homoallylic position, respectively. Under similar conditions, these substrates
undergo cyclization to afford ring-fluorinated heterocycles such as pyrrolines, furans, and thiophenes in high yield
as shown in the Table. Five-membered carbocycles bearing a fluorine on the ring can also be obtained by this
method.*!! Moreover, six-membered ring-fluorinated heterocyclic and carbocyclic compounds can be provided in
line with the "intramolecular substitution" concept.!>12

Table. Nucleophilic 5-endo-trig-Cyclization of 1,1-Difluoro-1-
alkenes
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Substrate Froduct Conditlens® Yleld

sec-Bu sea-Bu
cm)D Fm 0%, 5 h 81%
TsN iy
F
% Fm 70°C, 23 h 73%
TsH ?5
Bu Bu
F#:@ ,:4@ B0 °C, 2 h 80%
HO o
Bu Bu
Ff}i@ F_@ reflux, 3 B 2%
Me(0)5 5
FhiMe}CHCH PR{M&ICHCH; e
Me
F, /E_S ap e, 4d ans
F )
TaHN Ts
BhiMa}CHCH PhMeICHCH e
Ma
F?‘:}tr l_g 90°C, T h 67%
F
HO o
PhiHzlCHa PR{CH)CH Me
an =z, 4 h TEY%

F

3
&

HS

a. MaH {1.1-1.2 equiv). DMF. b. {i} (CF3C0}0 (3 equiv), NEty{3 squiv), CHaClg,
0°C, 0.5 h. (i) K003 (6 equivy, MeDH, 0 °C-rl, 1 b then raflux,
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);
(Registry Number)

o-(1,1-Difluorohex-1-en-2-yl)aniline:
Benzenamine, 2-[ 1-(difluoromethylene)pentyl]-; (134810-59-6)

0'-(1,1-Difluorohex-1-en-2-yl)-p-toluenesulfonanilide:
Benzenesulfonamide, N-[2-[1-(difluoromethylene)pentyl]phenyl]-4-methyl-; (195734-33-9)

3-Butyl-2-fluoro-1-tosylindole:
1H-Indole, 3-butyl-2-fluoro-1-[(4-methylphenyl)sulfonyl]-; (195734-36-2)

2,2,2-Trifluoroethyl p-toluenesulfonate:
Ethanol, 2,2,2-trifluoro-, 4-methylbenzenesulfonate; (433-06-7)

Trimethylamine oxide:
Methanamine, N, N-dimethyl-, N-oxide; (1184-78-7)

Tetrabutylammonium fluoride:
1-Butanaminium, N, N, N-tributyl-, fluoride; (429-41-4)

o-lodoaniline:
Benzenamine, 2-iodo-; (615-43-0)

Triphenylphosphine:

Phosphine, triphenyl-; (603-35-0)

Tris(dibenzylideneacetone)dipalladium(0)—chloroform (1/1):

Palladium, tris[p-[(1,2-1n:4,5-n)-(1E,4E)-1,5-diphenyl-1,4-pentadien-3-one]]di-, compound with
trichloromethane (1:1); (52522-40-4)
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2~(Trifluoromethyl)allyl ketone O-pentafluorobenzoyloximes
undergo a palladium-catalyzed 5-endo mode of alkene insertion
via oxidative addition of the N-O bond, followed by p-fluorine
elimination to produce 4-difluoromethylene-1-pyrrolines.

Pyrrolidine derivatives with fluorinated one-carbon units (CFj,
CF,H, CF,= and CFH,) have attracted much interest as mimics
of naturally occurring five-membered heterocycles in medicinal
and agricultural chemistry.! Nevertheless, their synthetic methods
are limited and remain to be developed. Recently, we have
reported a facile access to pyrrolidines with a difluoromethylene or
trifluoromethyl group via S\2'-type or addition reactions of N-[3-
(trifluoromethyl)homoallyljsulfonamides (Scheme 1).> This route
was successfully accomplished by nucleophilic 5-endo-trig cycliza-
tion, although it has been considered an unfavorable process
because of severe distortions required in the reaction geometry,
according to Baldwin’s rules.?

Employing imine nitrogen anions with an N-C double bond
instead of amide nitrogen anions with an N-C single bond might
provide pyrrolines, which present a possibly more challenging
S-endo-trig ring closure with an extra limitation in the bond
rotation. This fact first prompted us to examine the nucleophilic
cyclization of 3-trifluoromethyl-2,2-dimethyl-1-phenylbut-3-en-1-
imine. Deprotonation of the NH moiety with NaH followed by
heating at 90 °C gave only a small amount of 4-difluoromethyl-
3H-pyrrole with accompanying double bond isomerization.* This
result indicates that nucleophilic attack (Sy2'-type reaction) of an
imine nitrogen anion on the (trifluoromethyl)vinyl group was not
sufficiently favorable to give rise to the S-endo-trig cyclization.

Our attention was next directed toward the cyclization
promoted by a palladium catalyst, because C-N bond formation
via an amino-Heck reaction of ketone oximes provides a powerful
tool for the construction of nitrogen heterocycles.® In general, the
intramolecular Heck reaction prefers exo-mode cyclization.
Whereas 5-endo cyclization is far less likely to occur with few
exceptions,®® we have recently succeeded in palladium-catalyzed

HNTs i orii NTs NTs
J’k/k - Q\ or /Q\
F30 R F2C R FaC R

Scheme 1 Nucleophilic 5-endo-trig cyclization of amide nitrogen anions.
Reagents and conditions: (1) NaH (1.3 eq), 120 °C, 2-4 h, DMF; (ii)) KOH
(5.0 eq), 130 °C, 10-20 h, (CH,OH),.

Department of Chemistry, Graduate School of Science, The University
of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan. E-mail: junji@chem.s.u-
tokyo.ac.jp, Fax: +81-3-5841-4345; Tel: +81-3-5841-4345

C-N bond formation in a 5-endo-trig fashion.” The reaction
started from 1,1-difluoroallyl ketone O-pentafluorobenzoyloximes
to afford the corresponding S-fluoro-3H-pyrroles, where an
electrostatic attraction between the difluorovinyl group and the
N-Pd species presumably facilitated geometrically unfavorable
cyclization. The Heck reactions of (triffluoromethyl)vinyl com-
pounds with aryl halides so far reported resulted in selective
arylation at the position B to the trifluoromethyl group,'® which
implies that the alkene insertion proceeded regioselectively. On the
basis of these considerations, we expected that the geometrically
disfavored 5-endo cyclization could be achieved with a palladium
catalyst in 2-(trifluoromethyl)allyl ketone O-pentafluorobenzoyl-
oximes (Scheme 2).

In the Heck reaction of alkenes bearing a heteroatom
substituent, the competition of [-hydrogen elimination and
B-heteroatom elimination is another issue of intense interest.'!
The previously reported intermolecular Heck reactions of
(trifluvoromethyl)vinyl compounds involved only B-hydrogen
elimination to vyield trifluoromethylated products.'® Furthermore,
a theoretical study by B3LYP level calculations suggested that
elimination of a B-hydrogen is kinetically favored over that of a
B-fluorine, whereas the B-H elimination product is thermodyna-
mically less stable than the pre-eliminated species with a -F to
metal dative bond and the p-F elimination product.'' Our interest
in such B-eliminations also led us to investigate the geometrically
disfavored 5-endo Heck-type cyclization of N-Pd species bearing a
(trifluoromethyl)vinyl moiety.

For the preparation of substrates, 2-(trifluoromethyl)allyl
ketone O-pentafluorobenzoyloximes, we employed two methods:
(i) ring opening of oxiranes with 1-(trifluoromethyl)vinyllithium'>
and (i) addition of 2-(trifluoromethyl)allylsilane to aldehydes,'®
both of which were followed by oxidation to provide
2-(trifluoromethyl)allyl ketones. The ketones thus obtained were

PdX
NJ,,OCOC6F5 |
cat. Pd N
FsC R® FﬁMRg
R1 R2 R1 R2
1 2 X =0COCgFs
N N N
XPd \ -XPdF \ ]\
R¥| — F,C R®  FyC R®
FsC or
R' 'R2 —XPdH R! R2 or R" 'R2
3 4 5

B-F elimination B-H elimination

Scheme 2 5-endo Heck-type cyclization of aminopalladium species.

This journal is © The Royal Society of Chemistry 2006
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Table 1 Effect of additive and conditions on the Heck-type cycliza-
tion of 1a (R' = R*> = Me, R® = Ph)

OCOC4F
N 68 N
Pd (0.1 eq) \
FaC ph = RC Ph
/ DMA
1a 4a
Entry Pd Additive (eq) Conditions Yd./%
1 Pd(PPh;); EtN (5.0) 100 °C, 11 h 31
2 Pd(PPh;); (CH3);CHONa (2.0) 100 °C, 3 h 19
3 Pd(PPh;);  PPh; (1.0) 100 °C, 1 h 60
4 Pd(PPh;);  PPh; (1.0) 120 °C, 0.7h 50
5 Pd(OAc),  PPh; (1.0) 100 °C, 1 h 8

alkylated at the a-position, and then transformed into the desired
O-pentafluorobenzoyloximes via oximation and subsequent penta-
fluorobenzoylation.

When O-pentafluorobenzoyloxime 1a was treated with triethyl-
amine and a catalytic amount of Pd(PPhj3), in N,N-dimethyl-
acetamide (DMA) at 100 °C for 11 h, cyclized product 4a with a
difluoromethylene group was obtained in 31% yield (Table 1, entry
1) without accompanying ring-triffluoromethylated pyrrole 5. This
result indicates that the geometrically disfavored S-endo cyclization
was effected with a palladium catalyst, and that B-fluorine
elimination was strongly preferred to B-hydrogen elimination in
this S-endo Heck-type cyclization, in contrast to the intermolecular
examples so far reported in the literature.'® The Pd(1) species
generated by B-fluorine elimination should be reduced back to
Pd(0) undergoing oxidative addition of the O-pentafluoro-
benzoyloxime moiety, which completes a catalytic cycle. Thus,

Table 2 Synthesis of 4-difluoromethylene-1-pyrrolines 4¢

we added sodium isopropoxide'® or triphenylphosphine'® for
reduction, the latter improving the yield of 4a to 60% (Table 1,
entry 3).1 After screening of reaction conditions, we found that the
reaction performed with Pd(PPh;)4 and PPh; in DMA at 100 °C
gave the best result.

We tried other substrates 1 to synthesize difluoromethylene-
substituted pyrrolines 4 under the reaction conditions above. The
results are summarized in Table 2. Substrate 1b bearing a benzyl
group at the position o to the oxime group yielded the
corresponding pyrroline 4b in 71% yield (entry 2). The cyclization
of substrate 1c with a cyclopentane ring successfully afforded the
spiro-type product 4¢ (entry 3). The reaction of dialkyl ketone
oxime 1d proceeded, albeit in low yield (entry 4). When the
reaction of o-monoalkylated substrate 1e (R> = H) was examined
to evaluate the effect of o-substituents, a mixture of many CFs;-
containing compounds without cyclized products was obtained
(entry 5). gem-Dialkyl substituents in 1 were required to promote
the 5-endo Heck-type reaction, presumably because (i) an acidic
proton at the o position of the oxime as well as the
trifluoromethylvinyl moiety prevented the cyclization by protona-
tion of aminopalladium intermediate 2 and/or (ii) the gem-dialkyl
effect facilitated the unfavorable ring construction.'®

To elucidate the role of the trifluoromethyl group, we examined
the reaction of substrates 6 and 7 bearing a hydrogen atom or a
methyl group instead of the trifluoromethyl substituent on the
alkene moiety (Scheme 3). When 6 and 7 were subjected to
reaction conditions similar to those described above, no cyclized
products were observed. These results clearly show that the
trifluoromethyl group plays a crucial role in the 5-endo Heck-type
cyclization, where the trifluoromethyl substituent seems to

Entry Substrate Product Conditions Yd./%
1 NJ,,OCOCGFS N 100 °C, 1 h 60
\
FQC&\ Ph
FsC Ph Ia 4a
2 NFOCOCGFs N 100 °C, 0.8 h 71
\
FsC E: . Ph 4b
3 NJ,,00006F5 N 100 °C, 2.5 h 65
\
FoC Ph
FsC Ph
le 4c
4 N_‘,OCOCGFs N 100 °C, 0.5 h 20"
\
F2C&\/\Ph
FaC Ph
i 4d
5 NPOCOCGF5 — 80 °C, 2 h _
FgCJH/U\Ph
le

@ All the reactions were performed with Pd(PPhs), (0.1 eq) and PPhs (1.0 eq) in DMA. ? Yield deduced from "F NMR spectrum relative to

internal standard (CF3),C(CgHy-p-CH3),.

4426 | Chem. Commun., 2006, 4425-4427
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OCOCgF
NS ofs N N
i orii 1\ &\
76 > R Ph Ph
R Ph and/or
6 R=H
7 R=CH,

Scheme 3 Effect of vinylic substituents on the 5-endo Heck-type
cyclization. Reagents and conditions: (i) Pd(PPhs), (0.1 eq), PPh; (1.0 eq),
140 °C, 2 h, DMF (for 6), 100 °C, 1 h, DMA (for 7); (ii) Pd(PPhs), (0.1 eq),
PPh; (1.0 eq), Et;N (2.0 eq), 140 °C, 1 h, DMF (for 6).

contribute to the activation of the vinylic terminal carbon in 1 and
the stabilization of the cyclized palladium intermediate 3.

In summary, we have accomplished the Heck-type cyclization of
2-trifluoromethyl-1-alkenes bearing an O-acyloxime moiety, which
represents a rare example of 5-endo mode alkene insertion into
transition metal species. While there were two possible pathways,
namely B-fluorine and B-hydrogen elimination after ring forma-
tion, the former elimination exclusively took place to construct an
exo-difluoromethylene unit. This catalytic process provides facile
access to 4-difluoromethylene-1-pyrrolines.

We are grateful to Central Glass Co., Ltd. for financial support.
We also thank Tosoh F-Tech, Inc. for a generous gift of 2-bromo-
3,3,3-trifluoropropene.

Notes and references

1 Representative procedure: To a solution of triphenylphosphine (145 mg,
0.55 mmol) and tetrakis(triphenylphosphine)palladium (64 mg, 0.055 mmol)
in DMA (20 mL) was added 2,2-dimethyl-1-phenyl-3-(trifluoromethyl)but-
3-en-1-one oxime O-pentafluorobenzoate 1a (247 mg, 0.547 mmol). After
the reaction mixture was stirred at 100 °C for 1 h, phosphate buffer (pH 7)
was added to quench the reaction. The mixture was extracted with ether
three times. The combined organic extracts were washed with water three
times and brine, and dried over MgSO,. After removal of the solvent under
reduced pressure, the residue was purified by preparative thin layer
chromatography on silica gel (hexane-AcOEt 4 : 1) to give pyrroline 4a
(72 mg, 60%) as a pale yellow liquid. '"H NMR (500 MHz, CDCls) 6 1.52
(6H, s), 4.61 (2H, dd, Jyg = 3.6, 3.6 Hz), 7.37-7.42 (3H, m) and 7.69-7.73
(2H, m). *C NMR (126 MHz, CDCls) 6 24.6 (dd, Jcp = 3, 2 Hz), 51.6 (dd,
Jer =4, 3 Hz), 57.8 (dd, Jcg = 3, 2 Hz), 97.5 (dd, Jcr = 21, 15 Hz), 127.9,
128.2, 129.7, 133.7 (dd, Jcr = 2, 2 Hz), 149.3 (dd, Jcg = 287, 282 Hz) and
178.5. YF NMR (471 MHz, CDCl/CgF¢) 6 68.5 (IF, dt, Jpr = 64 Hz,
Jra = 4 Hz) and 76.3 (1F, dt, Jgr = 64 Hz, Jpy =4 Hz ). IR (neat) v 2978,
1765, 1466, 1267, 1223, 1132, 1047, 1014, 775, 694 and 598 cm~'. HRMS
(FAB) calcd for C3H,FoN (M + H]Y) 222.1094, found 222.1091.

1 For recent examples of trifluoromethyl-substituted pyrrolidines, see: (a)
A. Covarrubias-Ziiiga, Heterocycles, 2004, 63, 2071; (b) X.-L. Qiu and
F.-L. Qing, J. Org. Chem., 2003, 68, 3614; () X.-L. Qiu and F.-L. Qing,
J. Chem. Soc., Perkin Trans. 1, 2002, 2052; (d) J. R. Del Valle and
M. Goodman, Angew. Chem., Int. Ed., 2002, 41, 1600; (¢) P.-H. Liang,
L.-W. Hsin and C.-Y. Cheng, Bioorg. Med. Chem., 2002, 10, 3267.For
recent examples of difluoromethyl-substituted pyrrolidines, see: (f)
X.-L. Qiu and F.-L. Qing, J. Org. Chem., 2005, 70, 3826; (g) X.-L. Qiu
and F.-L. Qing, Synthesis, 2004, 334. For recent examples of
difluoromethylene-substituted pyrrolidines, see: (7)) A. Kamal,
P. S. M. M. Reddy, D. R. Reddy, E. Laxman and Y. L. N. Murthy,

12
13
14

15
16

Bioorg. Med. Chem. Lett., 2004, 14, 5699; (i) X.-L. Qiu and F.-L. Qing,
J. Org. Chem., 2002, 67, 7162. For recent examples of monofluoro-
methyl-substituted pyrrolidines, see: (j) X.-L. Qiu and F.-L. Qing,
Bioorg. Med. Chem., 2005, 13, 277; (k) X.-L. Qiu, W.-D. Meng and
F.-L. Qing, Tetrahedron, 2004, 60, 5201; (/) P. Van der Veken, K. Senten,
1. Kertesz, A. Haemers and K. Augustyns, Tetrahedron Lett., 2003, 44,
969.

J. Ichikawa, T. Mori and Y. Iwai, Chem. Lett., 2004, 33, 1354.

(@) J. E. Baldwin, J. Chem. Soc., Chem. Commun., 1976, 734; (b)
J. E. Baldwin, J. Cutting, W. Dupont, L. I. Kruse, L. Silberman and
R. C. Thomas, J. Chem. Soc., Chem. Commun., 1976, 736; (c)
J. E. Baldwin, R. C. Thomas, L. I. Kruse and L. Silberman, J. Org.
Chem., 1977, 42, 3846.

The reaction was conducted on treatment of 3-trifluoromethyl-2,2-
dimethyl-1-phenylbut-3-en-1-imine with 1.3 equivalents of NaH in
N,N-dimethylformamide (DMF). The reaction mixture was stirred at
0 °C for 20 min and then heated at 90 °C for 1.5 h to give
4-difluoromethyl-3,3-dimethyl-2-phenyl-3H-pyrrole (9%) with decom-
position of the starting imine.

M. Kitamura and K. Narasaka, Chem. Rec., 2002, 2, 268.

Most of the studies on Heck cyclizations in a 5-endo fashion dealt with
substrates bearing an enamine (or its equivalent) moiety, which can be
interpreted in terms of a mechanism other than a 5-endo cyclization,
involving: (i) the oxidative addition of aryl or alkenyl halides to Pd(0),
(i) the formation of six-membered palladacycles through nucleophilic
substitution with the enamine on the palladium and (iii) a subsequent
reductive elimination, which leads to the 5-endo type products. For
recent examples, see: (@) L. Ackermann, L. T. Kaspar and C. J. Gschrei,
Chem. Commun., 2004, 2824; (b) T. Watanabe, S. Arai and A. Nishida,
Synlett, 2004, 907; (¢) G. Kim, J. H. Kim, W. Kim and Y. A. Kim,
Tetrahedron Lett., 2003, 44, 8207; (d) K. Yamazaki and Y. Kondo,
Chem. Commun., 2002, 210; (e) A. Garcia, D. Rodoriguez, L. Castedo,
C. Saa and D. Dominguez, Tetrahedron Lett., 2001, 42, 1903; (f)
R. Grigg and V. Savic, Chem. Commun., 2000, 873.

S-endo Cyclizations of aryl- and alkenylpalladiums are less efficient. (a)
P. Wiedenau, B. Monse and S. Blechert, Tetrahedron, 1995, 51, 1167; (b)
J.-M. Gaudin, Tetrahedron Lett., 1991, 32, 6113; (¢) B. O’Connor,
Y. Zhang and E. Negishi, Tetrahedron Lett., 1988, 29, 3903.

S-endo Cyclizations of acylpalladiums are originally reported by Negishi
and modified by Larock. (a) S. V. Gagnier and R. C. Larock, J. Am.
Chem. Soc., 2003, 125, 4804; (b) E. Negishi, C. Copéret, S. Ma, T. Mita,
T. Sugihara and J. M. Tour, J. Am. Chem. Soc., 1996, 118, 5904.

(@) K. Sakoda, J. Mihara and J. Ichikawa, Chem. Commun., 2005, 4684;
(b) J. Ichikawa, K. Sakoda, J. Mihara and N. Ito, J. Fluorine Chem.,
2006, 127, 489.

(a) Y. Gong, K. Kato and H. Kimoto, J. Fluorine Chem., 2000, 105,
169; (b) S. Peng, F.-L. Qing and Y. Guo, Synlett, 1998, 859; (c)
G.-Q. Shi, X.-H. Huang and F. Hong, J. Chem. Soc., Perkin Trans. 1,
1996, 763; (d) T. Fuchikami, M. Yatabe and 1. Ojima, Synthesis, 1981,
365. Regiochemistry in intermolecular Heck reaction of 3,3,3-trifluor-
opropene was explained by DFT calculations, see: (¢) R. J. Deeth,
A. Smith and J. M. Brown, J. Am. Chem. Soc., 2004, 126, 7144.

For recent reports on P-heteroatom elimination, see: (¢) H. Zhao,
A. Ariafard and Z. Lin, Organometallics, 2006, 25, 812 and references
therein; (b) V. G. Zaitsev and O. Daugulis, J. Am. Chem. Soc., 2005,
127, 4156; (¢) Z. Zhang, X. Lu, Z. Xu, Q. Zhang and X. Han,
Organometallics, 2001, 20, 3724.

R. Nadano and J. Ichikawa, Synthesis, 2006, 128.

T. Yamazaki and N. Ishikawa, Chem. Lett., 1984, 521.

X. Bei, A. Hagemeyer, A. Volpe, R. Saxton, H. Turner and A. S. Guram,
J. Org. Chem., 2004, 69, 8626.

V. V. Grushin, Chem.—Eur. J., 2002, 8, 1006.

For a recent review on the gem-dialkyl effect, see: M. E. Jung and
G. Piizzi, Chem. Rev., 2005, 105, 1735.
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CFq o CFs NHTs
+ I A
)\Li L~g > R
5-endo-trig R, = GFs, CF =
N~ TCOOH anti-CF,H, syn-CF,H
Ts

N-[3-(Trifluoromethyl)homoallyl]sulfonamides, prepared via ring opening of (S-glycidyl ethers or
2-aryloxiranes with 1-(trifluoromethyl)vinyllithium, underwent intramolecular addition or Sy2'-type reaction
in the normally disfavored 5-endo-trig fashion, leading to 2-substituted 4-(trifluoromethyl)- or 4-(di-
fluoromethylene)pyrrolidines. Both a- and S-face-selective hydrogenation of the 4-difluoromethylene
group afforded syn- and anti-4-(difluoromethyl)pyrrolidines, respectively. These sequences, followed by
the oxidation of a 2-hydroxymethyl or 2-aryl group, successfully provided prolines with a trifluoromethyl,
difluoromethylene, or difluoromethyl group at the 4-position, including optically active prolines.

Introduction

Proline is a unique amino acid with a rigid ring structure,
which leads to its special role as a bending template in peptide
chains.! Its secondary amine moiety with conformational con-
straint has allowed development of proline-based bioactive
compounds,? ligands,® and organocatalysts.* 4-Substituted pro-
lines, in particular, have found extensive use in this context,>

* To whom correspondence should be addressed. Tel/Fax: +81-3-5841-4345.

(1) Richardson, J. S;; Richardson, D. C. In Prediction of Protein Sructure
and the Principles of Protein Conformation; Fasman, G. D., Ed.; Plenum
Press. New York, 1989; Chapter 1.

(2) Comprehensive Medicinal Chemistry. The Rational Design, Mecha-
nistic Study, and Therapeutic Application of Chemical Compounds, Vol. 2:
Enzymes and other Molecular Targets; Hansch, C., Sammes, P. G., Taylor,
J. B., Eds.; Pergamon Press. Oxford, UK, 1990.

(3) Comprehensive Asymmetric Catalysts | —I111; Jacobsen, E. N., Pfaltz,
A., Yamamoto, H., Eds.; Springer: Berlin, 1999.

(4) () List, B. Acc. Chem. Res. 2004, 37, 548. (b) Allemann, C.; Gordillo,
R.; Clemente, F. R.; Cheong, P. H.-Y.; Houk, K. N. Acc. Chem. Res. 2004,
37, 558. (¢) Saito, S.; Yamamoto, H. Acc. Chem. Res. 2004, 37, 570. (d)
Notz, W.; Tanaka, F.; Barbas, C. F., lll. Acc. Chem. Res. 2004, 37, 580.
(e) Miller, S. J. Acc. Chem. Res. 2004, 37, 601.

(5) (8 Zhang, J.; Wang, W.; Xiong, C.; Hruby, V. J. Tetrahedron Lett.
2003, 44, 1413. (b) Nevalainen, M.; Kauppinen, P. M.; Koskinen, A. M. P.
J. Org. Chem. 2001, 66, 2061 and references therein. (c) Tamaki, M.; Han,
G.; Hruby, V. J. J. Org. Chem. 2001, 66, 3593. (d) Osipov, S. N.; Burger,
K. Tetrahedron Lett. 2000, 41, 5659.
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well exemplified by (i) Spirapril® and Fosinopril,” angiotensin-
converting enzyme (ACE) inhibitors, (ii) conformationally
stabilized collagen triple helices,® and (iii) 4-hydroxyproline-
based asymmetric organocatalysts.®

In the field of pharmaceuticals, agrochemicals, materials, and
catalysts, introduction of fluorocarbon substituents has come
into wide use as one of the most efficient methods for the
modification of biological activity as well as physical and
chemical properties.’® Among fluorocarbon substituents, flu-
orinated one-carbon units are quite attractive:'! (i) the incorpora

(6) Smith, E. M.; Swiss, G. F.; Neustadt, B. R.; McNamara, P.; Gold,
E. H.; Sybertz, E. J;; Baum, T. J. Med. Chem. 1989, 32, 1600.

(7) Krapcho, J;; Turk, C.; Cushman, D. W.; Powell, J. R.; DeForrest, J.
M.; Spitzmiller, E. R.; Karanewsky, D. S.; Duggan, M.; Rovnyak, G.;
Schwartz, J.; Natargjan, S.; Godfrey, J. D.; Ryono, D. E.; Neubeck, R,;
Atwal, K. S; Petrillo, E. W. J. Med. Chem. 1988, 31, 1148.

(8) (@) Shoulders, M. D.; Hodges, J. A.; Raines, R. T. J. Am. Chem.
Soc. 2006, 128, 8112 and references therein. (b) Persikov, A. V.; Ramshaw,
J. A.M;; Kirkpatrick, A.; Brodsky, B. J. Am. Chem. Soc. 2003, 125, 11500.
See also: (c) Thomas, K. M.; Naduthambi, D.; Tririya, G.; Zondlo, N. J.
Org. Lett. 2005, 7, 2397.

(9) Hayashi, Y.; Sumiya, T.; Takahashi, J.; Gotoh, H.; Urushima, T.;
Shoji, M. Angew. Chem.,, Int. Ed. 2006, 45, 958.

(10) Organofluorine Chemistry: Principles and Commercial Applica-
tions; Banks, R. E., Smart, B. E., Tatlow, J. C., Eds.; Plenum Press: New
York, 1994.
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Synthesis of 4-CF3, CF,=, or CF,H-Substituted Prolines

SCHEME 1. Nucleophilic 5-Endo-Trig Cyclizations of
(3-CFz-homoallyl)sulfonamides
(a) SN2'-type process CF,
_F_
R
R .
— T
N N~ R CF3
Ts Ts + H*
N
Ts

(b) Addition process

tion of a trifluoromethyl (CF3) group into organic molecules
increases lipophilicity and affects electron density,? (ii) a
difluoromethyl (CF,H) group has hydrogen bond donor ability
without nucleophilicity and with high lipophilicity,’® which
makes it a speciad mimic of a hydroxy group,** and (iii) a
difluoromethylene (CF,=) group acts as a reactive site toward
nucleophiles'® and a potentia isostere of carbonyl groups.®

Thus, prolines with such fluorinated substituents at the
4-position have importance in the design of molecules and,
hence, immense potential. Recently, Goodman and Qing
independently reported synthetic methods for 4-fluorocarbon-
substituted prolines, with both methods starting from natural
amino acids such as L-hydroxyproline and L-serine.t”18 Their
chemical synthesis based on non-natural starting materias is
now a highly desirable goal.

In our recent studies, we have accomplished the construction
of a pyrrolidine ring via nucleophilic 5-endo-trig cyclization
of 2-trifluoromethyl-1-alkenes with a nitrogen functionality
(Scheme 1).1° N-[3-(Trifluoromethyl)homoallyl]sulfonamides
underwent intramolecular Sy2'-type reaction under aprotic
conditions to afford 4-difluoromethylene-substituted pyrrolidines
(Scheme 1&), while protic conditions alowed nucleophilic
addition, providing 4-trifluoromethyl-substituted pyrrolidines
(Scheme 1b). This type of 5-endo-trig cyclization has been
considered to be a geometrically disfavored process according
to Baldwin's rules.2® Such unique reactivity of 2-trifluoromethyl-
1-alkenes is presumably due to the highly electrophilic double
bond and the stabilized a-CF3 carbanion intermediate, both of

(11) (a) Plantier-Royon, R.; Portella, C. Carbohydr. Res. 2000, 327, 119.
(b) Fluorine-Containing Amino Acids, Synthesis and Properties; Kukhar,
V. P., Soloshonok, V. A., Eds.; Wiley: Chichester, West Sussex, England,
1995.

(12) Biomedical Frontiers of Fluorine Chemistry; Ojima, ., McCarthy,
J. R., Welch, J. T., Eds.; American Chemical Society: Washington, DC,
1996.

(13) (a) Erickson, J. A.; McLoughlin, J. I. J. Org. Chem. 1995, 60, 1626.
(b) Kaneko, S.; Yamazaki, T.; Kitazume, T. J. Org. Chem. 1993, 58, 2302
and references therein. For a review, see: (c) Welch, J. T. Tetrahedron
1987, 43, 3123.

(14) (a) Wang, G.; Sakthivel, K.; Rajappan, V.; Bruice, T. W.; Tucker,
K.; Fagan, P.; Brooks, J. L.; Hurd, T.; Leeds, J. M.; Cook, P. D. Nucleosides,
Nucleotides Nucleic Acids 2004, 23, 317. (b) Marcotte, S.; Gerard, B.;
Pannecoucke, X.; Feasson, C.; Quirion, J-C. Synthesis 2001, 929 and
references therein.

(15) Lee, V. J. In Comprehensive Organic Synthesis; Trost, B. M., Ed.;
Pergamon: Oxford, 1991; Voal. 4, pp 69.

(16) Leriche, C.; He, X.; Chang, C. T.; Liu, H. J. Am. Chem. Soc. 2003,
125, 6348 and references therein.

(17) (a) Del Valle, J. R.; Goodman, M. Angew. Chem., Int. Ed. 2002,
41, 1600. See dlso: (b) Del Valle, J. R.; Goodman, M. J. Org. Chem. 2003,
68, 3923.

(18) (&) Qiu, X.-L.; Qing, F.-L. J. Org. Chem. 2002, 67, 7162. (b) Qiu,
X.-L.; Qing, F.-L. J. Chem. Soc., Perkin Trans. 1 2002, 2052. See aso:
(c) Qiu, X.-L.; Qing, F.-L. J. Org. Chem. 2003, 68, 3614.

(29) Ichikawa, J.; Mori, T.; lwai, Y. Chem. Lett. 2004, 33, 1354.
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SCHEME 2. Synthesis of 3-CFz-Homoallyl Alcohols
CFs 0 BF5 OEt, CFs OH
Li + R\I>\R2 R2
R1

which are caused by the strong electron-withdrawing ability of
the CF3 group. Thus, both 4-difluoromethylene- and 4-trifluo-
romethyl-substituted pyrrolidines were selectively derived from
the same sulfonamide precursor, depending on reaction in the
presence or absence of a proton source.

We have aso recently developed a synthetic method for
3-(trifluoromethyl)homoallyl acohols via ring opening of
substituted oxiranes with 1-(trifluoromethyl)vinyllithium in the
presence of BF;-OFEt,, which allowed the synthesis of optically
active homoallyl alcohols (Scheme 2).2! The combination of
the two processes, the oxirane ring opening and the 5-endo-
trig cyclization, followed by introduction of a carboxy group
at the 2-position, could provide 4-substituted proline derivatives
in short steps, as outlined in Figure 1. The introduction of the
carboxy group would be attained by oxidation of a hydroxy-
methyl or an aryl group, derived from the 2-substituent on the
oxiranering. The chirality of acommercially available, opticaly
active glycidyl ether could be preserved in the sequence. A
difluoromethylene substituent would be transformed to a dif-
luoromethyl group by hydrogenation, where face-selective
reactions could afford anti- or syn-4-(difluoromethyl)proline
derivatives. On the basis of these considerations, we investigated
synthetic methods for prolines bearing a fluorinated one-carbon
unit at the 4-position.

We report a short chemical synthesis of proline derivatives
bearing a fluorinated one-carbon unit, such as atrifluoromethyl,
difluoromethylene, or difluoromethyl group, at the 4-position
via (i) oxirane ring opening with 1-(trifluoromethyl)vinyllithium
and (ii) nucleophilic 5-endo-trig cyclization of N-[3-(trifluo-
romethyl)homoal lyl]sulfonamides.

Results and Discussion

Preparation of Tosylamide Cyclization Precursors 6. When
(9-glycidyl 4-(methoxy)benzyl (PMB) ether (S)-2a (99% ee)®
was treated with 1-(trifluoromethyl)vinyllithium, generated in
situ from bromotrifluoropropene 1 in the presence of BF3-OFEt,
at —100 °C, the corresponding partially protected diol (R)-4a
was obtained in 82% yield with 99% ee (Scheme 3).2! In this
process, no racemization was observed. A similar ring opening
of styrene oxide 2b gave homoallylic alcohol 4b in moderate
yield. Homoallylic alcohols 4 were a so prepared by the reaction
of 2-(trifluoromethyl)allylsilane 3 with adehydes.®® Thus,
homoallylic alcohol 4c bearing a 2,4-dimethoxyphenyl group
was obtained in 63% yield.2*

(20) (a) Baldwin, J. E. J. Chem. Soc., Chem. Commun. 1976, 734. (b)
Baldwin, J. E.; Cutting, J.; Dupont, W.; Kruse, L.; Silberman, L.; Thomas,
R. C. J. Chem. Soc., Chem. Commun. 1976, 736. (c) Baldwin, J. E.; Thomas,
R. C.; Kruse, L. |.; Silberman, L. J. Org. Chem. 1977, 42, 3846.

(21) Nadano, R.; Ichikawa, J. Synthesis 2006, 128.

(22) Nicolaou, K. C.; Fylaktakidou, K. C.; Monenschein, H.; Li, Y.;
Weyershausen, B.; Mitchell, H. J.; Wei, H.-X.; Guntupalli, P.; Hepworth,
D.; Sugita, K. J. Am. Chem. Soc. 2003, 125, 15433.

(23) Yamazaki, T.; Ishikawa, N. Chem. Lett. 1984, 521.

(24) For enantioselective alylation of carbonyl compounds with allylic
silanes, see: (a) Kiyohara, H.; Nakamura, Y.; Matsubara, R.; Kobayashi,
S. Angew. Chem,, Int. Ed. 2006, 45, 1615. (b) Wadamoto, M.; Y amamoto,
H. J. Am. Chem. Soc. 2005, 127, 14556 and references therein. (c)
Wadamoto, M.; Ozasa, N.; Yanagisawa, A.; Yamamoto, H. J. Org. Chem.
2003, 68, 5593 and references therein.
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FIGURE 1. Synthetic strategy for 4-CF3, CF,=, or CF,H-substituted prolines.

SCHEME 3. Preparation of Tosylamides 62
(e}
CFs  jorii CF3 |>\R 2
Br Li
1 CF3y Z
)\)\R
CFs 2,4-(Me0),CgHaCHO 4-6

A siMes
ii
3

R = CH,OPMB (PMB = CH,CgH4-4-OMe)

i [ (R)-4a Y = OH, Z=H (i 82%, 99% ee)

($)-5a Y = H, Z = NTsAlloc (70%)

v (S)6a Y = H, Z = NHTs (96%)
R =Ph

vl Y= OH, Z = H (ii: 26%)

i §b Y =H, Z = NTsBoc (95%)

Vil 6b Y =H, Z = NHTs (94%)

R= CGH3-2,4-(OME)2
viii [ 4c Y =OH, Z=H (63%)
x L 5¢ Y =H, Z = NTsAlloc (67%)
X 6¢c Y =H, Z= NHTs (93%)

a Reagents and conditions: (i) BFs-OEt, (1.0 equiv), n-BuLi (1.0 equiv),
—100 °C, 15 min, Et;O; then 2a (R = CH,OPMB, 0.67 equiv), —100 °C,
15 min; (ii) t-BuLi (1.0 equiv), —100 °C, 0.5 h, Et;0; then, BFs-OEt; (1.0
equiv), 5 min; then, 2b (R Ph, 0.67 equiv), 15 min; (iii) 24-
dimethoxybenzaldehyde (1.2 equiv), n-BusNF (TBAF, 0.1 equiv), rt, 24 h,
THF; (iv) CH;=CHCH,OCONHTs (HNTsAlloc, 1.2 equiv), EtOCON=
NCO,Et (DEAD, 1.5 equiv), PPhs (1.5 equiv), 0 °C, 7 d, toluene;? (v)
piperidine (3.0 equiv), Pd(PPhs)s (2 mol %), rt, 1.5 h, MeCN; (vi) HNTsBoc
(1.5 equiv), DEAD (2.0 equiv), PPhs (2.0 equiv), 0 °C, 10 h, THF; (vii)
TFA (10 equiv), rt, 10 h, CHxCly; (viii) HNTsAlloc (1.5 equiv), DEAD
(2.0 equiv), PPhs (2.0 equiv), rt, 10 h, THF; (ix) piperidine (4.0 equiv),
Pd(PPhz)4 (2 mal %), rt, 10 h, MeCN.

The desired precursor sulfonamides were furnished as fol-
lows. Homoallylic acohols 4a—c were converted to the
corresponding Alloc-protected tosylamides 5a and 5¢ or Boc-
protected tosylamide 5b by the Mitsunobu reaction.?> Depro-
tection of the alyloxycarbonyl (Alloc) or tert-butoxycarbonyl
(Boc) group was effected with piperidine and a palladium

(25) Mitsunobu, O. Synthesis 1981, 1.

(26) In the Mitsunobu reaction of 4a, the yield of 5a was improved by
using toluene instead of THF as a solvent with a decrease in the amount of
elimination product, a diene.
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SCHEME 4. 5-Endo-Trig Cyclization of Tosylamides 62
CFs
: :
{ g
Ts
(2S5,4R)-7Ta 68% (anti: syn=70:30,
CFz NHTs anti: 99% ee)
- R 7b 85% (anti:syn =92 :8)
7c 745 i : =90:1
R=CH,0PMB  (S)-6a c % (anti: syn=90:10)
Ph 6b CF>
CeHz-2,4-(OMe); 6c i ?_)VOPMB
N
Ts

(S)-8a 90% (99% ee)

a Reagents and conditions: (i) KOH (5.0 equiv for 6a,b or 1.3 equiv for
6¢), 130 °C, 20 h, (CH20H)a; (ii) NaH (1.2 equiv), 120 °C, 4 h, DMF.

catalyst or trifluoroacetic acid to give tosylamides 6a—c in
excellent yield, respectively.

5-Endo-Trig Cyclization of Tosylamides 6. The cyclization
of tosylamides 6a—c obtained above was attempted by heating
at 130 °C with an excess amount of KOH in ethylene glycol .1
Nucleophilic addition proceeded in a 5-endo-trig fashion under
protic conditions to afford pyrrolidines bearing a trifluoromethyl
group at the 4-position with 2,4-anti stereoselectivity.?” The
results are summarized in Scheme 4.

Tosylamide (S)-6a cyclized to give pyrrolidine (2S4R)-7a
in 68% yield as a mixture of 2,4-anti/syn diastereomers (anti/

(27) The 2,4-anti/syn stereochemistry of the pyrrolidine ring was
determined by a NOESY experiment on 2-(4-bromophenyl)-1-(4-methyl-
benzenesulfonyl)-4-(trifluoromethyl)pyrrolidine (7d) as a representative
example. A cross peak between the 2- and 4-protons was not observed in
the major product, but in the minor product. As for the 4-proton of the
pyrrolidine ring, the signal of the anti-isomer was observed at lower field
(6 2.92) than that of the syn-isomer (6 2.64), with this spectral criterion
confirming similar stereochemistry for 7a—c.

52.92 52.64
F3C,g\}3 F3C ~!-| ’w
N N Ar=coHgaBr

anti-7d (major) syn-7d (minor)
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SCHEME 5. Synthesis of 4-(Trifluoromethyl)proline 92
Cfg C!:3
g | ‘.
Ts Ts 9
Ar = Ph 7b (anti: syn=92: 8) 45% (anti . syn =92 : 8)

CgHa-2,4-(OMe), 7c (anti: syn=90:10) 72% (anti: syn=90:10)

a Reagents and conditions: (i) RuClz-nH,0 (2 mol %), NalO4 (11 equiv),
rt, 4 d (for 7b) or 6 h (for 7c), HoO—CCl4—CH3CN (1.5:1:1).

syn = 70:30, anti: 99% ee) without racemization. Since phenyl-
substituted tosylamide 6b (R = Ph) exhibited better anti
selectivity (anti/syn = 92:8) than that of alkyl-substituted
precursor 6a, we tried the cyclization of tosylamide 6¢ bearing
a 2,4-dimethoxyphenyl group, which could be more readily
oxidized to a carboxy group. 4-(Trifluoromethyl)pyrrolidine 7c
was obtained in 74% yield with high diastereoselectivity (anti/
syn = 90:10) in the 5-endo-trig cyclization of 6c.

We also examined the Sy2’-type 5-endo-trig cyclization of
tosylamide 6 under aprotic, basic conditions.’® On treatment of
tosylamide (S)-6a with 1.2 equiv of NaH at 120 °C in DMF,
the corresponding pyrrolidine (S)-8a bearing a difluorometh-
ylene group at the 4-position was obtained in 90% yield without
racemization (Scheme 4). Thus, both trifluoromethylated and
difluoromethylenated pyrrolidines 7 and 8 have been success-
fully constructed via addition reaction or Sy2’-type reaction,
starting from a common precursor 6.

Synthesis of 4-Trifluoromethyl-Substituted Proline 9. For
the synthesis of prolines, the substituent at the 2-position should
be oxidized to a carboxy group. Oxidation of the phenyl group in
7b was examined with RuO4, generated in situ from NalO4 and
a catalytic amount of RuCl3.28 The reaction proceeded slowly
to afford 4-trifluoromethyl-N-tosylproline 9 in 45% yield (Scheme
5). The 2,4-dimethoxyphenyl group in 7c was oxidized with
RuO, to improve the yield of the desired proline 9 up to 72%.
This sequence provides the desired proline in only five steps
from an oxirane with high 2,4-anti selectivity, which alows
the synthesis of opticaly active 4-(trifluoromethyl)prolines.

Synthesis of 4-Difluoromethylene-Substituted Proline 11.
The synthesis of (9)-4-difluoromethylene-N-tosylproline (S)-
11 was successfully effected via a two-step procedure: (i)
deprotection of the PMB group in (S)-8a with DDQ (2,3-
dichloro-5,6-dicyano-1,4-benzoquinone) and (ii) conversion of
the hydroxymethyl group to a carboxy group by TEMPO
(2,2,6,6-tetramethyl pi peridine-1-oxyl)-catal yzed oxidation with
NaCl 0,223 both of which proceeded in excellent yield, abeit
at a slow rate (Scheme 6). The optical purity of proline (S)-11
was 99% ee, which shows that no racemization occurred during
this sequence from the starting (R)-glycidol.3!

Synthesis of 4-Difluoromethyl-Substituted Proline 15. We
then turned our attention to prolines bearing a 4-difluoromethyl
group. Goodman and Qing reported hydrogenation of endocyclic
double bonds in 4-(trifluoromethyl)pyrrolines and exocyclic

(28) Carlsen, P. H. J;; Katsuki, T.; Martin, V. S.; Sharpless, K. B. J.
Org. Chem. 1981, 46, 3936.

(29) TEMPO-catalyzed oxidation using trichloroisocyanuric acid: (@)
Luca, L. D.; Giacomelli, G.; Porcheddu, A. Org. Lett. 2001, 3, 3041. (b)
Luca, L. D.; Giacomélli, G.; Masala, S.; Porcheddu, A. J. Org. Chem. 2003,
68, 4999. TEMPO-catalyzed oxidation using NaClO,: (c) Zhao, M.; Li,
J; Mano, E.; Song, Z.; Tschaen, D. M.; Grabowski, E. J. J.; Reider, P. J.
J. Org. Chem. 1999, 64, 2564.

(30) Attempted TEMPO-catalyzed oxidation of 10 with trichloroisocya
nuric acid was not successful due to affecting the difluromethylene moiety.
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SCHEME 6. Synthesis of 4-(Difluoromethylene)proline 112
CF» CF, CF,
N N - N COOH
Ts Ts Ts
(S)-8a (S)-10 91% (S)-11 93%

(99% ee) (99% ee)

2 Reagents and conditions: (i) DDQ (1.3 equiv), rt, 2 d, CH,Cl,—MeOH
(10:2); (ii) TEMPO (5 mol %), NaClO- (1.3 equiv), rt, 7 d, MeCN—pH 7
phosphate buffer (1.3:1).

SCHEME 7. Synthesis of 4-(Difluoromethyl)prolines 152

CF, CFoH CFH
oH i/ OH i
i N gy WL iy W
Ts Ts Ts
10

12 90% anti-15 96%
l iii

(anti: syn =79 :21) (anti: syn=79:21)

CF, CF,H CFoH

L) orss 13 ores v ]y

N N N COOH
Ts Ts Ts

13 94% 14 98% syn-15 90%

(anti : syn =11 :89) (from 14)

(anti: syn=11:89)

2 Reagents and conditions: (i) Hx (1 atm), Pd/C (5%, 0.5 equiv), rt, 6 h,
CHCl3; (ii) TEMPO (5 mol %), NaBr (0.5 equiv), trichloroisocyanuric acid
(5.0 equiv), NaHCOj3 (10 equiv), rt, 3 h, acetone—H,0O (4:1); (iii) TBSCI
(1.5 equiv), TEA (2.0 equiv), DMAP (0.3 equiv), rt, 12 h, CH,Cly; (iv) H;
(1 atm), Pd/C (5%, 5 mol %), rt, 1 h, EtOH; (v) TBAF (1.2 equiv), rt, 1 h,
THF; (vi) TEMPO (2 mol %), NaBr (0.2 equiv), trichloroisocyanuric acid
(2.0 equiv), NaHCO;3 (6.0 equiv), rt, 3 h, acetone—H,0 (4:1).

double bonds in 4-(alkylidene)pyrrolidines, leading to the
stereosel ective formation of 4-substituted prolines.t”18 On the
basis of these observations, we pursued face-selective hydro-
genation of the difluoromethylene group, exocyclic double bond
in prolinol 10.2

Hydrogenation of 10 was conducted in the presence of a
palladium catalyst. Whereas the reaction in methanol afforded
a 1:1 mixture of anti- and syn-4-(difluoromethyl)prolinols 12,
good anti selectivity (anti/syn = 79:21) was observed in a
haloalkane solvent, such as dichloromethane and chloroform
(Scheme 7). On the other hand, high syn selectivity (anti/syn
= 11:89) was attained by protection of the hydroxy group in
10 as bulky TBS ether 13 prior to reduction, which gave syn-
4-(difluoromethyl)pyrrolidine 14 as a major product.3® Each
face-selectivity can be explained by (i) chelation of the hydroxy
group in 10 on the palladium surface (leading to the anti
product) and (ii) a steric effect of the bulky silyl group of 13
(leading to the syn product). The desired anti-4-difluoromethyl-
N-tosylproline anti-15 was obtained by oxidation of anti-12 with
trichloroisocyanuric acid and a catalytic amount of TEMPO?
in excellent yield. A similar oxidation procedure was aso

(31) Removal of the tosyl group on the nitrogen was achieved by
photoinduced reduction of the benzyl ester derived from 11 in the presence
of 1,5-dimethoxynaphthalene and ascorbic acid. Hamada, T.; Nishida, A.;
Y onemitsu, O. J. Am. Chem. Soc. 1986, 108, 140.

(32) Although the reduction of a 4-(difluoromethylene)proline derivative
was reported to give a single diastereomer in ref 18a, the reported H and
13C NMR data proved to be those of a diastereomer mixture. See also:
Qiu, X.-L.; Qing, F.-L. J. Org. Chem. 2005, 70, 3826 and references therein.
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applied to prolinol syn-12, derived from 14 by deprotection of
the silyl group, to afford syn-15.

Conclusion

We have accomplished a divergent, chemical synthesis of
N-protected prolines bearing a fluorocarbon moiety, such as a
trifluoromethyl, difluoromethylene, or difluoromethyl group, at
the 4-position from common tosylamide precursors. The com-
bination of (i) oxirane ring opening with (trifluoromethyl)-
vinyllithium and (ii) 5-endo-trig cyclization of N-(homoallyl)-
sulfonamides has proven to be highly efficient to construct
prolines bearing atrifluoromethyl or a difluoromethylene group,
depending on protic or aprotic reaction media in (ii). Face-
selective hydrogenation of the 4-difluoromethylene group in
prolinol was achieved with or without protection of the
2-hydroxy group to afford anti- or syn-(difluoromethyl)proline
derivatives. The results described herein provide a convenient
access to prolines bearing fluorinated one-carbon units at the
4-position, which could find wide application in the design of
new organocatalysts and the synthesis of the new fluorine-
containing peptides.

Experimental Section

rel-(2R,49)-2-(2,4-Dimethoxyphenyl)-1-(4-methylbenzenesulfo-
nyl)-4-(trifluoromethyl)pyrrolidine (7c). To a solution of 6¢ (88
mg, 0.21 mmoal) in ethylene glycol (3 mL) was added KOH powder
(15 mg, 0.27 mmol) at rt. After the reaction mixture was stirred at
130 °C for 20 h, phosphate buffer (pH 7, 10 mL) was added to
guench the reaction. Organic materials were extracted with EtOAc
(10 mL x 3), and the combined extracts were washed with water
(10 mL x 3) and brine (10 mL) and dried over MgSO,. After
removal of the solvent under reduced pressure, the residue was
purified by column chromatography (hexane—EtOAc, 4:1) to give
7¢ (65 mg, 74%, anti/syn = 90:10) as a colorless liquid. IR (neat):
3001, 2958, 2839, 1614, 1589, 1506, 1340, 1161, 1034 cm~1. 1H
NMR: (anti-7c) 6 1.89—2.01 (2H, m), 2.44 (3H, s), 2.84—2.95
(1H, m), 3.42 (1H, dd, J = 9.8, 9.8 Hz), 3.75 (3H, ), 3.80 (3H, 9),
3.84 (1H, dd, J = 9.8, 9.8 Hz), 5.11 (1H, d, J = 8.0 Hz), 6.40 (1H,
s), 6.45 (1H, d, J = 8.4 Hz), 7.26 (1H, d, J = 8.4 Hz), 7.31 (2H,
d, J=8.0Hz), 7.84 (2H, d, J = 8.0 Hz); (syn-7c) & 2.08 (2H, m),
241 (3H, s), 2.46 (1H, m), 3.55 (1H, dd, J = 9.9, 9.9 Hz), 3.62
(3H, s), 3.80 (3H, s), 3.95 (1H, dd, J = 9.9, 9.9 Hz), 4.86 (1H, dd,
J=7.6,7.6Hz),6.28 (1H, s), 6.44 (1H, J = 84 Hz), 7.22 (2H, d,
J=81Hz), 7.26 (1H, d, J = 8.4 Hz), 7.49 (2H, d, J = 8.1 H2).
13C NMR: (anti-7¢) ¢ 21.5, 33.3, 41.0 (g, Jer = 29 Hz), 47.8,
55.1, 55.3, 58.7, 98.6, 103.5, 121.8, 126.2 (q, Jor = 256 Hz), 127.4,
127.8, 129.6, 134.4, 143.6, 156.6, 160.5. 1F NMR: (anti-7c) of
91.3 (d, Jry = 8 H2); (syn-7¢) 6 91.4 (d, Iy = 8 Hz). HRMS
(FAB) calcd for CyoH23F3NO4S ([M + H]+) 430.1300, found
430.1284.

(S)-4-Difluor omethylene-2-[(4-methoxybenzyloxy)methyl]-1-
[(4-methylbenzene)sulfonyl]pyrrolidine [(S)-8a]. To a solution
of (§)-6a (1.28 g, 2.89 mmol) in DMF (30 mL) was added NaH
(55% dispersion in mineral oil; 151 mg, 3.47 mmol) at 0 °C. After

(33) The 24-anti/syn stereochemistry of the pyrrolidine ring was
determined by a NOESY experiment on TBS protected prolinol 14 as a
representative example. Cross peaks between the 2-proton and the 5ai-proton
and between the 54-proton and the difluoromethyl proton were observed

as shown below.
HF,C, H
Cod 3

OTBS

He! H

Ts
\_/ syn-14
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being stirred for 10 min, the mixture was heated at 120 °C for 4 h.
The reaction was quenched with phosphate buffer (pH 7, 40 mL),
and organic materials were extracted with EtOAc (30 mL x 3).
The combined extracts were washed with water (30 mL x 4) and
brine (30 mL) and dried over MgSO,. After removal of the solvent
under reduced pressure, the residue was purified by column
chromatography (hexane—EtOAcC, 2:1) to give (S)-8a (1.10 g, 90%)
as a colorless liquid. [a]®, = —13.1 (c 1.0, CHCl3). IR (neat):
2931, 2860, 1782, 1512, 1348, 1248, 1163, 1093, 1036, 816 cm™™.
H NMR: ¢ 2.12—2.21 (1H, m), 2.41 (3H, s), 2.47 (1H, brd, J =
15.5 Hz), 3.38 (1H, dd, J = 9.4, 8.1 Hz), 3.63 (1H, dd, J = 9.4,
4.0 Hz), 3.79 (3H, ), 3.95 (1H, br d, J = 14.0 HZ), 3.99 (1H, br
d, J = 14.0 Hz), 3.99—4.03 (1H, m), 4.43 (2H, ), 6.87 (2H, d, J
= 83 Hz), 7.21 (2H, d, J = 83 Hz), 7.29 (2H, d, J = 8.3 Hz),
7.68 (2H, d, J = 8.3 Hz). ®°C NMR: 6 21.4, 27.8, 46.9 (d, Jcr =
4 Hz), 55.1, 59.2, 71.6, 72.9, 85.6 (dd, Jcr = 25, 23 Hz), 113.7,
127.2, 129.1, 129.7, 129.9, 134.8, 143.8, 149.9 (dd, Jcr = 284,
284 Hz), 159.2. °F NMR: Og 71.3 (1F, d, Je= = 55 Hz), 74.2 (1F,
d, JFF =55 HZ) HRMS (FAB) caled for C21H24F2NO4S ([M +
H]™) 424.1394, found 424.1390. HPLC (i-PrOH—hexane, 1:30):
retention time 20.4 min major peak, 22.7 min minor peak.

rel-(2R,49)-1-(4-M ethylbenzenesulfonyl)-4-(trifluor omethyl)-
proline (9). To a suspension of NalO, (457 mg, 2.14 mmol) in
CH3CN (1 mL) and H,O (1.5 mL) were added a solution of 7c (84
mg, 0.19 mmoal) in CCl, (1.0 mL) and then RuCls-H,0 (0.8 mg, 4
umol) at rt. The reaction mixture was stirred for 6 h at rt, and then
water was added to quench the reaction. Organic materials were
extracted with Et;O (15 mL x 3). The combined extracts were
washed with aqueous NaOH (1 M, 15 mL x 3). The combined
aqueous layer was brought to pH 3.0 with aqueous HCI (6 M) and
extracted with Et,O (30 mL x 3). After removal of the solvent
under reduced pressure, 9 (47 mg, 72%, anti/syn = 90:10) was
obtained as a colorless crystal. IR (neat): 3238, 2956, 2926, 1732,
1400, 1350, 1271, 1161, 1128, 1039 cm™L. IH NMR: (anti-9) ¢
213 (1H, ddd, J = 13.4, 9.2, 9.2 HZ), 2.34 (1H, ddd, J = 134,
8.0, 2.7 Hz), 2.46 (3H, s), 3.15 (1H, ddddq, Jur = 8.0 Hz, J = 9.2,
8.0, 8.0, 8.0 Hz), 3.37 (1H, dd, J = 9.9, 8.0 Hz), 3.78 (1H, dd, J
=9.9,80H2z2), 441 (1H, dd, J = 9.2, 2.7 Hz), 7.37 (2H, d, J =
8.4 Hz), 7.76 (2H, d, J = 8.4 Hz), 8.04 (1H, br s); (syn-9) 6 2.27
(1H, ddd, J = 135, 8.9, 7.4 Hz), 2.46 (3H, s), 2.51 (1H, ddd, J =
135, 8.2, 8.2 Hz), 2.62—2.76 (1H, m), 3.45 (1H, dd, J = 11.4,
10.4 Hz), 3.77 (1H, dd, J = 11.4, 8.6 Hz), 4.47 (1H, dd, J = 8.2,
7.4 Hz), 7.37 (2H, d, J = 8.4 Hz), 7.79 (2H, d, J = 8.4 Hz), 8.04
(1H, br s). 83C NMR: (anti-9) 6 21.6, 30.0, 41.6 (g, Jcr = 30 Hz),
47.1, 59.9, 125.7 (q, Jer = 276 Hz), 127.5, 130.0, 133.8, 144.5,
175.8. YF NMR: (anti-9) o¢ 90.9 (d, Jry = 8 HZ); (syn-9) 0 91.5
(d, Jry = 8 HZz). Anal. Calcd for Ci3H14FsNO,S: C, 46.29; H, 4.18;
N, 4.15. Found: C, 46.38; H, 4.25; N, 3.89.

(S)-4-Difluor omethylene-2-hydr oxymethyl-1-(4-methylben-
zenesulfonyl)pyrrolidine [(S)-10]. To a solution of (S)-8a (141
mg, 0.333 mmol) in CH,Cl;, (1.5 mL) and MeOH (0.15 mL) was
added 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 98 mg,
0.43 mmol) at rt. After being stirred for 2 d, the reaction mixture
was filtered through a pad of Celite, and thefiltrate was evaporated
under reduced pressure. The residue was purified by column
chromatography (hexane—EtOAcC, 2:1) to give (S)-10 (92 mg, 91%)
as apaeyelow liquid. [a]®p = +45.5 (c 1.0, CHCly). IR (neat):
3529, 2954, 2924, 2854, 1782, 1344, 1271, 1161 cm~L. 'H NMR:
6 2.23—2.31 (1H, m), 2.39 (1H, br d, J = 14.5 Hz), 2.45 (3H, ),
252 (1H, br s), 3.65 (1H, dd, J = 11.5, 5.8 Hz), 3.70 (1H, dd, J =
11.5, 4.7 Hz), 3.79—3.86 (1H, m), 3.96 (1H, br d, J = 14.1 Hz),
4.08 (1H, br d, J = 14.1 Hz), 7.35 (2H, d, J = 7.9 Hz), 7.73 (2H,
d, J = 7.9 Hz). 8C NMR: ¢ 215, 27.5, 47.5 (d, Jocr = 3 Hz),
61.8, 64.4, 84.9 (dd, Jcr = 23, 23 Hz), 127.5, 130.0, 133.7, 144.3,
149.9 (dd, Jcr = 283, 283 Hz). 9F NMR: O 71.7 (1F, ddd, Jr= =
54 Hz, ey = 3, 3 Hz), 74.4 (1F, dd, Jr = 54 Hz, Jey = 1 H2).
HRMS (FAB): calcd for Ci3H16F.NOsS (M + H]™) 304.0820,
found 304.0828. The ee value was determined to be 99% by HPLC
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(i-PrOH—hexane, 1:10, retention time 12.9 min mgjor peak, 10.9
min minor peak).

(S)-4-Difluor omethylene-1-(4-methylbenzenesulfonyl)pro-
line [(S)-11]. To a solution of (S)-10 (144 mg, 0.475 mmoal) in
CH3CN (4.8 mL) and phosphate buffer (pH 7, 3.6 mL) were added
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 3.7 mg, 24 xumol)
and NaClO, (80%; 70 mg, 0.62 mmol). The reaction mixture was
stirred for 7 d at rt. After aqueous HCI (1 M, 2 mL) was added to
the mixture, organic materials were extracted with Et,O (10 mL x
4). The combined extracts were washed with aqueous Na,CO3
(10%, 10 mL x 2), and then the combined agueous layer was
acidified with concd aqueous HCI (2 mL). Organic materias were
extracted by Et;O (10 mL x 3). The combined extracts were washed
with brine (10 mL), and dried over MgSO,. After removal of the
solvent under reduced pressure, (S)-11 (141 mg, 93%) was obtained
as a colorless liquid. [a]®, = —13.7 (c 1.0, CHCl3). IR (neat):
3228, 2927, 2879, 1783, 1724, 1350, 1275, 1161, 1095, 1063, 771
cm L IH NMR: 6 2.45 (3H, 5), 2.70—2.75 (2H, m), 4.04—4.12
(2H, m), 453 (1H, ddd, J = 8.4, 4.1, 1.6 HZ), 7.35 (2H, d, J= 8.1
Hz), 7.62 (1H, br s), 7.75 (2H, d, J = 8.1 Hz). 3C NMR: & 21.5,
29.6, 46.5 (d, Jcr = 3 H2), 60.2, 84.6 (dd, Jcr = 25, 25 Hz), 127.4,
130.0, 134.5, 144.4, 150.1 (dd, Jcr = 286, 286 Hz), 175.6. 1°F
NMR: o 73.1 (1F, d, Jir = 52 HZ), 75,5 (1F, d, Jie = 52 H2).
HRMS (FAB) calcd for CizH1aFNOLS ([M + H]+) 318.0613,
found 318.0601. The ee value was determined to be 99% by HPLC
(i-PrOH—hexane, 1:10, retention time 12.0 min major peak, 9.1
min minor peak).

Benzyl 4-(Difluoromethylene)pyrrolidine-2-car boxylate (16).
After a solution of benzyl 4-difluoromethylene-1-(4-methylbenze-
nesulfonyl)pyrrolidine-2-carboxylate (37 mg, 90 umal), 1,5
dimethoxynaphthalene (8.8 mg, 47 umol), and ascorbic acid (49
mg, 280 umol) in H,O (1.1 mL) and EtOH (19 mL) was degassed
with argon, the solution was irradiated with high-pressure Hg lamp
at rt for 2 h through a Pyrex tube. Aqueous HCI (1 M, 1 mL) was
added, and the solvent was removed under reduced pressure.
Aqueous HCl (1 M, 5 mL) was added to the residue, and the
aqueous solution was washed with Et,O (5 mL). After the aqueous
layer was brought to alkaline pH with concd aqueous Na,COs (5
mL), organic materials were extracted by Et,O (5 mL x 3). The
combined extracts were washed with brine (5 mL) and dried over
MgSO,. After removal of the solvent under reduced pressure, 16
(8.0 mg, 35%) was obtained as a colorless liquid. IR (neat): 3035,
2925, 2856, 1783, 1743, 1265, 1219, 1186, 771 cm~L. 1H NMR:
0 1.92 (1H, br s), 2.58—2.64 (1H, m), 2.78—2.85 (1H, m), 3.56
(1H, br d, J = 13.7 Hz), 3.74 (1H, br d, J = 13.7 Hz), 3.93 (1H,
dd, J = 7.6, 6.0 Hz), 5.18 (2H, ), 7.32—7.41 (5H, m). 3C NMR:
d 30.3, 45.5, 60.3, 67.0, 88.0, 128.2, 128.5, 128.7, 135.4, 149.7
(dd, Jcr =128, 128 Hz), 173.3. F NMR: g 71.7 (1F, dq, Jre =
59 Hz, Jey = 3 HZ), 72.9 (1F, dq, Jer = 59 Hz, Jey = 3 HZ)
HRMS (FAB): calcd for Ci3H14F2NO, ([M + H] ™) 254.0993, found
254.0985.

rel-(2R,4S)-4-Difluor omethyl-2-hydr oxymethyl-1-(4-methyl-
benzenesulfonyl)pyrrolidine (anti-12). To a solution of 10 (19.2
mg, 63 umol) in CHCI; (5 mL) was added Pd/C (5%, 67 mg, 32
umol). The mixture was stirred under H, (1 atm) at rt for 6 h. The
mixture was filtered through a pad of Celite. Removal of the solvent
under reduced pressure gave 12 (90% NMR yield, anti/syn = 79:
21) as a pale yellow liquid. IR (neat): 3521, 2952, 2881, 1597,
1398, 1336, 1155, 1087, 1024, 665 cm™1. IH NMR: ¢ 1.67 (1H,
ddd, J = 12.9, 8.8, 8.8 Hz), 1.95—2.00 (1H, m), 2.46 (3H, s), 2.71
(1H, br s), 2.71-2.84 (1H, m), 3.16 (1H, dd, J = 10.1, 8.2 Hz),
3.61-3.73 (3H, m), 3.80 (1H, dd, J = 10.9, 2.9 Hz), 5.38 (1H,
ddd, Jur = 56.1, 56.1 Hz, J = 4.8 Hz), 7.37 (2H, d, J = 8.0 Hz),
7.74 (2H, d, J = 8.0 HZ). 3°C NMR: 6 21.4, 28,5, 41.0 (t, Jcr =
8 Hz), 485 (t, Jor = 4 Hz), 61.0, 65.2, 116.1 (t, Jor = 240 H2),
127.6, 129.9, 133.3, 144.2. °F NMR: 0f 40.5 (1F, ddd, J-= = 285
Hz, Jeny = 56, 14 Hz), 41.4 (1F, ddd, Je = 285 Hz, Jey = 56, 12
Hz). HRMS (FAB): calcd for Ci3H1sFNOsS ([M + H] ') 306.0977,
found 306.0966.
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rel-(2R,49)-4-Difluor omethyl-1-(4-methylbenzenesulfonyl)pr o-
line (anti-15). To a solution of 12 (19.8 mg, 65 umol, anti/syn =
79:21) in acetone (2 mL) were added a solution of aqueous NaHCO;
(15%, 0.6 mL), NaBr (3.6 mg, 35 umol), TEMPO (0.56 mg, 3.6
umol), and trichloroisocyanuric acid (82 mg, 0.35 mmol). After
the mixture was stirred for 3 h at rt, the reaction was quenched
with H,O (5 mL). Organic materials were extracted with Et,O (5
mL x 3). The combined extracts were washed with aqueous NaOH
(1M, 5mL x 3). The combined aqueous layer was brought to pH
3.0 with aqueous HCI (6 M) and extracted with Et,O (30 mL x
3). After removal of the solvent under reduced pressure, 15 (19.8
mg, 96%, anti/syn = 79:21) was obtained as colorless crystals. IR
(neat): 3534, 2954, 2924, 2852, 1732, 1340, 1159, 1090, 1034
cm~1 IH NMR: 6 1.98 (1H, ddd, J = 13.3, 9.5, 9.2 Hz), 2.30
(1H, ddd, J = 13.3, 6.8, 2.8 Hz), 2.46 (3H, s), 2.81—2.93 (1H, m),
3.29 (1H, dd, J = 10.0, 8.2 Hz), 3.69 (1H, dd, J = 10.0, 8.0 Hz),
4.38 (1H, dd, J = 9.2, 2.8 Hz), 5.60 (1H, td, J4r = 55.3 Hz, J =
4.4 Hz), 7.37 (2H, d, J = 8.5 Hz), 7.76 (2H, d, J = 8.5 Hz), 8.20
(1H, br s). 8C NMR: 6 21.8, 30.2 (t, Jor = 3 Hz), 41.7 (t, Jor =
22 Hz), 47.4 (t, Jcr = 5 H2), 60.2, 115.8 (t, Jcr = 241 Hz), 127.7,
130.2, 134.3, 144.6, 176.2. °F NMR: 0f 40.2 (1F, ddd, Jr- = 287
Hz, Jeq = 55, 13 Hz), 41.0 (1F, ddd, Jer = 287 Hz, Jey = 55, 11
HZ) HRMS(FAB) calcd for Ci3H16FNO4S ([M + H]+) 320.0768,
found 320.0742.

2-[(tert-Butyldimethylsilyloxy)methyl]-4-difluor omethylene-
1-(4-methylbenzenesulfonyl)pyrrolidine (13). To asolution of 10
(81 mg, 0.27 mmoal) in CH,CI, (3 mL) were added t-BuMe,SiCl
(61 mg, 0.41 mmol), NEts (54 mg, 0.54 mmol), and 4-dimethyl-
aminopyridine (DMAP, 10 mg, 0.08 mmol) at rt. The reaction
mixture was stirred at rt for 3 h. The reaction was quenched with
water (10 mL), and organic materials were extracted with EtOAc
(15 mL x 3). The combined extracts were washed with brine (10
mL) and dried over NaSO,. After removal of the solvent under
reduced pressure, the residue was purified by column chromatog-
raphy (hexane—EtOAc, 10:1) to give 13 (105 mg, 94%) as a
colorless liquid. IR (neat): 2954, 2929, 2858, 1782, 1350, 1271,
1163, 1093, 837, 777, 665 cm™. *H NMR: ¢ 0.04 (3H, s), 0.05
(3H, 9), 0.87 (9H, 9), 2.14—2.22 (1H, m), 2.44 (3H, 3), 2.49 (1H,
br d, J = 15.3 Hz), 3.56 (1H, dd, J = 10.1, 7.1 Hz), 3.75 (1H, dd,
J=10.1, 3.6 Hz), 3.92—3.98 (2H, m), 4.01 (1H, br d, J = 13.8
Hz), 7.32 (2H, d, J = 8.2 Hz), 7.72 (2H, d, J = 8.2 Hz). ©°C
NMR: 6 —5.6, —5.6, 18.1, 21.5, 25.7, 27.4, 47.2 (d, Jcr = 4 HZ),
61.1, 65.5, 86.1 (dd, Jcr = 26, 22 Hz), 127.3, 129.8, 135.1, 143.8,
149.9 (dd, Jor = 284, 284 Hz). 1F NMR: o 70.7 (1F, ddddd, J+
=57Hz, Jy = 3, 3, 3, 3 HZ), 73.6 (1F, dd, JE = 56 Hz, Jrny =
2 Hz). HRMS (FAB): calcd for CioH3oFaNOsSSI ([M + HJY)
418.1684, found 418.1683.

rel-(2R,4R)-2-[(tert-Butyldimethylsilyloxy)methyl]-4-difluo-
romethyl-1-(4-methylbenzenesulfonyl)pyrrolidine (14). To a
solution of 13 (75 mg, 0.18 mmol) in EtOH (3 mL) was added
Pd/C (5%, 19 mg, 9.0 umol). The mixture was stirred under H, (1
atm) at rt for 1 h. The mixture was filtered through a pad of Celite.
After removal of the solvent under reduced pressure, the residue
was purified by column chromatography (hexane—EtOAcC, 5:1) to
give 14 (73 mg, 98%, anti/syn = 11:89) as a colorless liquid. IR
(neat): 2954, 2929, 2858, 1348, 1254, 1161, 1090, 1036, 835 cm 1.
IH NMR: (syn-14) 6 0.08 (6H, s), 0.89 (9H, s), 1.92 (1H, ddd, J
= 134, 8.6, 6.1 Hz), 2.00 (1H, ddd, J = 13.4, 8.0, 8.0 Hz), 2.02—
2.12 (1H, m), 2.44 (3H, s), 3.30 (1H, dd, J = 11.7, 8.6 Hz), 3.56
(1H, dd, J = 11.7, 7.5 Hz), 3.72—3.79 (2H, m), 3.84 (1H, dd, J =
9.9, 3.0 Hz), 5.69 (1H, ddd, J4r = 56.3, 56.3 Hz, J = 5.6 H2z),
7.34 (2H, d, J = 8.4 Hz), 7.72 (2H, d, J = 8.4 Hz); (anti-14) §
0.08 (6H, s), 0.89 (9H, s), 2.02—2.12 (2H, m), 2.44 (3H, s), 2.78—
2.89 (1H, m), 3.11 (1H, dd, J = 9.7, 8.6 Hz), 3.66 (1H, dd, J =
9.7, 6.5 Hz), 3.72—3.79 (3H, m), 5.43 (1H, ddd, J.r = 57.8, 57.8
Hz, J = 5.2 Hz), 7.34 (2H, d, J = 8.4 Hz), 7.72 (2H, d, J = 8.4
Hz). 3C NMR: (syn-14) 6 —5.5, —5.4, 18.2, 21.5, 25.8, 28.4 (dd,
Jor = 5, 3 H2), 41.8 (t, Jor = 22 Hz), 49.0 (dd, Jcr = 7, 4 Hz),
60.8, 65.8, 116.5 (t, Jor = 241 Hz), 127.4, 129.9, 134.8, 143.8. 19F
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NMR: (syn-14) o 41.8 (1F, ddd, Jer = 286 Hz, Jmy = 56, 11
Hz), 42.9 (1F, ddd, Jer = 286 Hz, Jmy = 56, 12 Hz). HRMS
(FAB): calcd for CigH3FoNOsSSi (M + H]T) 420.1840, found
420.1853.

rel-(2R,4R)-4-Difluor omethyl-2-hydr oxymethyl-1-(4-methyl-
benzenesulfonyl)pyrrolidine (syn-12). To asolution of 14 (86 mg,
0.20 mmol, anti/syn = 11:89) in THF (3 mL) was added TBAF
(1 M in THF; 0.25 mL, 0.25 mmal) at rt. The reaction mixture
was stirred at rt for 1 h. The reaction was quenched with water (10
mL), and organic materials were extracted with EtOAc (15 mL x
3). The combined extracts were washed with brine (10 mL) and
dried over NaSO,. After removal of the solvent under reduced
pressure, the residue was purified by column chromatography
(hexane—EtOAC, 10:1) to give 12 (56 mg, 90%, anti/syn = 11:89)
as a colorless liquid. IR (neat): 3521, 2954, 2885, 1597, 1338,
1219, 1157, 1089, 1026, 771 cm~L. 'H NMR: 6 1.75—1.86 (1H,
m), 1.93—2.12 (2H, m), 2.46 (3H, s), 2.89 (1H, br s), 3.39 (1H,
dd, J=11.8, 8.6 Hz), 3.58 (1H, dd, J = 11.8, 7.8 Hz), 3.61-3.73
(2H, m), 3.87 (1H, br d, J = 10.5 Hz), 5.69 (1H, ddd, Jur = 56.2,
56.2 Hz, J = 5.4 Hz), 7.37 (2H, d, J = 8.0 Hz), 7.74 (2H, d, I =
8.0 Hz). 3C NMR: 6 21.5, 28.7, 41.0 (t, Jor = 22 HZ), 49.2 (t,
Jor = 4 Hz), 61.8, 64.8, 116.2 (t, Jor = 240 Hz), 127.5, 130.1,
133.6, 144.3. 1F NMR: Of 41.7 (1F, ddd, Js= = 286 Hz, Jey =
56, 11 Hz), 42.7 (1F, ddd, Je= = 286 Hz, Je.y = 56, 12 Hz). HRMS
(FAB): caled for Ci3H1gFNOsS (M + H]™) 306.0975, found
306.0978.

rel-(2R,4R)-4-Difluor omethyl-1-(4-methylbenzenesulfonyl)-
proline (syn-15). To asolution of 12 (54 mg, 0.18 mmol, anti/syn
= 11:89) in acetone (2 mL) was added a solution of agueous
NaHCO;3; (15%, 0.6 mL), NaBr (4 mg, 0.03 mmol), and TEMPO
(0.56 mg, 3.6 umol) and then trichloroisocyanuric acid (82 mg,
0.35 mmoal). After the mixture was stirred for 3 h at rt, the reaction
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was gquenched with water (5 mL). Organic materials were extracted
with Et;O (5 mL x 3), and the combined extracts were washed
with aqueous NaOH (1 M, 15 mL x 3). The combined aqueous
layer was brought to pH 3.0 with agueous HCI (6 M) and extracted
with Et,O (30 mL x 3). After removal of the solvent under reduced
pressure, 15 (57 mg, 100%, anti/syn = 11:89) was obtained as a
colorless crystal. IR (neat): 3546, 3220, 2964, 1733, 1340, 1219,
1161, 1035 cm™. 'H NMR: ¢ 2.19 (1H, ddd, J = 135, 6.4, 6.1
Hz), 2.35 (1H, ddd, J = 13.5, 9.0, 8.8 Hz), 2.41—2.50 (1H, m),
2.46 (3H, ), 3.47 (1H, dd, J = 11.1, 6.5 Hz), 3.54 (1H, dd, J =
11.1, 7.6 Hz), 4.32 (1H, dd, J = 9.0, 6.1 Hz), 5.79 (1H, ddd, J4¢
=56.1, 56.1 Hz, J = 6.0 Hz), 7.38 (2H, d, J = 8.0 Hz), 7.78 (2H,
d, J=8.0 Hz), 8.20 (1H, br s). 3C NMR: ¢ 21.8, 30.4 (t, Jor =
3 Hz), 42.3 (t, Jcr = 22 Hz), 48.3 (t, Jcr = 4 Hz), 60.0, 116.1 (t,
Jor = 240 Hz), 127.9, 130.3, 133.9, 144.8, 176.3. F NMR: Jf
40.9 (1F, ddd, Jer = 287 Hz, Jgy = 56, 11 Hz), 42.3 (1F, ddd, Jee
= 287 Hz, Jry = 56, 13 HZ) Anal. Cacd for Ci3H1sFoNOLS: C,
48.90; H, 4.73; N, 4.39. Found: C, 48.99; H, 4.85; N, 4.12.
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On treatment with sec-BuLi at —105°C, 2-bromo-3,3,3-
trifluoropropene undergoes rapid lithium-halogen exchange to
generate thermally unstable [-(trifluoromethyl)vinyllithium,
which reacts with N-tosylimines to afford N-[2-(trifluoro-
methyl)allyl]Jamides in high yield. Propargylation of the amides,
followed by the Pauson-Khand reaction, readily provides
pyrrolidine ring-fused cyclopentenones with an angular tri-
fluoromethyl group.

2-Trifluoromethyl-1-alkenes [1-(trifluoromethyl)vinyl com-
pounds] constitute a versatile class of building blocks' for the se-
lective introduction of fluorine-containing carbon substituents
into bioactive molecules and molecular devices.”* This is due
to their electron-withdrawing CF3 groups, reactive double bonds
toward nucleophiles, and allylic fluorine atoms as potential leav-
ing groups. Along this line, we have recently developed flexible
synthetic routes to: (i) 1,1-difluoro-1-alkenes via an SN2’-type
reaction;* (ii) fluorocarbon-substituted heterocycles via intramo-
lecular nucleophilic reactions;’ and (iii) 5-trifluoromethyl-2-cy-
clopentenones via a regioselective Nazarov cyclization.® Despite
the synthetic potential of the 1-(trifluoromethyl)vinyl moiety, its
introduction as a C3 unit remains a difficult task, because of the
thermal instability of the corresponding reactive metal species,
such as a vinyllithium reagent.”*

In our previous paper, we reported the efficient synthesis of
[1-(trifluoromethyl)vinyl]-substituted alcohols by the ring open-
ing of cyclic ethers with 3,3,3-trifluoroprop-1-en-2-yllithium
(1).8 On treatment of 2-bromo-3,3,3-trifluoroprop-1-ene (2) with
an equimolar amount of n-BuLi at —100°C, slow lithium—
halogen exchange gave rise to a mixture of vinyllithium 1 and
n-BuLi. We succeeded, however, in the selective trapping of 1
with appropriate electrophiles, such as oxiranes and oxetanes,
in the presence of BF3-OEt; by taking advantage of the subtle
difference between reactivities of the two lithium species.!°

On the other hand, 1-(trifluoromethyl)vinylation of highly
reactive electrophiles has remained problematic. The vinylation
of aldehydes suffers from nonselective addition of both 1 and n-
BuLi to give a poor yield of the desired allyl alcohols.”-!" Herein,
we report an efficient generation of (trifluoromethyl)vinyllithi-
um 1 to trap with reactive electrophiles, aldehydes and imines,
and its application to the construction of angularly trifluoro-
methylated bicyclic systems, which has been a desirable goal.

We first reexamined the generation of vinyllithium 1 from
bromotrifluoropropene 2 by treatment with several alkyllithiums
for 15 min. After quenching with methanol, the product distribu-
tions were observed by !FNMR, as shown in Table 1. When the
reaction was carried out with n-BuLi at —78 °C, the decomposi-
tion of vinyllithium 1 occurred to give 1,1-difluoroallene (4) in
54% yield, via elimination of lithium fluoride (Entry 1). When
carrying out the reaction at —105°C, we observed only a 14%

Table 1. Preparation of 1-(trifluoromethyl)vinyllithium 1

CFs  RLi(1.0ma) MeOH )CF:; . CF
Br 15 min/Et,0 Z Z
2 ma: molar amount 3 4
Entry R temp./°C 3 4 recovery of 2

1 n-Bu —78 20% 54% 17%
2 -96 31% 11% 58%
3 —-105 14% 1% 76%
4 sec-Bu —105 60% 26% 10%
5 tert-Bu —105 50% 35% 5%

yield of 3,3,3-trifluoroprop- 1-ene (3), along with a 76% recovery
of 2 (Entry 3). These results indicate that incomplete conversion
is inevitable in the reaction with n-BuLi, due to the slow ex-
change rate and the thermal instability of 1. In contrast, the lithi-
um-halogen exchange reaction with sec-BuLi proceeded rapidly
even at —105 °C to consume 90% of 2, which generated 1 in at
least 60% yield along with 26% of difluoroallene 4 (Entry 4).
We then attempted the reaction of aromatic and aliphatic
aldehydes with vinyllithium 1, generated in situ from 2.0 molar
amounts of vinyl bromide 2 and sec-BuLi, in consideration
of the partial decomposition of 1. The desired 2-(trifluoro-
methyl)allyl alcohols 5a and 5b were obtained in 73 and 76%
yield, respectively (eq 1). Thus, the more rapid lithium-halogen
exchange allowed the reaction with reactive electrophiles.

sec-BuLi CF3
CF3 (2.0 ma) CF3 RCHO }\rR )
Br -105°C Li -105to OH
10 min / Et,0 -50°C,2h
2 (2.0 ma) 1 R=Ph 5a 73%

R = (CHp)sPh 5b 76%

Allylamines have been used as useful components for the
synthesis of N-heterocycles. For the construction of potential tri-
fluoromethylated heterocycles, we pursued the reaction of vinyl-
lithium 1 with imines to prepare 2-(trifluoromethyl)allylamines.
Although N-benzylimine 6a was not reactive towards 1,
BF;-OEt, promoted the reaction to afford the desired amine
7a in 81% yield (Table 2, Entry 1). When N-benzoyl- and N-to-
sylimine 6b and 6¢ were employed as the reactive electrophiles,
the corresponding N-allylamides 7b and 7¢ were obtained in ex-
cellent yield (Entries 2 and 3).'?

We further examined (trifluoromethyl)vinylation of several
other N-tosylimines 6d—6g in view of their availability, ease of
handling, and the synthetic applicability of the products. All
N-tosylimines 6¢—6g examined provided the corresponding N-
[2-(trifluoromethyl)allyl]sulfonamides 7¢-7g in good to excel-
lent yield, as summarized in Table 2. Butanimine 6e gave 7e
in good yield, even though it had acidic protons ¢ to the imino
group (Entry 5). Whereas 1,1-diphenylmethanimine 6g showed
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Table 2. Synthesis of [(trifluoromethyl)allyl]jsulfonamides 7

sec-BuLi CF;
CFy  (2.0ma) CF3 | R'R2C=NR36 R!
. A )\ ) R2
Br —195 °C Li -105 to NHR3
2(2.2ma) 10 min/ Et,0 1 -50°C,2h 7
Entry R! R? R’ 7 Yield/%
12 H Ph CH,C¢Hs 7a 81
2 H Ph COCgHs 7 97
3b H Ph Ts 7c¢ 90
4P H PhCH=CH Ts 7d 89
5 H n-Pr Ts Te 77
6 H t-Bu Ts 7t 96
7 Ph Ph Ts Tg 76 91)F

2BF;-0FEt, (1.5ma) was added. PSolution of 6 was added
dropwise over 20 min. “Vinyl bromide 2 (3.5ma) and sec-
BuLi (3.2 ma) were used.

modest reactivity, employing an excess amount of 1, generated
from 2 (3.5 ma) and sec-BuLi (3.2 ma), improved the yield to
91% (Entry 7).

Having accomplished the synthesis of 2-(trifluoromethyl)-
allylamides 7, we turned our attention to the construction
of fused-ring systems involving an angular trifluoromethyl
group,>!* whose framework might be constructed by an intramo-
lecular Pauson—Khand reaction.'*!3 Introduction of an angular
trifluoromethyl group can be an attractive tool for the analog
synthesis of steroids and alkaloids, and remains a challenging
task. Furthermore, very few examples of 1,6-enynes bearing a
electron-withdrawing group at the C-2 vinylic carbon have been
reported in the Pauson-Khand reaction.'® These facts prompted
us to investigate the Pauson—Khand reaction of N-propargyl-N-
[2-(trifluoromethyl)allyllamides 8, readily prepared by propar-
gylation (with a propargyl bromide and NaH in DMF at rt) of
the above-obtained amides 7 in 84-92% yield.

Enyne 8a was treated with dicobalt octacarbonyl to generate
the cobalt-yne complex. Heating the complex at 60 °C in aceto-
nitrile promoted the desired Pauson—Khand reaction of a CF3-
substituted terminal alkene, to afford the pyrrolidine ring-fused
cyclopentenone 9a bearing an angular trifluoromethyl group in
81% yield with high diastereoselectivity (anti:syn = 94:6)
(Table 3, Entry 1).'718 Substrates 8b and 8c with an internal
alkyne moiety or an alkyl group at the allylic position also read-
ily underwent the cyclization to give trifluoromethylated pyrro-
lidines 9b and 9c¢ in 85 and 71% yield, respectively (Entries 2
and 3).

Table 3. Synthesis of 3a-CFz-cyclopenta[c]pyrroles 9

R! R!
Co,(CO)g (1.2 ma) z G
TN O . moshichec, TN °
s then, 60 °C / CHaCN o R

Entry R! R? Time/h 9  Yield/% anti:syn®

-1 Ph H 3 9a 81 94:6"

2 Ph Et 2 9b 85 83:17¢

3 n-Pr H 3 9¢ 71 86:14°

2Determined by '?FNMR. "See Ref. 17. *Configuration was
determined in analogy with 9a by comparing 'H and
YFNMR data of each isomer.
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The sequence of (i) (trifluoromethyl)vinylation of imines,
followed by (ii) propargylation and (iii) the cobalt-mediated
intramolecular Pauson—-Khand reaction, successfully provides a
facile entry to the fused N-heterocycles bearing an angular tri-
fluoromethyl group.

We thank Dr. N. Kanoh (the University of Tokyo) for the
X-ray crystal structure analysis.
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Mukaiyama on the occasion of his 80th birthday.
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