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Scheme 1. Olefin metathesis.
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Scheme 2. A variety of olefin metathesis.
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Scheme 4. Chauvin mechanism: The mechanism of olefin metathesis.
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Figure 1. Schrock catalyst.
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Figure 2. Ruthenium carbene catalyst developed by Grubbs (1st generation).
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Figure 3. Ruthenium carbene catalysts (2nd generation).
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Figure 4. Hoveyda-Grubbs catalysts.
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Figure 5. Recently developed metathesis catalysts.
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Scheme 5. The first example of olefin isomerization as a side reaction of metathesis.
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2002 Wipf tuberostemonine
26r,s
Scheme 6. Olefin isomerization.

Deprotection of allylethers (Roy, 2000)
PCys

AcO OAc CliRy AcO ~OAc
o) "1 bn 59 mor o)
PCys (10 mol%) additive recovery dimer 20
AcO | sditive. o AcO of 19 (%) (%) (%)
AcO \) additive, toluene AcO 21a 67 - 30
19 0) reflux, 4 h 20 OV/"\’\-\ iPrpEtN 35 50 10
21a + iPrpEtN? 16 - 80
NHTr NEt 21b & 20
A \_ NHBoc AN\ NEt 21c ca.100 - -
21a 21b 21c a)21a (2 eq.), iPEIN (1 eq.) Tr=-CPhg
Olefin isomerization in the total synthesis of (-)-tuberostemonine (Wipf, 2002)
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Deprotection of tertiary allylamines (Alcaide, 2001)
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23 49% + RCM product (30%)
| 22 oo |
RE Proposed mechanism.
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Cleavage of allyl and homoallyl groups (Cossy, 2002)
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Tandem catalysis: Ring-closing metathesis-olefin isomerization (Snapper, 2002)

Ph X Ph X Ph X
T s U &
B —— _— |
= CH2C|2, rt F N2/H2 =95/5
29 301 65-70°C 31
X =0, NTs X =0 (61%), NTs (74%)

An olefin metathesis/double bond isomerization sequence (Schmidt, 2003)

Are O Ar<__O Ar__O Ar = 0-MeCgHy, n = 0 (34a, 79%, 8.0:1%)
\G\/ N 2 (5 mol%) \B\j NaH (30 eq.) U Ar=Ph, n=1(34b, 87%, >12:1%)
N toluene, rt n (N 100 °C n( Ar = Ph(CHy)y, n = 0 (34c, 70%, 4.8:12)

32 33 34 Ar = 2-furyl, n = 1 (34d, 95%, 11.5:1%)
n=1,2 a) Ratio of regioisomers are given in parentheses.

Tandem isomerization/Claisen rearrangement (Schmidt, 2004)
OEt

1

) 40 (4.0 eq.) 2 Ox R!, R? = (CHp)s (372, 78%)
>( 7\ 2c(Gmoi%) \[R | R!'=H, R? = m-MeOCgHs (37b, 53%)
R'=H, R? = 0-MeOCgH, (37¢, 60%)

35 toluene 100 °C

PCys FI’CY3
C|/1R Clhip,,—
MeO [RuH] e o g ocT e
[RUH] PCy3 PCy3
2d 39a

[Ru] 38b (ca. 10%)
2001 Alcaide 22 Grubbs 2c
RCM 23
20ee 23 22
22
Grubbs 2c
Alcaide
26t
Grubbs 2c
2002 Cossy Grubbs 3e
26g 26
27 28
26a
26b
2002 Snapper
26h 29 Grubbs 3e
N,:H, =95:5
65-70 °C 31
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Snapper
'H *'PNMR
Snapper 2003 Schmidt Snapper
20k Schmidt Grubbs 2c
NaH Snapper
2004 20 NaH NaBH, Et;SiH 40
'HNMR
2004  Schmidt Claisen 2l 35
2c 40 100 °C 35
Claisen 37 2c

40 Fischer 2d

39%a 35b

37b 10% 38b
Scheme 7 27

Scheme 7. Hydrogenation.
Tandem catalysis: sequential mediation of olefin metathesis and hydrogenation (Grubbs, 2001)

1 VY 1 1
E 2c or 3e (3-5 mol%) E><j| H, (1 atm) E@ E1, Ei = CO,Et (43a , 95%)
2z 7 _
E2 N CICH,CH,CI g2 CICH,CH,CI g2 E', E?=0 (43b, 100%)
40 °C 70°C

E'=OH, E? = H (43c, 100%)

41 42 43
3e (3 mol%)

_ Ph .
po—" None 2 (teq) szph H, (100 psi) J_/Ph
AcO AcO

CICH,CH,CI CICH,CH,Cl
44 (2 eq) 40°C 45 (90%) 70°C 46 (82%)

PCys
CliRum, ~ H2(18tm) _ RyHCIH,)(PCys)2 47

CIY I pnp  CHoCly, rt

PCy3 oc  quant. (hydrogenation catalyst)

Tandem olefin metathesis/hydrogenation at ambient temperature (Schmidt, 2003)

Y%
R 3e (1.7-2.7 mol%) R@ NaH, H, (1 bar) R@
N —_— N —_—_— N
HO' A toluene, 20 °C HO' 20°C, 16 h HO'

R = C(CH3)3, CHzan, Ph 81-92%
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Grubbs 2c

2003 Schmidt Grubbs

2°Grubbs RCM
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Scheme 8 28
1999 Snapper 48 Grubbs
Kharasch 49 28ab

BHT (2,6-di-tert-butyl-4-methylphenol)

Scheme 8. Radical reactions.

Kharasch addition (Snapper, 1999)

R1
1
2¢ (5-10 mol%) R" ¢l
2
)\R 45 CHCls, 4565 °C, 212 ClHe X o
R'=H, Me

R2 = Ph, nBu, CO,Me 49 (63-100%)
- ) ) 2

Tandem catalysis: Ring-closing metathesis-Kharasch addition (Snapper, 2005)

N0 N0 ¥
0 N
A \f 2¢ (5 mol%) @/ \f °
X CClz  toluene or xylene CCl3
| reflux, 0.5-12 h 51 cl Cl Cl

50
P 0,
n 3 52 (55-85%)

H, Ts, Bn
1,2,

Radical cyclization (Schmidt, 2004)

Rd
HO V. N\ 3e (5 mol%) R@ X
\ 54
—_— 0, N
R=C(CHs); (53) CCly, 65°C, 16h O (83%)

2¢ (5 mol%) R cl

Q 54a
CCl;, 65°C, 16h HO' CCl3

(76%, dr = > 95:5)
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47
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2005 Kharasch

50
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2004 Schmidt Grubbs 2c 5-exo-trig-
83 53 Grubbs 2c
5a
Grubbs 3e 54b 54a
Schmidt Grubbs 2c
2c
Grubbs 3e
Scheme 9 2
2002 Lee Me,PhSiH t-BuMe,SiH Et;SiH Ph,MeSiH
Grubbs 2c
29a
57 Grubbs 2c
Scheme 9. Activation of silanes.
Dehydrogenative condensation of alcohols (Lee, 2002)
OH OSiR®R*R®
PR R3R*RSIH e 2
R 'R 25-55°C,neat R~ R
55 56 (75-95%)
R', R? = alkyl, alkenyl, aryl R3, R* R® = Me, Et, t-Bu, Ph, EtO
Hydrosilylation of carbonyls (Lee, 2002)
0 OSiR®R*R®
R1)J\R2 ¢ RORROSH ——o > g
50-80°C,neat R°~ R
57 56 (42-95%)
R! = alkyl, alkenyl, aryl
R?=H, Me R3, R* R®=Me, Et, t-Bu, Ph, allyl
Hydrosilylation of terminal alkynes (Cox, 2004)
pss SIR?R3R*
— i - 0 525304
Rl——H R“R°R"SiH, 2¢ (2.5-5 mol%) R1/\/~'SIR R3R* + R
toluene, 40°C, 10 h
(46-90%)

R! = alkyl, Ph
R?R3R* = Et;, PhMe,, (EtO)3
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Scheme 10 30

2006 Snapper 58 2c 75 °C
59 58
60 30a

Scheme 10. Cyclopropanation.

Tandem enyne metathesis-cyclopropanation (Snapper, 2006)

R

2c¢ (10 mol%) )
o\ CHy=CH, o8] N 59 | R = CO,Et (60a, 65%, E/Z = 2.2/1)
T —_— > R = COyt-Bu (60b, 71%, E/Z =2.7/1)
benzene, 75 °C under N R R=TMS (60c, 34%, E/Z = 3/1)
58 60
3la-l
1996 manzamine A D
Grubbs 2c

Scheme 11. Synthesis of chiral bicyclic lactams using RCM. (Arisawa and Takezawa, 1997)

o Qm 2c (5 mol%) %
z/ benzene, 50 °C, 3 h, 30% S)-pyrrolam A
6la

o | 2b (5 mol%) 1) Hyp, PtO, N
—>
2\ benzene, rt, 3 d, 93% 2) LiAlH,4 (-)-coniceine
62b 2 steps, 88%
N ) é_)\ )
© Um 2b (10 mol%) 7\ o l 2c (25 moi%) g \
_— > 0 —_— 1)
2 benzene, rt, 23 d CHgCIZ 2 mM)o
61c 91% 62¢c X 50 °C, 20 h, 45% 62d

29¢

Cossy



Grubbs

1997 (L)- 6la-c RCM
(9-pyrrolam
(-)-coniceine Scheme 11~ '€ manzamine A  CD
62d 45%
1999 manzamine A 63 RCM
1 mM 64  75% 31 64
36-oxo-ircinal A Scheme 12
Scheme 12. Applications of RCM to the synthesis of manzamine alkaloids.
Uchida (1999-2002)
CO,Me CHO

CH,Cly, reflux
75% (cat. 2c)
82% (cat. 3e)

Arisawa, Kato, Kaneko (2000)

'Il's
N
[ J RCM

—/

key intermediate of
manzamine C

RCM
Scheme 12 2000
1989
312003
rac-nakadomarin A

Diels-Alder

2c (50 mol%) or HN
3e (15 mol%)

Nagata (2003)

RCM

e}
Zn
o

36-oxo-ircinal A:
key intermediate of manzamine A

key intermediate of

manzamine A (64) (+)-manzamine A

Ono (2004) Tokumaru (2006)

CHO

(+)-nakadomarin A (-)-nakadomarin A rac-ircinal A
manzamine C RCM
manzamine C
(+)-nakadomarin A 31h 2004
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(-)-nakadomarin A 31

F RCM 2006

rac-ircinal D E

Scheme 13. Synthesis of axiallyl chiral macrolactam. (Arisawa and Kaneko, 2000-2002)

]
Q@GR )
2c (5-30 mol?
NH n_ c( mol%) NH
CH,Cly, 50 °C
(eq. 1)

O  65ac O 66a-
n catalyst (mol%) conc. (mM) time (h) yield (%) E/Z
2 (65a) 30 11 15 96 E only

3 (65b) 5 6 2.5 94 112.5
4 (65¢) 5 7 4.7/1

X N
"Chiral-Yb" (25 mol%)
Br/\)]\N o ., @ Br

NH

CHoCly, rt,2.5h OA

o

O (eqa.2)

-

67 68 69
iPryNEt

B T

CH,Cly, 11, 2 h

Yb(OTf); + Chiral ligand "Chiral-Yb"

Chiral ligand

70a 70b
83%, endo/exo = 19/1, 95%ee 93%, endo/exo = 21/1, 91%ee

pd
T

RCM

2000 RCM BINAMIDE 66a-c

SIMBINAMIDE 70
Yb(OTH)s

BI

31£}

NAMIDE 70a 70b

BINAMIDE E/Z
3lg

2001 RCM
J o-
-0- 71a-l Grubbs 2c 3e
72a-|
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Skraup
RCM 2005
73 74 RCM

(+)-(9-angustureine Scheme 15 'K

Scheme 14. Synthesis of substituted quinolines. (Arisawa and Chumpol, 2001-2005)

3
47 |2 X 7 | A
R—Z 3e (5 mol%) R
5 X | N/\/ X N
6 ' Tg CH,Cly, reflux Ts
R = MeO. Cl. Me 7la-l 1 h, 74-100% 72a-|
OMe
N N N MeO N N MeO N
Ts Ts Ts Ts OMe Ts OMe Ts
72a (93%%) 72b (74%P) 72¢ (95%°) 72d (90%P) 72e (100%%) 72f (90%°)
Cl Me
Y 00 00 YO0 >
N N Cl N N N N
Ts Ts Ts cl Ts Ts Me Ts
729 (100%3) 72h (90%°) 72i (100%) 72j (87%P) 72k (95%P) 721 ( 100%P)

a) Y. Terada's data. b) Mr. K. Takahashi's data. c) 2c was used instead of 3e.

Scheme 15. Total synthesis of (+) -(S)-angustureine. (Chumpol, 2005)

/
HO
@ 3e (5 mol%) S
NHTs DEAD, PPh, CH,Cly, reflux N7 NN
THF, f, 2 h, 78% 1 h, 92% Ts
74 75
— @@
N7 SN
Me (+)-(S)-angustureine
2001 N- -0-
76a, b RCM 4 1,2-
Scheme 16 °'f
77a 77b
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chloroquine ~ PPMP-quinine hybrid 3

Scheme 16. Silyl enol ether-ene metathesis. (Arisawa and Chumpol, 2001-2004)

OTBS OTBS
X
ol NTNF _Se (5 mol%) al N > chloroquine
L (anti-malarial agent)  (eq. 1)
TS 76a CH,Cly, 98% TS 77a
OTBS OTBS
MeO MeO X
o~ e(bmol%) M J  ----- - PPMP-quinine hybrid
"I\'ls CH,Cly, 98% ¥s """ > (anti-malarial agent)  (eq. 2)
76b 77b
2005 N- -0- 78a, b
Grubbs-Hoveyda 4b
2- 79, b A

Scheme 17. Synthesis of substituted quinolinones. (Arisawa and Chumpol, 2005)

@\) /E _4b (5 mol%) ©\/\l
toluene 80 °C N0  P=Ts(79a, 95%)

P P = Bs (79b, 90%)
78a b

2001

Grubbs 3e 81c

Grubbs 3e 81c

Schmidt
Grubbs

Scheme 6

fistulosin 153
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Grubbs 3e 81c
177a

177a
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Grubbs

1996
2001
Scheme 16 °!f

1,2-

Scheme 18

Scheme 19 *2

Scheme 18. Silyl enol ether-ene cross metathesis VS. conventional methods.

Silyl enol ether-ene cross metathesis

OSIR3R*R® OSIR3R*R®
R1v/ + R —CM R1\/\/ R?

Conventional method

SiX. base OSiR’R'R® OSIR’R'R®
R1\)j\/ R? - R1\/l"'\4/ R? + R1\/~"'j\/ R?
For example...33

O OTBS OTBS

TBSOTf, LDA
+
)]\/\Ph THF, -78 °C /\/\Ph )\’JJ\Ph
"Kinetic" product "Thermodynamic" products
(74 : 26)

Scheme 19. Synthetic utilities of silyl enol ethers.

0]
o}

3 osiRerReR?| M~ Q Q
R! R°X 1 R
R2 N 2 — R R2

R3 alkylation Michael reaction

aldol reaction

RSRBRT7 R3 e}
R3 OS|R2R R /— it
R R R3 R4
OSiR°RER” OH O
R* R"  [2+2)-cycloaddition ) R®
R\<1\R2 R* R?

1
[2+1]-cycloaddition R

20



Grubbs

Scheme 20
34

3e 81c

Scheme 20. Attempts of silyl enol ether-ene Cross metathesis.

0O o oSi 0O o
OEt  [Ru], )\R Sj/ OEt
7/ osi 82
80 — cross metathesis — .
\ O O
OTMS OFt

% /I\H 8lc 6&\4‘ 83a  [Ru] = Ruthenium carbene catalyst

80 2 8la 5 mol%
Grubbs 3e 3
82 80 83b Table 1, entry 1
. 81b
8lc 81b 8la 80
83b entry 2 8lc 2 eq. 80 3e 5 mol%
24 80 1
83a entry 3
entries 3-8  8lc 4 10
83a 10 83a 94 entry 5
5 mol% 2.5mol% 1 mol% 83a entries 6, 7
3 83a entry 8
entries 9, 10
3e entry 9
8lc 80 entry 10

21



Table 1. Reaction of 80 in the presence of electron rich olefins.

O O O O O O
R’
OEt OEt OEt
OEt )\ , Ry < Ph
_ R®  CH,Cl, < —
80 gy reflux 83a 83b 82
entry substrate [Ru] time (h) product (%) E/Z ratio
R' R?  eq. (mol%) of 83a2
1 8la oTBS Ph 2 3e (5) 3 83b (84)
2 81b OTMS Me 2 3e (5) 88 83b (80) 3.2/1
o3 ___8lc____OTMS____H ____ 2 3e(5) _____ 20 ___. 83a(74%) _ __________.
4 8lc OTMS H 4 3e (5) 20 83a (83?) 3.5/1
5 8lc OTMS H 10 3e (5) 24 83a (94) 3.3/1
6 8ic OTMS H 10 3e (2.5) 24 83a (81) 2.6/1
7 8lc OTMS H 10 3e (1) 24 83a (509 nd
8 8ic OTMS H 10 3e (5) 3 83a (100) 3.5/1
B R - T o s 1 VT R 1o R | R nr T
L . Tl 3e®)______ 23 __ . 830 (98) ___________.
11 8lc OTMS H 10 2¢ (5) 24 nr
12 8lc OTMS H 10 4a (5) 24 83a (75) 4.01
13 8lc OTMS H 10 4b (5) 24 83a (70) 2.711
14 84 OAc H 10 3e (5) 23 nr
15 40 OEt H 10 3e (5) 24 83a (100) 3.2/1
16 40 OFEt H 10 3e (5) 3 83a (129) nd
a) Determined by "H NMR spectroscopy.
8lc 3e
1
B- 83a Scheme 21
Scheme 21. Plausible mechanism of olefin isomerization.
O O
_ _[RuH] . ~
RN RN [RuH] R [RuH] RN $ OEt
- u -
80 (Ru] 83a
entries 11-13 Grubbs 2c
Hoveyda-Grubbs da 4b
8lc
84 entry 14 40
8lc 83a

entries 15, 16

22



Table 2. Novel isomerization of various terminal olefins.

0,
R/\/ . OTMS 3e (5 mol%) R/\HJ
CHoCly, reflux
85a-g 81c (10 eq.) 86a-g
entry substrate product yield? E/z°
1 7 N 34%  12.8/1
85a gea  (quant)
% N
. o,
MeO 85b 3 MeO 86b 78% 8.5/1
N =
3 589 2.8/1
85¢ ©/\/;;: *
34% 6.1/1
4 HO "X HO "N (quant)
85d 86d
NN A~F, K% 8.211
5 BnO X BnO (quant.)
85e 86e
Z AN
6 BnO/\/BSf BnO/\’J;m 73%  11.25
/\)\ NR -
7 BnO/\/g BnO" NF
85g 869

a) Isolated yield. Yields in parenthesis were estimated by "H NMR spectroscopy.

b) Determined by "H NMR spectroscopy.

36

Pd, Rh, Ru, Pt, Ni, Fe, Ir, Cr

23

Table 2

35



RCM 1,2-
Scheme 14  o-
87 RCM 88
Scheme 22 Bach 37 87
3e 8lc N- - - 71 RCM
87
RCM
Scheme 22. Synthetic strategy for indoles using RCM.

R R’ R

1) MeCHO, base or MgSOy4

2) Ac0, EtsN RCM |
NH, 7 N = N

base = KOH, Et3N P
R'=Me,P=Ac _.» 87 88
R LT
_--="" isomerization of a
-7 terminal olefin
N 4
P
—RCM
19
38
Fischer Reissert
Pd
Scheme 23

24

39



Scheme 23. Represetative examples of recent indole synthesis.

[3+2] Cycloaddition (lwasawa, 2002)

oTBS
=z WE0)s I
W(CO)g (10 mol%) @\_f OEt I
H N 2eq.) N o

N=< hv

_—_—
|
Ph toluene, rt
Ph)\H Phi

W-containing 94%,
azomethine ylide

[4+2] Cycloaddition (Danheiser, 2005)

BHT (1 eq.) o-chloranil
N— —_— N N
) toluene | benzene, rt )
CO,Me heat MeO,C R MeO,C R
= 0,
R = SiMeg (74%) R =H (85%)
R=H (71%)

Stille coupling of allenes (Mukai, 2006)

MeO | =-=(ﬂOTBS MeO OTBS
SnBujy |
N

NH Pd,(dba)s (3 mol%) ——
tri-2-furylphosphine indomethacin

OJ\@\ Cul (10 mol%) © -

cl DMF, rt, 54% cl

Tandem alkenyl and aryl C-N bond formation (Willis, 2005)

R' R’
Pd,(dba)z (2.5 mol%)
2 2 3 1_p2_
R dpephos (6 mol%) ©\_/|[ R1 = R2 = (CHy)s (71:/o)
Cs,CO3 (2.5 eq.) N R2 R TRO=(CHa)s (82%)
5, OTf Ph R'=Me, RZ=Ph (74%)

PhMe, 100 °C

Indolization of 2-haloanilines with internal alkyne (Senanayake, 2004)

R' = (CH,);Me, R?=Ph (76%, 91/1?)

cl R! Pd(OAc); (5 mol%) R =
D'BPF (10 mol%) R'=R?=Ph (86%)
\@ « K2CO5; (2.5 eq.) \©\_/|[ , R'=R2= (CHa)Me (82%)
NH, R2 NMP, 110 or 130 °C N" 'R R' = CH,Me, R? = C(CH3)=CH, (60%, >99/1%)
H a) Regioselectivity
=7 P(t-Bu),

D'BPF= Fe

<&S—P(t-Bu),

87 87 RCM
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Table 3. Selective isomerization of 71a.

OTMS
G SPRTIRES |
3e (5 mol%) 3e (5 mol%)
TS/v CH,Cl, -’?—ls/\ﬁ benzene "I\'ls
reflux, 1.5 h reflux,1 h
7la 87a 88a
entry 81c (eq.) vyield (%) N
1 10 quant. @j
2 5 90 N
3 2 96 TS 20a
4 1 94 )
5 01 nd?@ a) A Mixture of 87a, 72a and 88a
: (0.41/0.17 / 1) was obtained.
O-nitrobenzaldehyde N- -0-
10
1.5
Grubbs 2c 3e
Schemes 5, 6
87a 3e
88a
8lc 1
entry 4
Bn

Ac 7im Bz

71p  Ms 71q
88m-q Table 4

Table4. Effect of protecting groups.

©(\ 3e (5 mol%) @\/\
8lc (1 %
/v 1c (1 eq.) N/\/JJ 3e (5 mol%) ©\Nj

CHZCIZ P benzene, reflux P
reflux, 1.5 h 1h
71a,m-q 87a,m-q 88a,m-q

X
entry product (P) yield (%) entry product (P) yield (%) ©\/\ —
7 N

Ts (88a) o4 2" Boc (880) 80

71la
81c Smol%  3e
1,2-
87a

Table 3, entry 1
88a

71r
71n  Boc 710

. Bn 71r
2 Ac (88m) 82 5b Cbz (88p) 86 a) Reaction time was 16 hours.
3 Bz (88n) 86 6 Ms (88q) 75 b) Mr. Takahashi's data.
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Scheme 24 71b-f

710 71k
RCM
87b-k 87b, g, k
20 mol%
88b, g, k 54% 33% 20%
87c-f, h-j RCM 88c-f, h-j
Scheme 25 3e 87
89
RCM 88
87b, g, k
Scheme 24. Effect of substituent on the benzene ring.
= | R 3e (5 mol%) =z | X =z |
< 81c (1 eq. < 3
/ /V/ # AN %» S |
2Clp solvent, reflux R
Ts reflux, 1.5 h Ts Ts
71b-k 87h-k 88b-k
"""""" OMe
MeO
N N MeO N
Ts  88b Ts 88c Ts 8sd Ts 88e Ts 88f
3e (20 mol%), toluene, 32 h  3e (5 mol%) 3e (10 mol%) 3e (5 mol%) 3e (5 mol%)
54% (87b, 46%)a benzene, 3 h, 100% toluene, 16 h, 96%2 benzene, 1 h, 83% toluene, 17 h, 83%
Oj o O (17
Cl N N
TS 88h Ts 88i S 88j Ts 88k
3e (20 mol%), toluene, 24 h 3e (5 mol%) 3e (5 mol%) 3e (5 mol% 3e (20 mol%), toluene, 24 h
33% (879, 67%) toluene, 2 h, 86%° toluene, 13 h, 79% toluene, 4.5 h, 85%%  20% (87k, 80%)?
a) Mr. Takahashi's data.
Scheme 25. Effect of substituent at the ortho position of the vinyl group.
1. Steric effect 2. Chelation
=z | N [Ru] 1. oteric efrect <. Lhelalion
/ /\ \
— X N kCI—Il?u=CHR
a0 Ts g9 x) & X- - -[Ru]
. Grubbs catalyst (3e) |
e N S
s
87 = g N7 X NN
slow X ¥ [Ru] Ts Ts
S 87b,g,k 90 (X = MeO, Cl)
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RCM X

89 X
90 RCM
2 3
Ts N- -0- 71s 3-
Table 5, entries 1-4  8r 10 81c
87s
4b entries 1-4
Ac 71t 87t
3- 88t 60% entry 5 Grubbs 1,1-
1,2-
87s 87t Grubbs 91b
Scheme 26  Ts 87s Ts
87s Ts Grubbs 91b
Ts Grubbs
Tableb. Synthesis of 3-methylindoles.
3e (5 mol%) @\_/I( M
N/\/ 8lc N/\HJ [Ru] N MesNYNMes
P CH,Cl, P solvent P ClliRy—
reflux, time reflux, time ar IU
71s,t 87s,t 88t pcysh 20
entry P conditions for isomerization conditions for RCM yield of
81c (eq.) time (h) [Ru] (mol%) solvent time (h) 88t (%)
1 Ts(71s) 10 4 3e(5)  benzene 3 o° MesN_ _NMes
2 Ts(71s) 10 4 3e (20)  toluene 16 o° Cll Ry
3 Ts(71s) 10 4 4b (5)  benzene?® 26 o° civi-
4 Ts(71s) 10 4 4b (5)  toluene?® 3 o° 0
5 Ac(7it) 1 1 3e (5) toluene 1 60 \( 4b
a) Solvents were degassed before using.
b) Enamides were obtained quantitatively.

Scheme 26. Effects of isopropenyl group and protecting group.

slow

e
Grubbs catalyst
N/\rr”
P
/%

[Ru] 91b
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@ 2

AN
[Ru]
0=5=0 ) 0=8=0)—
("
Cl-Ru=CHR
&l
Me | 1l Me
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Scheme 27. Synthesis of N-tosyl-2-methylindole.

) s
N‘g RuCIH(CO)(PPh3)3 (5 mol%) N‘é
Ts

toluene, reflux, 12 h Ts
71u 76% 87u
2-
RuCIH(CO)(PPhs); *°
87u
88u 94%
2
Grubbs 3e 8lc
RCM

van Otterlo
Scheme 28, egs. 1,2 40b-d
Scheme 28, eq. 3

29

3e (5 mol%) @\
B —

toluene, 12 h Ts
96% 88u

Scheme 27 7lu 3e  8lc
87u
87u  76%
2-

MeO, Cl



Scheme 28. Synthesis of heterocycles using isomerization-RCM procedure.

X/\/
RuHCI(CO)(PPh3)3 3e (5%
MeO N toluene toluene

Oipr OiPr OiPr
X = NTs (76%) (eq. 1)
X=0(8 3%)
X\ -
@ N RUHCI(CO)(PPhs)s ©i Rl P 3e(5%) _ @
2 \F toluene x2'\r’J toluene
(eq. 2)
x1 x2 0 (>70%) =0, X2-NTs (90%)
X1, X2 = NTs or NBoc (0%) x1 0, X2 = NBoc (71%)
R! R’
R2 R2 R2 R1
3e (5 or 10 mol%) 3e (10 mol%) \
81c (1eq.) - R'= Me, R?= H (92%
Pz SN tol refl e, (92%) eq. 3
N TG0, refiux NN e e T i R 0TS (B2%)
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Grubbs

a, ®-

41

Scheme 29

42

Scheme 29. Cycloisomerization of o, w-diene.

w

RR

/\/ Rh] and/or Xij(
X 93 94
N\ ~
92\ [Pd] /\:/< and/or Xij( and/or )<:<
94 95
P
and/or x
93 94
o, O—
o, O—
Rh catalyst system®
o, O—
Scheme 30,eq. 1 ** allyl alcohol
RhCl33H,0 exo-
RhCl33H,0 97
97
Rh
Scheme 30, egs. 2,3 **"* Grigg Pd
Pd Scheme 36

31

o

and/or
96
1971 Malone
diallyl ether 92a
93a Allyl alcohol
Grigg 1980



Scheme 30. Rhodium-catalyzed cycloisomerization.

O/\/ RhCl3-3H,0 (cat.) o/\:(
\/\

93a

92a
(containing a few percent of allyl alcohol)

RhCI(PPhg); (1-2 mol%)

E
CHCl3, HCI, reflux ><:/<

E><:/i 3/r E
TN T E><j(

92b E =CO,Et RhCI(PPh3); (2 mol%) E

(eq. 1)

93b E = CO,Et (90%)

93c E=COMe (87%) (692

94b E = CO,Et (85%) (eq.3)

92c E=COMe EtOH, HCI, reflux
Grigg 92b 92c HCI Wilkinson
RhCI1(PPhs); exo- 93b 93c
3be 9%2b HCI RhCI(PPhs) ;
94b HC1 HC1
Grigg DCI Scheme 31
A B Scheme 32
Scheme 31. Experiments using DCI.
RhCI(PPhs); (1-2 mol%) Et020><:/<
CHCl3, DCI, reflux EI0,C (eq. 1)
EtO,C 4 / 93b 0% D incorporation
Et020><:/\ \ EtOQC><j<
RhCI(PPh3); (2 mol%)  EtO,C (eq. 2)
92b EtOH, DCI, reflux 94b ca. 39% D incorporation
A L,RhHCI, RhCI(PPh;);  HCI
RhHCI,(PPh;), 92b
DCl 94b
Scheme 31, eq. 2 92b DCI
exo- 93b Scheme 31, eq. 1
RhDCI,(PPh;),
Grigg
B B
Rh 5 I
Rh 5

32



Scheme 32. Mechanisms of rhodium-catalyzed cycloisomerization.

<Mechanism A in CHCI3, EtOH>

xif D 5\

HC /( |_
L3RhCI L,RhHCI, {-Cl
L E I_C|
>¥ E RhL,Cl,
H

E E

93

E H
hL,ClI
L2RhHCI2 RhHLzCIz E><:E; 2Ch
K B RhHLCI j
o 2V12

<Mechanism B in CHCl3>

Y V4
E E E
><:/\ ><:/<)<:Rth — ><ji\/Rth
ET N f_‘ E" N\ E \‘
92 ' E RhHLn
RhLn E)<:\<\
E > E E
E><:/< EdRhHLn - E><j;F‘ith ‘/
93

Ni catalyst system™

1998 RajanBabu Ni Pd o, O—
Scheme 33,eq. 1 **AgOTf [(ally])NiBr],
LnNi-H 92d exo-
93d exo- 93e
exo- o3f RajanBabu

[(allyDPdCI],  Scheme 37 o, -

Leitner
33, egs. 2,3 M4 92b 98  Wilke
exo- 93b 88%
93b 74%ee 92f
99  Wilke exo-

33

[(allyl)NiBr],

Scheme

94%



93f 99% 91% 47%ee o, O—

Leitner Heumann Scheme 38

Scheme 33. Nickel-catalyzed cycloisomerization.

< Ph

N|

MeO,C =, o, MeO,C

2 5> (2.5 mol%) 2 oi:{‘ TsN\//\/<
MGOZC AgOTf (5 mol%) MeOZC 92% 93e 93f

(4-MeOCgH,)3P (5 mol%)

CH,Cly, 1t, 4 h 93d (eq. 1)| 64% (cisftrans = 1/1) 10%
_I AsFg
E0,C_ ~7 <( N o8 (5mols)  E10LC
EtO,C N\ Wilke's ligand (5 mol%) EtO,C N
92b CHClo, 11, 0.5 h 93b  (eq.2)
conversion: 88%
regioselectivity: 94% S
74%ee (+) Wilke's ligand
.
X _l Al(hfi ) -
<(—N|~:|] [Allhfop)d ory
/\/ 99 (5 mol%) )
. . . [Al(hfpp)s]= AITO——Ph
TsN Wilke's ligand (5 mol%) TsN . conversion: 99% CF
\/\ CH,Cly, 11, 1 regioselectivity: 91% 3 /4 '
92f 93f 47%ee (+) (eq. 3) Ti
catal
yst system™
Ti o, O— 2000 Livinghouse
Scheme 34 %P 929 cyclohexyl magnesium chloride
(c-HexMgCl) (2,6-Me,CgH30),Ti exo- 93g
Scheme 34,eq. 1  (2,6-Me,C¢H30),Ti/c-HexMgCl Cp,TiCly/n-BuMgBr
93g Scheme 34, eq. 2 (+)-EBTHI-TiCl,/n-BuMgBr
exo- 969 Scheme 34, eq. 3
92h (2,6—M62C6H3O)4Ti/C—HeXMgC1
Cp,TiCl,/n-BuMgBr
100 Scheme 34, eq. 4
Livinghouse Scheme 35 (2,6-Me;-
CsH30)4Ti/c-HexMgCl A (2,6-Me-
2CsH30),4Ti (IV) c-HexMgCl Ti (IT) Ti (IT)
1 | B-
5 exo- 93 Cp,TiCly/n-BuMgBr (+)-EBTHI-TiCly/n-BuMgBr
B Ti (IV) n-BuMgBr Ti
(IIN)-H L Cp Path A 92 I

34



Scheme 34. Titanium-catalyzed cycloisomerization.

(2,6-Me,CgH30)4Ti (10 mol%) o
>< :><:/\ c-HexMgCl (25 mol%) >< :><:/<
THF, 0 °C-t, 24 h 0 939 85% (eq. 1)
. o 0
CpoTiCly (5 mol%)
n-BuMgBr (15 mol%) (eq. 2
q.2)
ELO, t, 24 h ° 939 92%

0 Y
>< (+)-EBTHI-TiCl, (5 mol%)
o N n-BuMgBr (15 mol%) >< ><
92g Et,O, rt, 24-48 h (eq. 3)

939 11% 969 49%
Cp = cyclopentadienyl, EBTHI = ethylenebis(tetrahydroindenyl)

(2,6-Me,CgH30)4Ti (10 mol%)
c-HexMgCl (25 mol%)

0 7 No reaction
>< THF, 0 °C-rt, 24 h
N\
° Ph- Cp,TiCl, (5 mol%) o
n-BuMgBr (15 mol%) >< == a4
Et,0, rt, 24 h o \_p,, 100 93% Q.

TBSO Ph
t-BuN s
TBSO 93i 93] t-Bu 93k

|

(2,6-Me,CgH30)4 Tilc-HexMgCl Cp,TiCly/n-BuMgBr (2,6-Me,CgH30)4 Tilc-HexMgCl
90% 87% 73% (dr = 60:40)

Scheme 35. Mechanisms of titanium-catalyzed cycloisomerization.
<Mechanism A>

/\/
92 \/\ \J X / T|(OAr)2 \
2: OMgCI X
(ArO)4Ti —— > (ArO),Ti(ll) Xij:/\Ti(OAr)z
93 X \ x/\:(/h‘
/\:/< Ti(OAr), ‘/
<Mechanism B>
X TiLy
\ 93 X
Path A 4 /
(L=Cp) X il /\/ S~
— X ~_X
LoTicl, 2BUMOBT | riquy-H — I S i

Path B
(L = (£)-EBTHI)
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Ti (II)-H

Il —21
1 Ti (II)-H

Livinghouse

Ti (II))-H

6
Grignard

Scheme 34, 93i, 93j, 93k

Pd catalyst system*®*

Pd o, O—

5

L

exo- 93

(+)-EBTHI
€X0- 96

Scheme 36. Palladium-catalyzed cycloisomerization (Grigg).

PdCl, or Pd(OAC), (5 mol%)

Et0,C. /~7
EtO,C AN
92b
<Mechanism A>

//
/ E <
E ‘bl —=
E><:\/ f—s E&\/Psz
N

92 pgl,

E : E L
|
E E PdH =~
L
95

<Mechanism B>

7 A

E E E

><:/\ ><:/)\<iPdLn . ><j:/\PdLn

E" N\ f‘ ET N E ™
92 E

PdLn

E
\_\ E
E L E 4/
E E PdH =— ¢ PdLn
L
95

Grigg 1979 1984
43,46
DCl1
Grigg
A
Rh Scheme 30, egs. 2, 3

PdCl,

PdCl,

CHCI3 (HCI bubbled), reflux, 6-8 h

Pd(OAc),

EtOZC><i<
EtO,C 80-88%

95b
E /fpd.l_
X8
E
E
E ;K(
E A)H 4/

-Pd
L

H
L
/Pds
N L

><:\<\PdHLn

92b
95b Scheme 36
HCl

Pd(OAc), -

36

Path B

HCl

92h



Scheme 37. Palladium-catalyzed cycloisomerization (RajanBabu).

<( P
/2 (5 mol%)

M602C /
MeOzC \

AgOTF (10 mol%)

(4-MeOCgHg)3P (10 mol%)

M602C M602C
+
MeO,C MeO,C

92d CHyCly, 1t, 4 94d 70% 93d 20% (ea- 1)
2v12, 1L (] o
<(_Pd,0|
< 0
. p Bmol%) . TsNC/§ BzN\//\/( BnN\//\/<
\/\ AgOTf (10 mol%)
R3P (10 mol%) (eq.2) 0 X
92f CH,Cly, 1t, 4 h 93f 96f 931 49% 93m 0%
R = Ph, 90% (93f/96f = 82/18)
R = 2-MeOCgH,, 92% (93f/96f = 38/62)
RajanBabu Ni Scheme 33, eq. 1 Pd
Scheme 37  **Ni exo- 93d
92d AgOTf [(allyl)PdCl],
94d Scheme 37, eq. 1
92f PPh3 P(Z-MGO-C6H4)3
Scheme 37, eq. 2 PPh; exo-
93f P(2-M60-C6H4)3 exo- 17f
6
93 49%
93m Ni
[(ally)PdBr], AgOTf
LnPd"-H

Scheme 38. Palladium-catalyzed cycloisomerization (Heumann).

Pd(MeCN),Cl, (0.05 mol%)
AgBF4, (0.05 mol%), ligand

CHCl3, 45-50 °C

Pd(MeCN),Cl, (0.05 mol%)
AgBF4, (0.10 mol%), ligand

EtO,C. ~7
EtO,C N

EtO,C
EtO,C 95p ligand =101, 92%

ligand = 102, 49%, 5%ee
Et02C>C< EtO,C.
EtO,C EtO,C

92b CHCl3, 50-60 °C, 4 h
95b  ligand = 101, 22% 93b ligand = 101, 75%
ligand = 102, 24%, 37%ee ligand =102, 27%, 60%ee
ligands
C } 101 ﬁﬁ (-)-sparteine (102)
o, O— 1998 Heumann
Scheme 38 ¥/ 92b AgBF;  Pd(MeCN),Cl, 1:1 [PACI"]
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101 95b 101
(-)-sparteine 102 5%ee
AgBF,4 Pd(MeCN),Cl,
92b AgBF,  Pd(MeCN),Cl, 2:1 [Pd*] 102
exo- 93b 101 102
93b  27% 60%ee
Scheme 39. Palladium-catalyzed cycloisomerization (Widenhoefer).
CF3
_cl
E><:/i <(_Pd\ PCys e 104 E><j<
SN _semoty\ orafuwnong XA s ezcomeany
92d, n, o HSiEtz (1.2-1.5 eq.), CH,Cly, rt, 15 min. 940 E=COytBu (71%)  (eq. 1)
MeOZC MeO, Meo2
MeO,C MeOZC><K7< MeOZC
71% 82% 84%
7
N
E 7/ (%\l E
E><:< 105 (4 mol%) CF3 /4 (4 mol% E><i< 95d E = CO,Me (71%)
N 95n E = CO,Bn (49%)
92d,n, p DCE, 0°C, 14 h 95p E = CH,OACc (90%) (eq. 2)
Widenhoefer Pd
Scheme 39 * 92d, n, o HSiEt; Pd 103
104 94d, n, o
92d, n, p Pd 105 104 1, 2- 0°C
95d, n, p
Pd (1) 25
Pd 103
HSiEt; HSiEt;
Widenhoefer Scheme 40
I 92 [
—B- 11
Pd 103 | 93 93  LnPd"-H
94 93 GC
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Scheme 40. Mechanism of palladium-catalyzed cycloisomerization (Widenhoefer).

<Mechanism>

Y H
: e~ e~ ISpg,
E Pd*Ln
N E H E
92
1

LnPd*-H E><:/(\
| H E

E E B B
95 r H
\Y
¥
| RN
MeO E
E = CO,Me E\\ A
H \ 94
93
Pd 105 I L,Pd™-H
v 95 GC 95
'H NMR
V
Widenhoefer Lloyd-Jones
Pd Widenhoefer
Ru catalyst system’" >
Ru Lo, O— RCM
Ru o, O—
Scheme 41  *®*q, @—
iPrOH 90 °C 5 93

41,eq. 1

39

Ln

Pd*H ~

|
E
E

X
a)

“4 Ln

92

93
S
Pg*H

H
Pd’
Ln

/

94

[Ru(cod)Cl;]n

93 94

49

Scheme



Scheme 41. Ruthenium-catalyzed cycloisomerization (Itoh).

X/\/ [Ru(cod)Cly], (1 mol%) X/\:/(/
“~N\\R IPrOH,90°C,24h R (eq. 1)
92a,c,d,q,r 93d X =C(COy,Me), , R=H (89%)
93q X =C(CO,Me), , R = Me (94%)
93¢ X =C(COMe),, R =H (78%)

93r X =NAc, R =H (62%)
93a X=0,R=H (0%)

MeO:C ~7  [Ru(cod)Cl, (1 mol%) [ MeO;C,_/~7 Meozc><:/</
—_—
MeO,C = iPrOH, 90 °C, 24 h { MeO,C N\ MeO,C

92s 92q

<Mechanism>

z LCI
/\/ U\

CRN
oy i
i*ﬁ@u

iPrOH

0 Cp*RuCl(cod) (5 mol%) 0 y 0o
o~ o00Me Q<:/\ EtySiH (1.1 eq.) Qd
N 76% (eq. 3)

o DCE, 90 °C, 5 h 0 DCE, 90 °C, 20 h 5

93q (72%)

(eq. 2)

HoN
A
(cod)R/u\ H

Cl HN
06 \ﬁ

[Ru(cod)Cl,]n iPrOH
H-RuCl H-RuCl 92
I I Ru-C R Ru
Ru-C, Ru-C, Ru-C,
[ I B- 93

[Ru(cod)CL]n  iPrOH
106 92d 93d 92s
Scheme 41, eq. 2

[Ru(cod)Cl;]n 2003 Parrain

Ru

Scheme 41, eq. 3 ™

HSiEt;
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Dixneuf 108 109

Sleed X TfO' 108 92f
RCM 107f X BFs 109 107f
93f 31% 43%
110 93f Scheme 42,
eq. 1 exo-
93f RCM
2001 Dixneuf 11
Scheme 42, egs. 2,3 !¢ 92f Cs,CO3 [RuCly(p-cymene)],
93f  88% 92f
107f Ru (IT) 112
12 13
RCM

Scheme 42. Ruthenium-catalyzed cycloisomerization (Dixneuf).

/\/ Ru catalyst
TsN TsN N TSN@
\/\ toluene, 80 °C, 1-5 h | (eq. 1)

92f 93f 107f

%, + [_@7 +

/_.©_ Ph_| [ N Rl Ph_l
cl- R|u=-=-=< \F IL:=-=-=< Ph

Ph

N -
PCys X C TfO
108 (X = TfO, 2.5 mol%); 107f (99%) ;

109 (X = BF,, 2.5 mol%); 93f (43%) + 107f (31%) 110 (2.5 mol%); 93f (100%)

y catalyst 111
TsN/\/ catalyst 111 TN [RuCly(p-cymeme)l, (2.5 mol)
M\ toluene, 80 °C, 1 h (eq. 2) —
o ost  88% MeSNASANMES (5 moios)  Cs,CO3 (10 moi%)
/\/ catalyst 111
TSN\/\ HC=CH TSN@ NCS NS Cl
N toluene, 80 °C, 2.5 h , (eq. 3) [N>_Ru‘(_:|CI [N>—F|{u='=CH2
92f 107f 100% N s 112 Mes ' 113
RCM 2000 Scheme 43
2 92b 92f  EtN 114
93b o3f 83% 94% 92b
92f EtuN 114 RCM 107b
107f 79% 97% 115
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92b 114 Et;N

RCM

Scheme 43. Ruthenium-catalyzed cycloisomerization (Kurosawa).

T
Cy3P—|3u+\ 114

X/\/ S 2 BFs (5 mol%) «
\/\ Et3N (5 mol%)

CH,Cl, or THF, reflux

92b X = C(CO4E), 93b X = C(COEY), (83%)
92f X=NTs 93f X =NTs (94%)
T
CysP—Rul 114
X/\/ S 2 BEs (5mol%) Xij %
\/\ PhC=CH (5 mol%) Cy;;P‘Bui

CHCl,, reflux

(0] _
H H BFs
92b X = C(CO,Et), 107b X = C(CO4Et), (79%) 115
92f X =NTs 107f X =NTs (97%)
53
Ti Zr, Sc
54-56

Scheme 44. Cycloisomerization of allenenes.

N X = NTs (60%)
RUCIH(CO)(PPhs)3 (5 mol%) X\/j(\ = C(CO,Et), (58%)
toluene, reflux, 2-14 h = C(CH20Bz), (75%) (eq. 1)

2

X = C(CO,Me)y, R = Me (92%, 99% purity)

R
/\/ R [RhCl(cod)], (5-10 mol%) R :
P(O-O-t0|)3 (1 0-20 mol%) X X X=NTs, R=Me (93%, 86% purl_ty)
X R X =NBn, R = Me (28%, 97% purity)
M 1,4-dioxane, 110 °C, 3-24 h X = C(CO,Me)y, R = H (41%, 92% purity) (eq. 2)
E E E E
E E E =CO>Me
0 - 2
Pd(dba), (5 mol%) + R' = RZ= Me (88%, 88/12)
AcOH, 120 °C ) , R!'=Me, R?=ethyl (90%, 6/1)
R1” “R2 8 min. (microwave) R R R = R?= c-hexyl (90%, 6/1) (eq. 3)
R'  major R"  minor
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Pt, Au, Fe

Scheme 45

Scheme 45. Recent developments of cycloisomerization.

Rhodium-catalyzed cycloisomerization

= [RhCl(cod)]2 (2.5 %) MeO,C
MeO2C p P(4-F-CgHy)3 (10 %) 2
MeO,C DMF,85°C, 24h  MeOC 83%

Iron-catalyzed cycloisomerization

MeO,C COzMe MeO,C H
. MeO,C
[CpFe(CaHy)ollLi(tmeda)]
(5-15 mol%)
toluene, 80-90 °C, 3-6 h

Platinum-catalvzed cycloisomerization

Ts

PtCl, (5-10 mol%) N

toluene, 80 °C |
71%

Scheme 44 3¢

55

(ea. 1)

R=Ph,n=

(eq. 2)

PtCl, (5 mol%)  MeOCH;
MeOCH, —»
MeOCH, toluene, rt MeOCH 80%

24-48 h
PtCly (5 mol%)

OH toluene, 60-80 °C, 74%
A X (PPh3)AuCl/AgSbFg (2 mol%)
Ph/\/\ CHzclz‘ ) Ph\'

Gold-catalyzed cvcloisomerization

_AuCI (1 mol%) _ U D
20 °C,CHxCl;  T11pso or TIPSO

OTIPS

3 (61%) -
R=H, n =4 (83%) l/

R=Me, n=4
R=Ph,n=4

(93% /
(95%) 7= / |

[CpFe(CoHy)o][Li(tmeda)]

(eq. 3)

(eq. 4)

(eq. 5)

product

TMSCH, (CH)Me Me (CH)4Me Me Ph
TIPSO TIPSO TIPSO TIPSO

2_
=Me, R*= Ph = CH,TMS, R?= (CHp)Me  R1=Me, R%= (CHp);Me

R3 H (73%) R H (50%) R3= Me (88%)
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2004 2005 Gagné

Pt 116 117 Scheme 46 ¢ 92t 116 Ph,NMe

[4.1.0] 118
117 6 119
Pd Ru

Scheme 46. Platinum-catalyzed cycloisomerization of diene (Gagné).

PPhy
PhPPE*-0 116

PN
PPh )/ )
&/ 2 (SbFg)2 (10 mol%) Q (eq. 1)
A 'I/
PhoNMe (1 mol%) , CH,Clo, 1t, 16 h N ,  11883% (dr=955)

OM
PPh,
N— Pt2+—|| 117 O
(BF4), (10 mol%) Q (eq. 2)

OMe
Pho>NMe (1 mol%) , CH,Cly, 1t, 12 h 119 68% (dr = 2:1)
o, O—
o, O— 1,6-
o, O—
50b
8lc Grubbs 3e
8lc 3e
120
B-H- Scheme 47 Grubbs
e 2
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Scheme 47. Working hypothesis. ~Cycloisomerization of a, ®-dienes~

MesN_ _NMes OTMS
V
Clis,
geRu= o —~ 81¢ . [RuH (eq. 1)
PCys CH2Cl, . o
catalyst for isomerization
3e of a terminal olefin
s
Ci [Ru-H] [Ru] QRu] Cr\[Ru] CE
----- -—- - --- >
~ Me  -[Ru-H] (eq. 2)
120 H H
a, O-
N,N- 92f Table
92f 81c  Grubbs 3e, 5 mol%
5 93f 65%
entry 1 107f 21% 107f
3e 92f 3e 8lc
107f 93f 86%
o3f 94f 14%
entry 2
o3f 94f
94f entries 3,4
93f 94f Table 7, Scheme 48 3e 81c
3e 8lc 93f
3e 81c 93f
Table®6. Cycloisomerization of N, N-diallyltosylamide.
/\/
81
TsN\/\ [Ru] (5 mol%) / 40c1oreq) TsNd( + TSN\/:< TsNij
N solvent (12.5 mM), 2 h MesN_ _NMes
92f 93f 107f FI’Cy3
CliRy— CliRy=
entry  [Ru] R solvent temp. Yield (%)? CI” 1 pn CI"1 Ph
(°C) 92f  93f 94f  107f PCy3 PCys
1 3e 81c TMS CH,Cl, rt 0 65 0 21 2¢ 3e
2 3e  81lc TMS  CHyCly 40 0 86 (14) 0
3 3e 8lc TMS benzene 80 0 43 56 0
_.A 3¢ _8lc TMS__ toluene 110 0.2 ____ LR 0__
5777 2c T 81c TMS T CH,C, 40 28 10 0 59 Poy, oSN NMes
6 4a 8lc TMS  CHyCl 40 0 29 0 64 Clir-Ry— ClinRy—
74 8lc TMS  CHCL 40 oM. 2 o 7 éb Tt
§ "3 40 Et CH,Cl, 40 5837 0 5 aa a
9 3e 40 Et toluene 110 0 52 46 0 4da 4b
a) Yields in parenthesis were estimated by H NMR spectroscopy.
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Table 7. Conversion of 93f to 94f.

OTMS

/) 81c
toluene, reflux, 2 h

TsNij(
TsNij(
94f

Scheme 48. Conversion of 94f to 93f.

3e (5 mol%), 81c (1 eq) 4

46

93f toluene, reflux, 2 h /U
entry 3e 81c Yield (%) 94f no reaction 93f
(mol%) (eq) 93f 94f
1 5 1 19 80
2 0 0 100 0
3 0 1 98 0
4 5 0 85 15
uf  80% Table 7, entry 1 94f
93f Scheme 48 93f 94f
3e 8lc
Table 6, entries 5-7 N-heterocyclic
carbene, NHC 2c 4a
93f entries 5,6 NHC 4b
93f  94f 1% 24% entry
7 107f 2c da 92f
NHC 3e 4b 81c
8lc 40 92f 40 3e
qf  37% entry 8
93f  oAf 98%
entry 9  8lc 40 4
Table 8 92b 92
exo- 93b  93c
83% 87% entries 1,2 Bn 92w
92u Boc 92v
93u 93v 75% 47% entries 3,4 92w
1,7- 92x exo- 93x 92x’
18% 59% 92y 93x  92x’ 13% 81% entries 5,6
1,7- 92x
92y 1,1-
92z 927 entry
7 121 122



3e 81c 3e 8lc
3e RCM

5-Exo-Trig exo-

Table 8. Cycloisomerization of various dienes.”

entry substrate product yield (%)
1 Et020><:f EtOZC><:/< 63
EtO,C N\ opp Et0C o3
(0] 0]
L XA
2 87
S N . 93c . /%;”
~7 Al WS
3 BzN BzN\/:/C 75
M\ o2 93u 7
BnN
/\/ d( 47 \/\ 92w
4 BocN BocN
M\ o 93v
~
y TsN
~ d{/ N
5 TsN TsN 18
N- 92x 93x y
~7
~7 TsN
6 TN TsN 13 7/\ 12
Al Yo 92y 93x
~7 A~
7 TsN \/< TsN \/< 90
92z 927'
a) Conditions: 3e (5 mol%), 81c (1 eq), CH,Cl, (12.5 mM), reflux, 2 h.
3- -2,3-
N- -0- 7la Table
9 N- -O- 7la 81c Grubbs 3e 5 mol%
87a entry 1
40 °C 2 87a 97%
entry 2 3% 123a
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123a 7la 87a 5-Exo-Trig
2 87a 65% 123a 35%
entry 3
123a 68% entry 4 10 mol%
123a  81% entry 5

Table9. Isomerization of terminal olefin vs. cycloisomerization.

/v cond|t|ons N/\,ﬂ + N

Ts Ts
87a 123a

entry 3e conditions products (%)?

(mol%) 87a 123a
1 5 CHyCly, reflux, 1.5h 100 0
2 5 toluene, 40 °C, 2 h 97 3
3 5 toluene, reflux 2 h 65 35
4 5 xylene, reflux, 2 h 30 68
5 10 xylene, reflux, 2 h 12 81

a) Yields were estimated by "H NMR spectroscopy.

50b

Scheme 49 [Ru(cod)Clz]n
92f  [Ru(cod)Cl]n 24 93f
69% 7la 124 7la
10% 32% 38% 123a
[Ru(cod)Cl;]n

Scheme 49. Cycloisomerization under the conditions reported by Itoh.

/\/ [Ru(cod)Cly],, (5 mol%)
TsN degassed PrOH (0.25 M) oV
b - (eq. 1)

reflux, 24 h, 69%

92f
s ac . ac
[Ru(cod)Cla]n (5 mol%) 123a 0%
NN NHTs + NNZ +entin 0
Ts degassed iPrOH (0.25 M) S Ts unidentified products 38%
71a reflux, 24 h 124 10%  71a (recovery), 32% (eq. 2)
71b-j |
3e: 10 mol%, 81c: 1 eq., xylene, reflux, 2 h Scheme 50
71e 71f 71 7l 87e f,], |
123e, f, j, | 71b-d, g-i
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123b-d, g-i

Scheme 50. Effects of the substituent on the benzene ring.

=z | x 3e (10 mol%) =z | AN @\_//(/
81c (1 eq. .

S/, N/v/ ¢ (1eq.) . NN | SN

R R

Ts xylene, reflux, 2h | R Ts Ts
71b-j,| 87b-j,I 123b-d,g-i
OMe
MeO MeO
N :/\ N i MeO~ :/\ N i ; N i MeO: ; ¥ i
Ts Ts Ts OMe Ts OMe 'S
123b 63% (31%5")b 123c 24% (76%2) 123d 52% (39%5‘)b 123e 0% (100%2) 123f 0% (100%7)
Cl
Orr “Orr. Of Of. L
N N Cl N N N
Ts Ts Ts cl Ts Me Ts
1239 78% (22%?) 123h 84% (16%%) 123i 78% (22%°2) 123j 0% (100%"‘)b 1231 0% (100%3)b

a) Yields of 87. b) Mr. Takahashi's data.

Table 10. Synthesis of 3-methylene-2,3-dihydrobenzofuran.

substrate product yield (%)b
. g
=
o NF o 285%
125a 126a
Meom MeO
= (I f e
o NF 0 6%
125b 126b
Me0\©\/\ MeO-. : i
/V\
© © 73%
125¢ 126¢
soUiNse
AF A 27%°
O o (rec. 62%)°
OMe  125d OMe 125d'

a) Conditions: 3e (5 mol%), 81c (1 eq.), toluene (12.5 mM), reflux, 2 h.
b) Isolated yield unless otherwise noted.
c) Estimated by 'H NMR.

125a-d Table 10 125a, b
3e 81c 126a, b
78% 76% 125d 125d’ 27%
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1,8- 125c 125¢c

5-Exo-Trig 126c  73%

Scheme 51. Plausible mechanisms of cycloisomerization.

3e (10 mol%) + 81c (1 eq.)—> [Ru]-H (eq. 1)
g g®
NN [RuHH NS (ea.2)
Ts Ts
71 87

<Mechanism A>

— [Ru]
G OWLEN @ (VNG § vy @
NN N? N - [Ru-H N
Ts Ts H Ts Ts
| I 123

87
N "~ [Ru]-H
@(\\ R . RubH .
N N N

<Mechanism B>

Ts Ts S Me
87 1] v
[Ru]
L
N - [Rul-H N
Ts Ts
1l 123
Scheme 51 3e 8lc
[Ru]-H eq. 1
71 87 eq. 2 87
A [Ru(cod)Cl;]n
B 5%
71e,1,j, | 125d
X
X C-N C-O C-C
Figure 6
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Figure 6. Effect of substituent.

1. Steric effect 2. Chelation
. | |
A
—v
N 0 NTs
0=8=0 MeO ) X Lo
[Ru]- ol [Ru] \3
X =Cl, MeO, X =Cl, MeO
Me
Me

Ts
Boc Cbz Ms
Scheme 52
Scheme 52. Effects of protective groups. (Mr. Takahashi's data)
X 3e (10 mol%) |
81c (1 eq.) +
NN xylene, reflux, 2 h y g
P 7im-q 123m-q 123m'-p’
71lm: P =Ac 123m+123m' 69% (123m/123m' = 57/43)
71n: P=Bz 123n+123n" 86% (123n/123n" = 86/14)
71o: P =Boc 1230+1230" 92% (1230/1230" = 84/16)
71p: P = Cbz 123p+123p' 99% (123p/123p’ = 79/21)
710: P =Ms 123q 86%2 a) 3 eq. of 81c was used.
Grubbs 3e 8lc
3- -2,3-
53
3- -2,3-
1.2- 31j
b

51

Ac

Bz

23-

Grubbs



Scheme 53. Summary: Syntheses of 1,2-dihydroquinolines, indoles and 3-methylene-2,3-dihydroindoles.

2c or 3e (5 mol%)

CH,Cl,
reflux, 1 h
W
X X 3e (6 mol%), 81c (1 eq.)
CHoCly, reflux, 1.5 h
v N/\/
Z Ts

xylene, reflux, 2 h

a: W=X=Y=Z=H; b: W=MeO, X=Y=Z=H
c: X=MeO, W=Y=Z=H; d: Y=MeO, W=X=Z=H
e: Z=MeO, W=X=Y=H; f: X=Y=Z=MeO, W=H
g: W=CI, X=Y=Z=H; h: X=Cl, W=Y=Z=
i: Y=CI, W=X=Z=H; j: Z=CI, W=X=Y=H

71 3e (10 mol%), 81c (1 eq.)

w
X X
Y N
z Ts
w
X N
Y N /\,./J
Ts

4
Enamide (87)

52

1,2-Dihydroquinoline (72)

a: 93%, b: 74%, c: 95%, d: 95%, e: 100%
f: 90%, g: 100%, h: 90%, i: 100%, j: 87%

3e (5-20 mol%)

CgHg or toluene X
reflux |
Y N
z Ts
Indole (88)

a: 94%, b: 54%, c: 100%, c: 96%, e: 83%
f: 83%, 9: 33%, h: 86%, i: 79%, j: 85%

3-Methylene-2,3-dihydroindole (123)

a: 81%, b: 63%, c: 24%, d: 52%, e: 0%
f: 0%, g: 78%, h: 84%, i: 78%, j: 0%



23-

2,3-

(+)-N*-Boc-CBI (+)-N*-Boc-CBI

(+)-CC-1065 (+)-duocarmycin A (+)-duocarmycin SA

Boger

Heck

131
Scheme 54. Hydroboration-oxidation.
Boger (1989)
O Brw BugSnH O BH3.SMe;
B — e
—_—
O CgHg, 80 °C O H,0,, NaOH

BnO N BnO N o BnO

Boc 3h Boc 62% (2 steps)

127
Sakamoto (1993)

128

Grubbs
3.

Scheme 54
128

3e

Sreptomyces

(£)-N*-Boc-CBI

I N

Boc
129

81c

23-

71989

Boger

57a

DNA

57b

1993

OA

~ 1
O N
Boc

(£)-N%>-Boc-CBlI

Q f Ao
e ad s, H 0,, NaOH
DMF, rt, 24 h 2 2’ MeO
73%
130 131 132 133
Antitumor antibiotics isolated from Streptomyces species
HoN
N/‘EO MeO,C
M602C Me/:.
OH
HN
OMe
S OMe o / OMe
N 4 g
N
4 o o N OMe N OMe
© N OH OMe OMe
: OMe (+)-CC-1065 (+)-duocarmycin SA (+)-duocarmycin A
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(+)-CC-1065  (+)-duocarmycin 133 >e

3- -2,3-
Scheme 55 1991 Buckwald
DBU 136a, b 136a 136b
85 °C
de 1998 Lectka
139 576g
Yb(OTf); TMSCI

57h-j
Scheme 55. Ene reaction.
Buchwald (1991)
Br _~ 1) t-BuLi, Cp,Zr(Me)Cl | Acg 2B
DMF, -78 °C~rt __bBu _ - . I
N 2) I, CH,Cly N toluene, 50 °C N ?5| °C N
P 65-70% (2 steps) P P oluene P
see below
P = Bn (134a), allyl (134b) 135a, b 136a, b 137
A=B product A=B product
I H I
NMe
EtO,C—==—CO,Et I Z “CO,Et H,C=N*Me, | 2
CO,Et N
Bn 53% P P=alyl 85%
CO,Et I I
— N
EtOZC/_/ CO,E BocN”~ "CO,Me NHBoc
| COgEt | COzMe
Bn 56% P pP=aly  70%
Lectka (1998)
OO PR;
CuClO, 5 ol
OO PR,  (5mol%) CO,Et
R = 4-MeCqHs @j/\r
N < N NHTs
Ts TsN” "CO.Et (1eq.) BTF,rt, 18 h Ts
138 139 90%, 85%¢ee

Nakagawa, Yamanaka (2000)

NBS TsNZ “CO,Et

Yb(OTf)3 (5 mol%) Br Yb(OTf)3 (5 mol%) COEt

TMSCI (5 mol%) KoCO3 TMSCI (5 mol%) |

NHTs  CH,Cl,-THF NHTs  DMF N CH,Clp-THF N NHTs
rt, 0.5 h rt, 15 min. Ts rt, 0.5 h Ts

140 141 52% 138 87% 139 75%
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3- -2,3-

3
3
3- -2,3-
fistulosin
3- -2,3-
142a
Grubbs 3e (10 mol%) 8lc(1eq.)
143a 1423’ 86%
Table 11, entry 1 o-
142b-1 142b
2 125¢c
142t 3- -2,3-
143b 58% entry 2 142c
143c 13%
142¢c” 61% entry 3 142h
68%
2
142d  142e 142d
142f 32% 143d entry 4
142e 142¢g 34%
143e 52% entry 5 142d 142e
142f 142g
142d  142e RuCIH(CO)(PPh3);
142f 1429 142f  142g
143d 143e 66% 80%
entries 6, 7 142i-|
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Table 11. Cycloisomerization of dienes.

entry substrate ' product(s)
N N z
1 = : /\IJJ’
N/\/ | N N
Ts 142a Ts 142a' 86% Ts 143a 0%
A : A
Ts ! Ts Ts
142b ' 142b'26% 143b 58%
O oy, O
3 . Ph
W
NN Ny N AN py N > ph N p
Ts . Ts Ts Ts
142c ' 142c¢' 8% 142c¢c" 61% 143c 13%
O O
4 '
AN | AR
¥s COMe "Fls COMe "I\'ls COxMe + recovery of 142d
142d | 142f 32% 143d 0% (57%)
e 196 ey
5 1
NN CO2Me N7 XN\ -CO2Me N COyMe
Ts . Ts o Ts
142e 1429 34% 143e 52%
N :
6 AN '
'II\'js ST TCOMe ¥s COMe + recovery of 142f
142f 143d 66% (21%)
ac ’ L
7 1
N COsMe ! COoMe
NN . N 2 + recovery of 142g
Ts 1429 TS 143e80% (20%)
Conditions: 3e (10 mol%), 81c (1 eq.), xylene, reflux, 2 h.
Dienes which did not react.
oy O seliee
AN CO,Et .
Ts o QN P = Ac (142)) "I\'ls/\é 142k I S
142h COEt P =Ts(142)) CO,Et
3. -2,3- Scheme 56
123a 3
144 75% eq. 1 123a
146 5 mol% Grubbs 3e
147 94% eq. 3
146 143e DIBAL
Wittig
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123a

57a

79%
147 —
149b 149a 149c
entry |  BHj;-Me,S BH;- THF 0°C
51% 24% entry 2
147  9-BBN THF 50 °C
Scheme 56. Transformations of 3-methylene-2,3-dihydroindoles.
Ozonolysis
1) O3, CH,Cly, -78 °C ©
2) Me,S, 1t, 3 h
N o N
TS 123a 75% Ts  qa (eq. 1)
Cross metathesis R
=/
(5eq) R
3e (5 mol%) J
N CH,Cly, reflux” N
Ts 123a 12-%02h Ts 145 (eq. 2)

R= (CH2)4OBI'1, (CHz)th, COzMe

Ring-closing metathesis

N 2

Ts Ts
143e

Hydroboration-oxidation

:Ni
Ts

123a

1) DIBAL, -78 °C, 87%
2) PhaP=CH,, THF, 79%

1) BHg-Me,S, THF, 1.5 h
2) Hy0,, NaOH ag., 12 h

79% Ts

Table 12. Hydroboration-oxidation of 147.

3e (5 mol%)

_—
toluene, reflux
1h, 94%

Boger
148

Table 12
149a
22% 17%
149a

BH3'M€2$

22%
149b

Ts
147  (eq. 3)

Ts
149c¢

OH
HO g H=
1)BR3 (5 eq.), THF = 9a =
‘ ‘ 2) H202, NaOH agq. + 4 |
N N"= N™= N
Ts TsH TsH
147 149a 149b
H _OH
entry BRj product(s)
149a (%) 149b (%) 149b
1 BHzMe,S, rt, 45 min.  22° 17 N H
2 BHyTHF, 0°C, 30 min. 51 24 T$ W 5=73H
3 9-BBN,50°C,1h ) 0 a) Indole (149c) was also obtained in 22% vyield.
4 Thexyl-BHp, rt, 3 h - 83 b) Substrate was recovered in 73% yield.
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73% entry 3 147  Thexyl-BH, THF

149b 83% entry 4  149b
H-4a H9a 'H NMR H-4a H-9a
7.3 Hz 149b  Dess-Martin 151 H-4a H-9a
8.8 Hz Scheme 57 H-4a H-9a
4- -1,2,3,4a,9a- H-4a  H-9a
150 15.0 Hz %8

151 Scheme 57 151 KH THF 15

iodoacetonitrile 151 9a
THF/HMPA (10/1) -78 °C LHMDS  THF methyl cyanoformate

152 2 43% 152  aspidospermidine

58

Scheme 57. Transformation of 149b.

y o e NC._ OH
H = Dess-Martin o0 1) KH, then ICH,CN, THF, rt, 1 h > CO,Me
periodinane (2 eq.) 2) LHMDS, then NCCO,Me

| CH.Cl L2 h | THF/HMPA, -78 °C, 1 h |

N7 ga30n 2 NG 43% (2 steps) =
149b 151
(6] O,
151 -
Q £ CN
/N HH /N HK
= H
Ts J=88Hz TS TR Noe . N
()-aspidospermidine
H JMe

N Me

Bni HJ=15.0Hz 150 (D.Dugat, 1993)
3
2,3-
Fistulosin
Fistulosin 153 1999 (Welsh onion, AlliumfistulosumL.)

SAllium

01980
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Allium fistulosum L. var. caespitosum

Fusarium oxysporum

MIC  mg/ml,

Allium

1988 Allium grayi Regel

61 .
fistulosin

\erticillium dahliae

fistulosin
fistulosin 3-

fistulosin
Scheme 58. Initial approach to fistulosin (153).
@\/\ 3e (10 mol%), 81c (1 eq.) @\_//gv) ©\_//(:/)
I A At ¥
154 155 The putative structure
of fistulosin (153)
2 155 o- 154
155 Scheme 58 154  Grubbs 3e
81c 155
154
156 Scheme 59 156
Scheme 56, eq. 3 1429 143e DIBAL
143e  Grignard
157 157 NaBH,4 155
155 3 158
158 % fistulosin 159
150a NMR IR MS 3-
159b Scheme 60 © 159
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Scheme 59. Synthesis of 2-octadecyl-3-indolinone (159a).

@\/\ 3e (10 mol%)
81c (1 eq.)
N/\,_,J\/COQMe

©\_N//</\/c02w|e _DBAL

(I :/[ ~_-CHO
N

xylene, reflux, 2 h, 87% toluene, -78 °C
Ts Y Ts 20 min, 87% Ts
1429 143e 156
OH 1) MsCl, EtsN, DMAP O3, CH,CI
Brig(Ch)ge ) Mo __CHzCla, 1t, 30 min, 86% ©\_N/</)Me {Z,% % :1h 52Tt'"2 h
gst’/Fo’ 0 °C, 20 min Ts 13 2)21?187H14(,’/HMPA, 50 °C, Ts 17 70%,2 3
157 , T1% 155
6]

%Me conc. H2804 ©\_//((\/y

L g 0°C, 15 h, quant.

158 159a
Scheme 60. Tautomerization of 159a to 159b.

6] OH
I

©\_N//[(\/)Me @\_N/[(\/)Me

H 17 H 17

159a 159b

159a fistulosin 153
Table 13 IR 159a
1675 cm™
1684 cm™ MS 133 [M—C;5H36']
159a 159a
'H BC NMR 'H NMR
2.44 ppm 3.75 ppm
BC NMR 3 171.5 ppm
202.7 ppm 159a
fistulosin 153 fistulosin
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Table 13. Comparisons of spectral data of 153, 159a, 159b and 162.

fistulosin ( 153) (reported)

159a ( synthetlc

159b ( synthetlc

162 (synthetic)

61

state white crystal orange solid yellow needle colorless prism
mp 80-83 °C (CHCl3) mp 100-102 °C mp 107-108 °C (n-hexane/AcOEt) mp 95-96 °C (hexane)
IR (cm'1) 1684 (film) 1675 (neat) 1674 (neat) 1698 (neat)
MS (EI) 385 (M), 133 385 (M*),161, 133, 84, 18 385 (M*), 383, 172, 146, 18 385 (M*), 146, 18
"HNMR 10.8 (brs, 1H, NH) 7.61(d, 1H,J=7.9 Hz), 7.56 (d, 1H,J =7.7 Hz) 8.63 (brs, 1H)
(CDClg) 8.8 (d, 1H,J=8.37 Hz, CH) 7.44 (dd, 1H, J = 8.2, 7.1 Hz) 7.49 (ddd, 1H, J = 8.1, 8.1, 0.9 Hz) 7.22-7.26 (m, 2H)
8.1(d, 1H, J = 8.12 Hz, CH) 688 (d, 1H, J = 8.6 Hz) 6.95 (d, 1H, J = 8.2 Hz) 7.02 (dd, 1H, J = 7.2 Hz)
7.6 (t-like, 1H, CH) .82(dd, 1H,J=7.3, 7.3 Hz) 6.78 (dd, 1H, J = 7.1, 7.1 Hz) 6.91 (m, 1H)
7.1 (tlike, 1H, CH) 4 70 (brs, 1H) 6.08 (brs, 1H) 3.47 (m, 1H)
2.44 (t-like, 1H, CH) 3.75 (dd, 1H, J = 8.4, 4.2 Hz) 1.84-1.90 (m, 1H) 1.96 (m, 2H)
1.74 (m, 2H, CHy) 1.83-1.96 (m, 1H) 0.99-1.31 (m, 34H) 1.23-1.41 (m, 32H)
1.63 (m, 2H, CH,) 1.55-1.64 (m, 1H) 0.88 (t, 3H, J = 6.4 Hz) 0.88 (t, 3H, J = 6.8 Hz)
1.4 (m, 2H, CHy) 1.25-1.40 (m, 32H)
1.25 (brs, 28H, CH,) 0.88 (t, 3H, J = 6.8 Hz)
0.88 (t-like, 3H, CH3)
BeNMR 1715 (s) 202.74 204.57 180.73
(CDCly) ~ 1425(s) 161.31 162.00 14157
135.8 (d) 136.94 138.06 129.91
131.9 (d) 124.49 124.16 127.72
122.7 (d) 121.47 121.54 124.10
120.7 (d) 118.85 118.27 12217
113.7 (s) 112.56 111.97 109.66
64.25 72.51 46.11
38.9 (s) 32.04 32.00 31.90
32.1 (s) 31.90 31.94 30.53
29.05-29.92 (m) 29.34-29.68 (m) 29.33-29.78 (m) 29.56-29.67 (m)
25.9 (d) 25.80 22.95 29.34
234 (s) 22.67 22.70 25.77
14.3 (s) 14.10 14.13 22.67
14.10
fistulosin 159b 162
159a 3- 159b H,SO4 HCI
1 159b
X 159b
'HNMR "“CNMR IR MS 'H-'HCOSY HMQC HMBC EA  159%
159a 2 3 162 Overman
Scheme 61 3- 159
162 fistulosin 153
fistulosin
Scheme 61. Synthesis of 3-octadecyloxindole.
o Me
HJ\(\/)MG /s PaC (10%) Me
@ 16 H, 17
T ————
N0 piperidine N e MeOH/CH,Cl, N0
H EtOH, reflux, 12 h H rt, 2 h, 98% H
160 96% 161 162



Grubbs 3e 81c
fistulosin 159a
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Grubbs 3e

81c
3e 8lc
Scheme 62 ® 1995  Grubbs 163 'H NMR 163
-17.5 ppm
-17.5 ppm 163 164
eq.1 & 165
166 Fischer 167 168 165 169
170 171 165
166 169 168
171 165 167 170
eqs. 2,3 O 1999 172
'H NMR trans-3- 174
S -7 ppm trans-3- 173 174
trans-3- 2- 172
65b
2002 Grubbs 2c 3e 40
Fischer 2d 3f eqs. 4,5
e2d X 2d
3% 3% X
3f
2004 Grubbs
175 55 °C 176
eqs. 6,7 Grubbs
3e 175 Grubbs
176
2005 Grubbs 1,4-

Scheme 63 ¢
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Scheme 62. Conversion of ruthenium carbene complexes to ruthenium hydride complexes.

Grubbs (1995)

O O
PPh
OCHyPh 3
(TFA(PPho), Rum< OOHE L [(TFARPPI) Ru—C | | (TFAR(PPR) R PP (s o), ru-co
-PPhs PhCH, PhCHy- -H \
163 CH3Ph
TFACHzPh‘-/i
O 1 PPh; -CO .
(TFA)(PPh3) RU_{ ——— (TFA)(PPh3), RU\H St Ru (0) species
H
164 TFA-H (eqa. 1)
PPhg PPhg
TFA/IR — TFA/IR —
TRA” 1\ " TFA” 1ot
PPh PPh3
165 (50 mol%) g 167
= N\
leGOEt CD4Cly, 40 °C, 4 h %OEt (quant.) (eq. 2)
P PPh "
TFA/: 3 ﬁ_< Ph
TFA'RIU:\=<Ph TFALRy ="
PPhs  “pp TFA”' |
o 165 (5mol%) N~ PPhs o \0
Q— CD,Cly, tt, overnight : (88%) (eq-3)
169 171
Grubbs (1999)
PCy3 prS PCY:;
Clir.
Cllleuz\Et _ %II:RU: + PCys 5 %II:RU: —» +trans-3-hexene _ _
PCys Et Et + inorganic product (eg. ruthenium hydride)
172 173 173
ruthenium hydride PCys; PCys
complex , N Cli.
trans-3-hexene ——PX  » 2.hexene %{',RU: 2-hexene CllvR|u=\Me
PCy; 172 PCys 174
Grubbs (2002)
PCy3 OFEt PCys PCys
CiiRu=,  # 40  ClitRy= CllRu—H
"l pp ———»CI" 1 ot ———— OC" |
PCy3 CHyCly PCy3 benzene PCy3
rt, 2 h, 66% 65°C, 12 h, 69%
2c 2d 39a (eq. 4)
red crystal (X-ray) yellow crystal (X-ray)
/N OEt [
MesN_. _NMes ) MesN_ _NMes
Cli Z 40 ClinR
n —_— '‘Ru=
Cl'Rluz\Ph CHCl, Clv Iu_\OEt
PCys i, 2 h, 93% PCys (eq. 5)
3e 3f

(RCM catalyst)
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Grubbs (2004)

/ \ \
MesN_ _NMes Q
\

Mes<
CI/:RLFCHZ Nﬁ/R‘U\
by, CoMe.55°C CRH
- CH3PCys*CrI Mes
175 3FCYy3

-
©/\/ 176 (10 mol%) ©/\HJ
CD,Cly, 40°C, 1d

76% (trans:cis=8:1) (€q.7)

Scheme 63. Prevention of undesirable isomerization during olefin metathesis.

MesN_ _NMes

CI/"RU=\

CI” |
PCyfh 3e (5 mol%)

additive (0.1 eq)

CD,Cly, 40 °C, 24 h

IR

3e
Fischer
Fischer
177a
Scheme 64. Working hypothesis.
MesN_ NMes OR MesN
C“"Ru=\ / Cli.
o FI’CyéDh m o P
3e R =Et (40) Fischer carbene
complex (3f, R = Et)
177a
Grubbs 3e
3e
3e
177a
177a

177a

~N
{1+
169 171

additive 169 (%) 171 (%)
none <5% >95%
1,4-benzoquinone 959, none
Scheme 64
8lc
3f
177a
MesN NMes
She
PCy; 277

Ruthenium hydride
complex (177a)

Scheme 65  ©©2003
12

66a

177a 39a

Mol 3%

40

Grubbs
177a

Mol
30-40%

75%



Scheme 65. Synthesis of ruthenium hydride complex (177a).

Grubbs (2003)

MesN__ NMes MesN_ NMes 1) 44 31p NMR showed partial conversion to (PCys)(L)(CO)(CI)(H)Ru
CliRy MeOH (~2 mL) CliRu—H product,unreacted ruthenium benzylidene starting material,
CI” 1 pp CHzCl (5drops) oc” T and other unidentified side products.”

PCy;" 1t 12h PCy,
3e 177a (eq. 1)
Dinger and Mol (2003)
alcohol base yield (%)
PCy; base PCys; MeOH - ~30
C""R’Iu primary alcohol C""-é —H MeOH NaOH (1 eq.) ~50 (35)
R ) oc” MeOH MeONa (1eq.) ~50 (35)
PCys to'uet”gi 70°C PCys MeOH K,COj3 (0.5 eq.) ~50 (35)
”e see lable 394 (eq. 267 1-propanol Et;N (0.5eq.)  ~85 (73)
' Yields in parentheses indicate isolated yields.
MesN_ _NMes MesN_ _NMes ITCyg
EtsN
R ) oerRUTH + G
pcyPh  MeOH, 60°C PCys PCys (ea. 3)
3e 177a30-40%  39a 25-30%
PCy; MesNENMes - (3.2eq.) MesN_ _NMes
Cl.Rpy—H  Potassium tert-pentoxide (3.2 eq. Clin.gy—
ocr po (3.2eq) oor Ru—H
PCys toluene, 100 °C, 3 h PCy; (eq. 4)
39a 177a yellow oil, 75% purity
NMR
NMR
3e 8lc
NMR 1 Figure 7
3e 'H 'P NMR
'H NMR 1,2;5,6-dibenzanthracene (6.3 pmol) 3'p NMR
aqg. H3PO4 (85%) 3e 6.3 umol 0.75mL 50 °C
3e 19.7 ppm 29.8 ppm
70-90% 47.2 ppm
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Figure 7. Decomposition of 3e in toluene-dg at 50 °C.

relative amounts (%)

100 —= ,
W B (MR, =CHPh, 0 1.7 ppm)
80 . Yo m B (*'P NMR, PCys, §29.8 ppm)
T C'P NMR, 5 47.2 ppm)

60
40
20
0

rt 0 10 17 23 31 41 47 58 67

reaction time (min.) at 50 °C
NMR 2 Figure 8
3e 6.3 umol 81c 0.13 mmol 0.75 mL

3e 50 °C 12 3e 19.7
ppm 29.8 ppm 32.6,47.2,26.0 ppm
79:12:5 'H NMR 10 ppm

0 ppm 3e 8lc

3'P NMR § 32.6 ppm

Figure 8. Reaction of 3e with 81c in toluene-dg at 50 °C.

relative amounts (%)

100
3e ("H NMR, =CHPh, § 19.7 ppm)
80 m 3e (*'P NMR, PCys, § 29.8 ppm)
A ('PNMR, §32.6 ppm)
60 ¢'P NMR, 5 47.2 ppm)
o (*'P NMR, § 26.0 ppm
40 ( ppm)
20
0

rt 0 6 12 18 24 32 38 44 50
reaction time (min.) at 50 °C
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NMR 3 Figure 9

NMR 2 7la  0.13 mmol
3e NMR 2, Figure 8 50 °C 14
3'P NMR § 32.6 ppm 71a

87a

Figure9. Reaction of 71a in the presence of 3e and 81c in toluene-dg at 50 °C.

relative amounts (%)

100 3e ("H NMR, =CHPh, § 19.7 ppm)
m 3e (*'P NMR, PCys, & 29.8 ppm)
80 A (P NMR, 532.6 ppm)
60 x  71a ("H NMR, CH,CH=CH,, 5 5.90 ppm)
—x-- 87a ("H NMR, ArCH=CH,,  5.70 ppm)
40
20 C._ aC
LY
0
rt 0 8 15 23 30 41 52 60 73
reaction time (min.) at 50 °C
3'P NMR § 32.6 ppm
3e S5Smol% 8lc 20 eq. 50°C 30
NMR *'P NMR & 32.6 ppm 71a
50°C 1.5 87a 13% NMR
Grubbs
Scheme 62, eq. 1
3e 40
2
81c 40 3e 40 Fischer
Scheme 64 81c 40 Fischer
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NMR 4 Figure 10

3e 63 umol 40 0.13 mmol 0.75 mL 'H 3lp
NMR 50 °C 15 3e 19.7 ppm
29.8 ppm 14.2 ppm
30.6 ppm Grubbs Fischer
3f Scheme 62, eq. 5 e 3If
3'P NMR 3f 30.6 ppm

46.7 ppm  32.5 ppm

Figure 10. Reaction of 3e with 40 in toluene-dg at 50 °C

relative amounts (%)

100 3e ('"H NMR, =CHPh, 5 19.7 ppm)

80 m 3e (*'P NMR, PCys, & 29.8 ppm)
3f ("H NMR, =CHOEY, § 14.2 ppm)

60 o 3f (P NMR, PCys, & 30.6 ppm)
('P NMR, 5 46.7 ppm)

40 31

o ('PNMR, § 32.5 ppm)
N / M
0
rt

0 6 12 18 25 33 40 48 56
reaction time (min.) at 50 °C

NMR 5 Figure 11

3e 40 71a  0.13 mmol
3e NMR 4 3f
71a 1 87a
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Figure 11. Reaction of 71a in the presence of 3e and 40 in toluene-dg at 50 °C.

relative amounts (%)

) \ M
o |4 :
X
60
40
20
0
NMR 6 Figure 12
7la 13f
13f 1
Fischer 3f
3f  Grubbs
3f

O

X

3e ("H NMR, =CHPh, § 19.7 ppm)
3e (*'P NMR, PCys, § 29.8 ppm)
3f ("H NMR, =CHOE, 5 14.2 ppm)
3f *'P NMR, PCys, § 30.6 ppm)
71a ("H NMR, CH,CH=CH,, 5 5.90 ppm)

—x-- 87a ("H NMR, ArCH=CH,, § 5.70 ppm)

('P NMR, § 46.7 ppm)

o (*'PNMR, § 32.5 ppm)

3e

t 0 7 14 22 29 36 44 51 58 68 ©\/\ ©\/\
reaction time (min.) at 50 °C N/v/ N/\,ﬂ
Ts 71a

Ts 87a

NMR 5
14f

Scheme 62, eq. 5

Figure 12. Reaction of 92f in the presence of 3e and 40 in toluene-dg at 50 °C

relative amounts (%)

100

80

60

40

20

rt 0 7 14 22 29 36 44 51 58 68
reaction time (min.) at 50 °C

70

3e ("H NMR, =CHPh, § 19.7 ppm)

m 3e (*'P NMR, PCys, & 29.8 ppm)

3f ("H NMR, =CHOEt, § 14.2 ppm)

O 3f (*'P NMR, PCys, 5 30.6 ppm)

X

92f ("H NMR, CH=CH, § 5.73 ppm)

—x-- 93f ("H NMR, CH=CH,, & 4.80 and 4.76 ppm)

o

('P NMR, 5 46.7 ppm)

('P NMR, & 32.5 ppm)

~7
TsN TsN
\/\ 92f /\:( 93f



3f 3e 40

"HNMR, *'C NMR, *'P
NMR, LRMS Grubbs 3f Schme 62, eq. 5
3f 92f 50°C 1.5 RCM 107f  79%
3f Grubbs
Table 14, entry 1 40
93f 98% entry 2 40 RCM
Scheme 66 40 Table
14, entry 1 3f  92f 40 I
[
40 Table 14, entry 2 3f | RCM
3f Il
NMR
1.0 ppm

Table 14. Reaction using Fischer carbene complex (3f).

OEt

7 / with/without
TsN 3f (5 mol%) 40 TsN\//\/< TsNij
or
93f

\/\ toluene (0.17 M)

92f 1.5h 107f
entry 40 93f (%) 107f (%)
1 - 0 79
2 1.0eq 98 0

Scheme 66. Ring-closing metathesis vs. cycloisomerization.
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NMR tube

Fischer 3f 3f 50 °C 1
NMR NMR 4 Figure 10
3f Table 15, entry 1 110 °C
NMR 3f
Table 15, entry 2 "HNMR (C¢Dy)
-24.79 ppm 3P NMR (CgDy) 46.7 ppm
IR CO 1897 cm’!
177a Figure 13  177a
1
10 40
Table 15, entries 3,4  177a 3f
3e 177a 3e 1o°c 1
177a 40 177a Table 16
67

Scheme 67. Reaction of 3e and Fischer carbene complexes (3f). “
1897 cm™ (IR, toluene)

/ \ / \ 177
MesNYNMes )OEt 40 MesNYNMes MesN_ NMes a
Z (100 eq. i i —~

CliRy— ( q.) ClitRy— with or without 40 CI”;Ru—H -24.79 (d, J = 22.0 Hz)

v U 2 oC
CI”' 1 pp  CHaCly, reflux, 1h ClI” I~ OFt toluene, 1 h Lo (CeDg)

PCy; then evaporation PCys; then evaporation PCys -25:43 (d, 1H, J = 21.6 H)
3e 3f see Table 15 o

(CD,Cly)
with or without 40, toluene, 110°C, 1 h
then evaporation, see Table 16 46.66 (s) (CeDg)

46.23 (s) (CD,Cly)

Table 15. Reaction of Fischer carbene (3f).
entry 40 (eq.) temp.(°C) product

Table 16. Reaction of Grubbs carbene (3€).

1 0 50 no reaction
entry 40 (eq.) product 2 0 110 177a (quant.)
1 0 partial decomp.of 3e 3 10 50 no reaction
2 1 177a (quant.) 4 10 110 177a (quant.)
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Figure 13. Spectral data of the ruthenium hydride complex (177a).

Grubbs (2003) Dinger and Mol (2003)
MesN. _NMes MesN_ _NMes
glcl:l; FI{U_H‘-\ -2(;1.9D0 (d, J=21Hz) CI";’RU—H’—\ -25.37 (d, J =21.3 Hz)
Cys (CeDe) tgogem”’  OCT L (CD2Cly)
3
t (charaterized by NMR (IR, toluene)
of crude mixture) 46.7 (s) (CD,Cly) (~75% purity)

47.12 (s) (C¢Dg)

"H NMR (CgDg) characteristic peaks
56.86 (s), 6.81(s), 2.67 (s), 2.13 (s), -24.90 (d, J = 21Hz).

81lc 40 3e 81c
50°C 1 177a 177a
*'P NMR 3e 8lc
Fischer 39 Scheme 68
Scheme 68. Reaction of 3e with 81c.
MesN/_\NMes /OT'\:SC (100 eq) MesN/_\NMes MesN_ _NMes

A¥Ru= Tioluene (0.01M) SerRu—H g(;Rl”:\oms

PCys 50°C, 1 h then evaporation PCys PCy3

3e quant. 177a 39
(orange amorphous, purity>95%)
177a
71a 177a 2
87a 123a 32% 55% 177a
Scheme 69

Scheme 69. Olefin isomerization and cycloisomerization using 177a.

@\ 177a (28 mol%) @\/\ @\—//i/
N/v/ xylene, reflux, 2 h N/\J" * N
Ts

in a glovebox Ts Ts
71a 87a (32%) 123a (55%)
Scheme 70
81c

73

"H NMR (CD,Cl,) & 6.99 (brs, 2H), 6.80 (brs, 2H), 3.78 (brs, 2H),
3.17 (brs, 2H), 1.1-2.5 (m, 51H), -25.37 (d, J = 21.3 Hz).
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Fischer 3g 3f

50°C  3f 3g

3f 40

Scheme 70. Summary: Conversions of 3e to ruthenium hydride complex (177a).

MesN_ NMes
OTMS
ClirRu=
Z gic | ari) 50°C
OTMS —\
MesN_ _NMes 3g (very unstable) MesN_ __ NMes
/ \ Clitip,,__
%I(; RIU:\ \ MesN_ _NMes / oc” '?U H
PCy; " OFt Cuxj/ 110°C PCy; 177a
3e "Ru=
Catalyst for Z 40 CIv | _\OEt Catalyst for
- Olefin metathesis Cys — 3f - Olefin isomerization
Catalyst for - Cycloisomerization
- Olefin metathesis (very unstable under O, and H,0)
177a 3e
177a Mol
39a, 177b-d
Scheme 71 7 177a
177a
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177a
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Scheme 71. Recent report about the reactions using ruthenium hydride complexes.

Hydrogenation (Yi, 1999)

PCys alkene product H, (atm)  turnover rate®
Clind 1-hexene hexane 4.0 12000 (150P)
oc” H39a allylbenzene  1-phenylpropane 2.0 2000 (390°)
PCys cyclopentene cyclopentane 1.0 960
R1/\/R2 (1/8300 of alkene) R1/\/R2 cyclooctene cyclooctane 2.0 2700

a) Turnover rate = (mol of product)(mol of catalyst)'1h'1.

Ha, CgHg, 1t b) Isomerization turnovers.

Hydrogenation (Yiand Nolan, 2001)

—\ temp (°C) catalyst turnover rate
PC MesN NMes 20 39a 12000
ys 20 177b 3000
Clin:Ry—H Cli Ru—H 50 39%a 15200
oc™ oc™ 50 177b 12600
PCy3 39a or PCys 177b
1-hexene hexane 100 39a 21500
H, (4.0 atm), CgHg 100 177b 24000

Hydrogenation and isomerization (Fogg and Nolan, 2005)

PCy; MesN__NMes MesN__NMes MesN__NMes
CI“"Ru—-H CI”;}I?u—H CI","ll?u—H C“’"Ru—-H

oC” | oc”
PCys PCys PPhy PPhy
39a 177b 177c 177d
Hydrogenation of cyclododecene?® Hydrogenation vs isomerization of allyloenzene?
Ru TOF (" conv. Ru propylbenzene PhCH=CHMe (%) TOF (h™")°
39a 740 33 (%) cis trans
177b 235 8 39%a 86 0 9 3440 (360)
177c¢ 3228 96 177b 94 0 6 3760 (240)
177d 3280 97 177c 89 0 11 3560 (440)
a) Conditions: Ru (0.05 mol%), Hy (140 psi), 177d 49 10 37 1960 (1880)
80 °C, toluene, 1 h a) Conditions: Ru (0.05 mol%), H, (140 psi), 80 °C, toluene, 1 h
b) Turnover frequency calculated at 30 min. b) TOF values for hydrogenation; TOF values for isomerization are

given in parentheses.
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Grubbs 3e 81c

o, o-
88
123
o, o- fistulosin
159a fistulosin
Grubbs 177a
Grubbs 3e
8lc o, O-
177a
MesN_ _NMes oTMs MesN_ _NMes
CllRy= Z 81c  Clry—H
cIm e oC” | Ruthenium hydride complex (177a)
PCYs in situ PCy3 - catalyst for isomerization of terminal olefins
3e 177a - catalyst for cycloisomerization of o, ®-dienes
Isomerization of terminal olefin = N =
\ B o
CH,Cl, R1 /\HJ\R2 T RN
reflux, 1.5 h RCM Ts
= X Enamide (87) Indole (88)
| 177a
1 /\/"\_Rz
R
Ts 0
] xylene = AN
N-Allyl-o0-vinyl- reflux, 2 h < | N — M
i -
aniline (71) R1/ N/\,JJ\Rz N R2 N €
Cycloisomerization of Ts Ts H 17
diene 3-Methylene-2,3- The putative structure
dihydroindole (123) of fistulosin (159a)
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Experimental Section

The following machines, equipments and reagents were used for experiments.

Melting Point

Yanagimoto micro melting point apparatus (uncorrected)

Infrared Spectrometer (Viax)

JASCO FT/IR-230 Fourier Transform infrared spectrophotometer

Mass Spectrometer

M/S (M/2)

JEOL BU-20 (LR-EI),
JEOL HX-110A (LR-FAB, HR-EI, HR-FAB)

Nuclear Magnetic Resonance

"H NMR

JEOL JNM-GSX 400A spectrometer (400 MHz),
JEOL JNM-GSX ECP400 spectrometer (400 MHz)
Recorded in CDCls at 25 °C unless otherwise noted,

with TMS as an internal standard.

Nuclear Magnetic Resonance

BC NMR

JEOL JNM-GSX 400A spectrometer (100 MHz),
JEOL JNM-GSX ECP400 spectrometer (100 MHz)
Recorded in CDCl; at 25 °C unless otherwise noted.

Nuclear Magnetic Resonance

3P NMR

JEOL INM-GSX ECP400 spectrometer (161 MHz)
Recorded at 25 °C unless otherwise noted,

with 80% H3POy4 (6 = 0) as an external standard.

Elemental Analysis Anal.

Perkin-Elmer 2400

Column Chromatography Silica Gel 60N (spherical, neutral) 63-210 um,

Silica Gel 60N (spherical, neutral) 40-50 um  Kanto
TLC Plate TLC plate 1.05715. Silica gel 60 F,54 Merck
Glovebox Miwa, DBO-1NKP-TA

Dichloromethane, THF, toluene
Benzene, Acetonitrile, MeOH
Dimethylsulfoxide
Vinyloxytrimethylsilane (81c)
Ethyl vinyl ether (40)
Grubbs catalysts (2¢ and 3e)
Hoveyda-Grubbs catalysts (4a and 4b)

Solvents and Reagents

.................................................. Kokus an
................................................... Kl Shida
.................................................. AldrlCh

.................................................. Aldrlch

.............................................. Aldrlch
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Chapter 1. Selectiveisomerization of a terminal olefin using Grubbs catalyst.

Preparation of substrates.
85a-c and 85d were obtained commercially. 71c*", 711, 7104, 714, 7154, 716%Y, 80%, 85€*, and 85f"° were

prepared according to the reported procedures.

N-Allyl-N-p-toluenesulfonyl-2-ethenylaniline (71a)

To a stirring solution of N-p-toluenesulfonyl-2-ethenylaniline®' (779 mg, 2.85 mmol) in CH;CN (63 mL) were
added K,CO; (3.94 g, 28.5 mmol) and allyl bromide (0.74 mL, 8.55 mmol), and the mixture was stirred for 12
hours at rt. The solution was filtrated through a celite pad and the filtrate was concentrated under reduced pressure.
The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt = 20:1) to give 71a (849
mg, 95%). Mp 65-66 °C (MeOH), colorless needles; 'H NMR 0 7.64 (dd, 1H, J= 8.1, 1.5 Hz), 7.59 (d, 2H, J =
8.3 Hz), 7.26-7.30 (m, 3H), 7.13 (ddd, 1H, J="7.8, 7.8, 1.5 Hz), 7.04 (dd, 1H, J=17.6, 11.0 Hz), 6.68 (dd, 1H, J
=17.8, 1.0 Hz), 5.73 (ddt, 1H, J=16.8, 10.0, 6.8 Hz), 5.73 (dd, 1H, J=17.6, 1.0 Hz), 5.30 (dd, 1H, J=12.0, 1.0
Hz), 4.99 (dd, 1H, J=10.0, 1.5 Hz), 4.97 (dd, 1H, J=17.1, 1.5 Hz), 4.25 (m, 1H), 4.00 (m, 1H), 2.45 (s, 3H); °C
NMR 5 143.49, 138.64, 136.66, 136.10, 132.73, 132.38, 129.49, 129.02, 128.49, 127.93, 127.89, 126.03, 119.25,
115.75, 54.76, 21.56; IR (KBr) cm” 1340, 1157; LRMS (EI) m/z 313 (M'+H); HRMS (FAB) calcd for
C3Hy0NO,S (M++H) 314.1215, found 314.1234; Anal. Calcd for CigH19NO,S: C 68.98 H 6.11 N 4.47, found: C
69.01 H 6.20 N 4.47.

N-Allyl-N-p-toluenesulfonyl-2-ethenyl-6-methoxyaniline (71€)

To a cooled (0 °C) solution of BrPh;PMe (6.97 g, 19.5 mmol) in THF (120 mL) under an Ar atmosphere,
NaN(TMS), (1.0 M, THF solution, 19.5 mL, 19.5 mmol) was added. The solution was stirred for 1 hour at 0 °C.

To the solution was added a solution of commercially available 3-methoxy-2-nitrobenzaldehyde (2.65 g, 14.6
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mmol) in THF (20 + 10 mL), and the mixture was stirred for 11 hours at rt. The reaction was quenched by sat. aq.
NH,4CI. The organic compounds were extracted with AcOEt and the combined organic layers were washed with
brine and dried over Na,SO,. After removal of the solvent, the residue was purified by column chromatography
(n-hexane:AcOEt = 2:1) to give 2-ethenyl-6-methoxynitrobenzene (2.40 g, 92%). Mp 58-59 °C (MeOH), colorless
needles; 'HNMR & 7.38 (dd, 1H, J=8.1, 8.1 Hz), 7.19 (d, 1H, J= 8.1 Hz), 6.94 (d, 1H, J= 8.3 Hz), 6.59 (dd, 1H,
J=17.3,11.0 Hz), 5.84 (d, 1H, J=17.3 Hz), 5.47 (d, 1H, J = 11.2 Hz), 3.89 (s, 3H); *C NMR & 150.67, 140.40,
130.81, 130.69, 129.28, 119.74, 117.76, 111.44, 56.39; IR (KBr) cm™ 1528, 1372, 1065; LRMS (EI) m/z 179
(63%, M"), 77 (100%, base peak); HRMS (FAB) calcd for CoH;(NO; (M +H) 180.0661, found 180.0651; Anal.
Caled for CoHoNO5: C 60.33 H 5.06 N 7.82, found: C 60.29 H 4.88 N 7.81.

To a solution of 2-ethenyl-6-methoxynitrobenzene (2.40 g, 13.4 mmol) in EtOH (77 mL) were added AcOH (77
mL) and iron powder (2.99 g, 53.6 mmol), and the mixture was refluxed for 6 hours, then cooled to rt. After
addition of water and K,COs to neutralize the aqueous layer, the organic compounds were extracted with Et,0.
The combined organic layers were washed with brine, and dried over Na,SO,. After removal of the solvent, the
residue was resolved in CH,Cl, (23 mL). To the solution, p-toluenesulfonyl chloride (2.57 g, 13.6 mmol) and
pyridine (2.74 mL, 33.9 mmol) were added, and the mixture was stirred for 20 hours at rt. After addition of sat. aq.
NH,CI, the organic compounds were extracted with CH,Cl,. The combined organic layers were washed with brine,
and dried over Na,SO,. After removal of the solvent, the residue was purified by column chromatography
(n-hexane:AcOEt = 4:1) to give N-p-toluenesulfonyl-2-ethenyl-6-methoxyaniline (1.56 g, 38%, 2 steps). Mp
146-147 °C (MeOH), colorless needles; 'H NMR 0749 (d,2H, J=8.3 Hz), 7.36 (dd, 1H, J=17.8, 11.0 Hz), 7.28
(d, 1H, J= 8.1 Hz), 7.17 (d, 2H, J= 8.5 Hz), 7.16 (dd, 1H, J= 8.5, 7.6 Hz), 6.53 (d, 1H, J = 7.6 Hz), 6.24 (brs,
1H), 5.78 (dd, 1H, J=17.6, 1.0 Hz), 5.35 (dd, 1H, J=11.2, 1.0 Hz), 3.21 (s, 3H), 2.38 (s, 3H); *C NMR & 154.08,
143.23, 137.53, 136.44, 133.19, 128.76, 127.99, 127.64, 122.24, 117.78, 115.05, 109.18, 54.86, 21.45; IR (KBr)
cm’! 3265, 2972, 1331, 1164; LRMS (EI) nVz 303 (18%, M+), 148 (100%, base peak); Anal. Calcd for

Ci6H17NOs5S: C 63.34 H 5.65 N 4.62, found: C 63.48 H 5.61 N 4.53.
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To a stirring solution of N-p-toluenesulfonyl-2-ethenyl-6-methoxyaniline (200 mg, 0.66 mmol) in CH;CN (20
mL) were added K,CO; (182 mg, 1.32 mmol) and allyl bromide (0.10 mL, 1.32 mmol), and the mixture was
refluxed for 2 hours. The solution was filtrated through a celite pad and the filtrate was concentrated under
reduced pressure. The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt = 3:1)
to give 71e (212 mg, 93%). Mp 95-96 °C (AcOEt/n-hexane), colorless prisms; "HNMR § 7.63 (d, 2H, J= 8.2 Hz),
7.23-7.27 (m, 4H), 7.21 (dd, 1H, J=17.6, 11.0 Hz), 6.66 (dd, 1H, J= 7.1, 2.4 Hz), 5.74-5.81 (m, 1H), 5.77 (dd,
1H, J=17.8, 1.1 Hz), 5.34 (dd, 1H, J=11.0, 1.1 Hz), 4.93-4.98 (m, 2H), 4.39-4.44 (m, 1H), 3.91 (dd, 1H, J=
14.1, 8.1 Hz), 3.26 (s, 3H), 2.43 (s, 3H); °C NMR § 156.84, 142.60, 140.80, 137.88, 133.59, 133.25, 129.17,
128.90, 127.75, 124.84, 118.48, 117.55, 115.87, 110.14, 54.59, 53.06, 21.44; IR (KBr) cm™ 2924, 1574, 1339,
1158; LRMS (EI) m/z 188 (100%, base peak), 343 (0.6%, M"); HRMS (FAB) calcd for C;oH,,NO;S (M +H)
344.1320, found 344.1317; Anal. Calcd for C;9H,;NO5S: C 66.45 H 6.16 N 4.08, found: C 66.53 H 6.14 N 4.03.
N-Allyl-N-p-toluenesulfonyl-2-ethenyl-3-chlor oaniline (71g)

To a cooled (0°C) solution of commercially available 2-chloro-6-nitrotoluene (25.0 mmol, 4.29 g) and HCHO
(35% in water, 75.0 mmol, 6.43 mL) in DMSO (63 mL) was added a solution of KOH (62.5 mmol, 3.51 g) in
water (4.4 mL), and the mixture was stirred for 1 hour at rt. After addition of sat. aq. NH4Cl, the organic
compounds were extracted with ether The combined organic layers were washed with brine and dried over
Na,SO,. After removal of the solvent, the residue was subjected to column chromatography (n-hexane:AcOEt =
4:1) to give 3-chloro-2-(2-hydroxyethyl)nitrobenzene (4.12 g, 82%). Mp 60-61 °C (n-hexane/AcOEt), colorless
plates; '"H NMR & 7.72 (dd, 1H, J= 8.1, 1.0 Hz), 7.64 (dd, 1H, J = 8.1, 1.2 Hz), 7.34 (dd, 1H, J = 8.1, 8.1 Hz),
3.96 (t, 2H, J = 6.6 Hz), 3.28 (t, 2H, J = 6.8 Hz), 1.69 (brs, 1H); °C NMR & 152.04, 136.68, 133.78, 131.04,
127.94, 122.94, 61.16, 32.66; IR (KBr) cm™ 3305, 1529, 1360, 1042; LRMS (FAB) miz 202 (85%, M'+H);
HRMS (FAB) caled for CsHyCINO; (M++H) 202.0271, found 202.0276; Anal. Calcd for CgHgCINO;: C 47.66 H
4.00 N 6.95, found: C 47.63 H 4.08 N 6.86.

To a solution of 3-chloro-2-(2-hydroxyethyl)nitrobenzene (19.8 mmol, 4.00 g) and Et;N (33.7 mmol, 4.70 mL) in
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CH,Cl, (20 mL) was added dropwise methanesulfonyl chloride (21.8 mmol, 1.69 mL) at 0 °C, and the mixture
was stirred for 2 hours at rt. After addition of sat. aq. NH4C1 (15 mL), the organic compounds were extracted with
CH,Cl,. The combined organic layers were washed with 1N HCI, sat. ag. NaHCO; and brine, and dried over
Na,S0O,. After removal of the solvent, the residue was resolved in CH,Cl, (20 mL), and DBU (37.6 mmol, 5.62
mL) was added to the solution at 0 °C. The mixture was stirred for 12 hours at rt, and refluxed for 2 hours. After
addition of sat. aq. NH4Cl, the organic compounds were extracted with CH,Cl,. The combined organic layers were
washed with 1N HCI and brine, and dried over Na,SO,. After removal of the solvent, the residue was subjected to
column chromatography (n-hexane:AcOEt = 20:1) to give 3-chloro-2-ethenylnitrobenzene (3.00 g, 82%, 2 steps)
as a yellow oil. 'HNMR & 7.63 (dd, 1H, J= 8.1, 1.2 Hz), 7.61 (dd, 1H, J=8.1, 1.2 Hz), 7.34 (dd, 1H, J=8.1, 8.1
Hz), 6.80 (dd, 1H, J=17.8, 11.5 Hz), 5.63 (dd, 1H, J=11.7, 0.5 Hz), 5.47 (dd, 1H, J=17.8, 0.5 Hz); "C NMR §
150.58, 134.95, 133.13, 131.56, 129.28, 128.35, 122.29, 121.97; IR (KBr) cm' 3087, 2875, 1526, 1360, 949;
LRMS (EI) m/z 183 (26%, M"), 154 (100%, base peak).

To a solution of 3-chloro-2-ethenylnitrobenzene (0.56 mmol, 102 mg) in EtOH (3.2 mL) were added AcOH (3.2
mL) and iron powder (2.23 mmol, 125 mg), and the mixture was refluxed for 2.5 hours, then cooled to rt. After
addition of water (5 mL), and K,COj3 to neutralize the aqueous layer, the organic compounds were extracted with
Et,0. The combined organic layers were washed with brine, and dried over Na,SO,4. After removal of the solvent,
the residue was resolved in CH,Cl, (2 mL). To the solution, p-toluenesulfonyl chloride (0.67 mmol, 128 mg) and
pyridine (1.68 mmol, 0.14 mL) were added, and the mixture was stirred for 3 days at rt. After addition of sat. aq.
NH,4CI, the organic compounds were extracted with CH,Cl,. The combined organic layers were washed with brine,
and dried over Na,SO,. After removal of the solvent, the residue was purified by column chromatography
(n-hexane:AcOEt = 10:1) to give N-p-toluenesulfonyl-3-chloro-2-ethenylaniline (120 mg, 70%). Mp 137-138 °C
(n-hexane/AcOEt), colorless needles; 'H NMR $7.64 (d, 2H, J = 8.5 Hz), 7.54 (dd, 1H, J= 7.8, 1.5 Hz), 7.24 (d,
2H, J= 8.1 Hz), 7.15 (dd, 1H, J= 8.1, 8.1 Hz), 7.11 (dd, 1H, J= 8.1, 1.5 Hz), 7.02 (brs, 1H), 6.34 (dd, 1H, J=

18.1, 11.5 Hz), 5.65 (dd, 1H, J=11.5, 1.2 Hz), 5.20 (dd, 1H, J = 18.3, 1.5 Hz), 2.39 (s, 3H); °C NMR § 144.28,
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135.99, 135.22, 133.65, 130.80, 129.76, 128.77, 128.44, 127.16, 125.37, 123.08, 118.81, 21.55; IR (KBr) cm’'
3264, 1566, 1337, 1166, 940; LRMS (EI) m/z 307 (17%, M"), 252 (100%, base peak); HRMS (FAB) calcd for
C1sH;sCINO,S (M'+H) 308.0512, found 308.0520; Anal. Calcd for C;sH;4CINO,S: C 58.53 H 4.58 N 4.55,
found: C 58.68 H 4.70 N 4.52.

To a stirring solution of N-p-toluenesulfonyl-3-chloro-2-ethenylaniline (40.1 mg, 0.13 mmol) in CH;CN (5 mL)
were added K,COs (35.9 mg, 0.26 mmol) and allyl bromide (0.06 mL, 0.65 mmol), and the mixture was refluxed
for 1 hour. The solution was filtrated through a celite pad and the filtrate was concentrated under reduced pressure.
The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt = 10:1) to give 719 (44.3
mg, 98%). Mp 80-81 °C (n-hexane/AcOEt), colorless plates; 'H NMR § 7.62 (d,2H, J=8.3 Hz), 7.37 (d, 1H, J=
8.1 Hz), 7.30 (d, 2H, J=8.1 Hz), 7.05 (dd, 1H, J=8.1, 8.1 Hz), 6.70 (dd, 1H, J=18.1, 11.7 Hz), 6.67 (d, IH, J=
8.1 Hz), 5.79 (dd, 1H, J=17.8, 1.5 Hz), 5.70 (tdd, 1H, J=17.1, 10.2, 6.6 Hz), 5.63 (dd, 1H, J = 12.0, 1.5 Hz),
5.00 (d, 1H, J = 10.5 Hz), 4.96 (d, 1H, J = 17.1 Hz), 4.09 (brs, 2H), 2.45 (s, 3H); °C NMR § 143.70, 138.61,
138.21, 136.29, 134.05, 132.06, 130.73, 130.30, 129.56, 127.90, 127.84, 127.43, 122.38, 119.59, 54.59, 21.56; IR
(KBr) em™ 3023, 2915, 1341, 1163, 663; LRMS (FAB) miz 348 (41%, M™+H), 192 (100%, base peak); HRMS
(FAB) calcd for CigHoCINO,S (M'+H) 348.0825, found 348.0807; Anal. Calcd for CsH;sCINO,S: C 62.15 H
5.22 N 4.03, found: C 62.19 H 5.30 N 3.97.

N-Acetyl-N-allyl-2-ethenylaniline (71m)

To a solution of N-acetyl-2-ethenylaniline’' (242 mg, 1.50 mmol) and NaH (60% in mineral oil, 120 mg, 3.00
mmol) in THF (5 mL) was added allyl bromide (0.26 mL, 3.00 mmol), and the mixture was stirred for 11 hours at
rt. After addition of sat. aq. NH4Cl, the organic compounds were extracted with AcOEt. The combined organic
layers were washed with brine and dried over Na,SO,. After removal of the solvent, The obtained crude residue
was subjected to column chromatography (n-hexane:AcOEt = 3:1) to give 71m (287 mg, 95%) as a colorless oil.
'HNMR & 7.65 (dd, 1H, J= 7.8, 2.0 Hz), 7.27-7.35 (m, 2H), 7.10 (dd, 1H, J= 7.6, 1.3 Hz), 6.73 (1H, dd, J=17.5,

11.2 Hz), 5.82-5.92 (m, 1H), 5.79 (dd, 1H, J = 17.5, 1.1 Hz), 5.38 (dd, 1H, J = 11.3, 1.0 Hz), 5.03-5.11 (m, 2H),
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4.63 (dd, 1H, J=14.7, 6.1 Hz), 3.83 (dd, 1H, J = 14.4, 7.3 Hz), 1.77 (s, 3H); C NMR & 170.48, 140.14, 135.48,
132.66, 131.66, 129.30, 128.79, 128.44, 126.32, 118.46, 117.07, 51.63, 22.46; IR (neat) cm™ 3488, 3068, 3016,
2924, 1666; LRMS (EI) mVz 118 (100%, base peak), 201 (M, 7.9%); HRMS (EI) calcd for C;3H;(NO (M'+H)
202.1232, found 202.1226.

N-Allyl-N-benzoyl-2-ethenylaniline (71n)

To a stirring solution of NaH (60% in mineral oil, 80.0 mg, 2.00 mmol) in THF (1 mL) were added
N—benzoyl—2—ethenylaniline72 (223 mg, 1.00 mmol) in THF (5 mL) and allyl bromide (0.17 mL, 2.00 mmol), and
the mixture was stirred for 12 hours at rt. After addition of sat. aq. NH4Cl, the organic compounds were extracted
with AcOEt. The combined organic layers were washed with brine and dried over Na,SO,. After removal of the
solvent, The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt = 10:1) to give
71n (251.2 mg, 95%). Mp 66 °C (AcOEt/n-hexane), colorless prisms; 'H NMR § 7.48 (d, 1H, J="7.8 Hz), 7.26 (d,
2H, J=17.1 Hz), 7.07-7.19 (m, 5H), 6.91 (d, 1H, J= 6.8 Hz), 6.86 (dd, 1H, J=17.3, 11.0 Hz), 5.99 (dddd, 1H, J=
17.2,10.0, 7.1, 5.9 Hz), 5.73 (d, 1H, 3= 17.3 Hz), 5.37 (d, 1H, J=11.0 Hz), 5.14 (d, 1H, J= 10.0 Hz), 5.12 (d,
1H, J=17.2 Hz), 4.85 (dd, 1H, J = 14.4, 5.9 Hz), 3.97 (dd, 1H, J = 14.4, 7.1 Hz); °C NMR § 170.39, 140.34,
135.71, 134.70, 132.20, 131.87, 129.98, 129.40, 128.11, 128.06, 127.60, 127.31, 126.08, 118.52, 116.73, 52.73;
IR (KBr) cm™ 3068, 2979, 1646, 1384; LRMS (EI) m/z 263 (100%, M", base peak), 235 (100%); HRMS (FAB)
caled for CgH;sNO (M'+H) 264.1388, found 264.1377; Anal. Caled for CigH;sNO: C 82.10 H 6.51 N 5.32,
found: C 82.14 H 6.52 N 5.19.

N-Allyl-N-benzyloxycar bonyl-2-ethenylaniline (71p)

To a solution of 2-ethenylaniline®™™ (100 mg, 0.84 mmol) in CH,CL (10 mL) were added a solution of Na,CO;
(106 mg, 1.00 mmol) in water (2 mL) and benzyloxycarbonyl chloride (0.14 mL, 1.00 mL), and the mixture was
stirred for 12 hours at rt. After the organic compounds were extracted with CH,Cl,, the combined organic layers
were washed with brine and dried over Na,SO,. After removal of the solvent, The obtained crude residue was

subjected to column chromatography (n-hexane:AcOEt = 5:1) to give N-benzyloxycarbonyl-2-ethenylaniline (156
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mg, 73%). Mp 81-82 °C (n-hexane), colorless needles; 'H NMR § 7.82 (brs, 1H), 7.26-7.41 (m, 7H), 7.11 (dd, 1H,
J=7.5,7.5Hz), 6.79 (dd, 1H, J=17.2, 11.0 Hz), 6.63 (brs, 1H), 5.65 (d, 1H, J=17.4 Hz), 5.40 (d, |H, J=11.0
Hz), 5.21 (s, 2H); °C NMR § 153.65, 135.97, 134.37, 131.94, 129.48, 128.50, 128.46, 128.38, 128.25, 126.81,
124.44, 121.85, 117.98, 67.04; IR (KBr) cm™ 3276, 1690, 1523, 1239; LRMS (FAB) miz 253 (M", 32%), 91
(100%, base peak); HRMS (FAB) calcd for C;cH;sNO, (M++H) 254.1181, found 254.1192; Anal. Calcd for
Ci6H5NO,: C 75.87 H 5.97 N 5.53, found: C 75.68 H 6.02 N 5.49.

To a stirring solution of NaH (60% in mineral oil, 32.4 mg, 0.81 mmol) in THF (1 mL) were added
N-benzyloxycarbonyl-2-ethenylaniline (88.7 mg, 0.35 mmol) in THF (1 mL) and allyl bromide (0.07 mL, 0.81
mmol), and the mixture was stirred for 12 hours at rt. After addition of sat. aq. NH4Cl, the organic compounds
were extracted with AcOEt. The combined organic layers were washed with brine and dried over Na,SO,4. After
removal of the solvent, The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt =
10:1) to give 71p (94.3 mg, 92%) as a colorless oil. 'H NMR (DMSO-dg, 120 °C) § 7.60-7.62 (m, 1H), 7.16-7.30
(m, 8H), 6.72 (dd, 1H, J=17.6, 10.5 Hz), 5.87 (ddt, 1H, J=16.8, 10.3, 6.4 Hz), 5.72 (dd, 1H, J=17.6, 1.3 Hz),
5.29 (dd, 1H, J=11.2, 1.3 Hz), 5.06-5.11 (m, 4H), 4.17 (brs, 2H); °C NMR (DMSO-dg, 150 °C) & 154.17, 138.92,
136.27, 134.92, 132.90, 132.02, 128.29, 127.62, 127.48, 126.93, 126.92, 126.59, 125.62, 116.85, 115.39, 66.09,
52.26; IR (neat) cm’' 3066, 3033, 1704, 1398; LRMS (EI) m/z 158 (100%, base peak), 293 (17.5%, M"); HRMS
(FAB) calcd for C9Hy0NO, (M +H) 294.1494, found 294.1511.
N-2-(3-butenyl)-N-p-toluenesulfonyl-2-ethenylaniline (71u)

To a solution of N—p—toluenesulfonyl—Z—ethenylaniline3 tk (1.00 mmol, 273.0 mg), 3-buten-2-ol (1.10 mmol, 79.3
mg), and triphenylphosphine (1.10 mmol, 288.5 mg) in THF (1.0 mL) was added a solution of diethyl
azodicarboxylate (1.10 mmol, 0.17 mL) in THF (5 mL) dropwise, and the mixture was stirred for 2.5 hours at rt.
After removal of the solvent, the residue was subjected to column chromatography (n-hexane:AcOEt = 20:1) to
give 71u (242.3 mg, 74%) as a colorless oil. "H NMR (DMSO-ds, 150 °C, major and minor rotamers) § 7.67 (d,

1H, J = 6.8 Hz), 7.59 (d, 2H, J = 8.2 Hz), 7.37-7.39 (m, 1H), 7.36 (d, 2H, J = 8.4 Hz), 7.23 (dd, 1H, J= 7.7, 7.7
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Hz), 6.83-7.00 (m, 2H), 5.69-5.76 (m, 1H), 5.69 (d, 1H, J=17.4 Hz), 5.22 (d, 1H, J= 1.7 Hz), 5.03 (d, 1H, J =
17.2 Hz), 4.98 (d, 1H, J=10.4 Hz), 4.77 (dq, 0.66H, J= 6.6, 6.6 Hz), 4.04 (d, 0.34H, J= 6.4 Hz), 2.42 (s, 0.51H),
2.41 (s, 2.49H), 1.49 (d, 0.51H, J = 5.9 Hz), 1.13 (d, 2.49H, J = 6.7 Hz); IR (neat) cm™ 2980, 1598, 1342, 1162;
LRMS (EI) m/z 172 (100%, base peak), 327 (35%, M"); HRMS (FAB) calcd for C19H,,NO,S (M'+H) 328.1371,

found 328.1385.

General procedure of isomerization of aterminal olefin.

To a stirred solution of terminal olefin (substrate) and vinyloxytrimethylsilane (81c) (10 eq.) in CH,Cl, was added
ruthenium carbene catalyst (3€) (0.05 eq.) under an Ar atmosphere and the mixture was refluxed for 1.5 — 3 hours.
The solvent was removed under vacuum and the resulting crude residue was subjected to column chromatography
to give the corresponding isomerized product.

Ethyl 1-(2-butenyl)-2-oxocyclohexanecarboxylate (83a)” (a mixture of E- and Z-isomers): a colorless oil. 'H
NMR 6, 5.23-5.52 (m, 2H), 4.14-4.08 (m, 2H), 2.55-2.41 (m, 4.2H), 2.27-2.22 (m, 0.8H), 1.97-2.01 (m, 1H),
1.74-1.57 (m, 6H), 1.47-1.39 (m, 1H), 1.21-1.26 (m, 3H); °C NMR & 207.81, 207.69 171.59, 128.81, 127.05,
125.60, 124.51, 61.17, 61.12, 61.06, 60.90, 41.14, 38.06, 35.70, 35.51, 31.89, 27.53, 22.47, 22.44, 17.88, 14.17,
14.08, 12.79; IR (neat) cm™ 2937, 2859, 1713, 1438, 1197.

1-Phenyl-1-propene (86a)"* (a mixture of E- and Z-isomers): a colorless oil. '"H NMR § 7.09-7.31 (m, 5H),
6.31-6.38 (m, 1H), 6.17 (qd, 0.93H, J=15.6, 6.4 Hz), 5.68-5.77 (m, 0.07H), 1.84-1.80 (m, 3H).
4-(1-Propenyl)anisole (86b)"* (a mixture of E- and Z-isomers): a colorless oil. '"H NMR § 7.23-7.28 (m, 2H),
6.81-6.85 (m, 2H), 6.32-6.36 (m, 1H), 6.09 (dq, 0.9H, J = 15.7, 6.6 Hz), 5.70 (dq, 0.1H, J = 11.6, 7.2 Hz), 3.82
(0.3H, s), 3.80 (2.7H, s), 1.85-1.90 (m, 3H).

1-Phenyl-2-butene (86c)” (a mixture of E- and Z-isomers): a colorless oil. 'H NMR § 7.10-7.28 (m, 5H),

5.40-5.56 (m, 2H), 3.34 (d, 0.53H, J= 5.1 Hz), 3.24 (d, 1.47H, J= 6.2 Hz), 1.66-1.61 (m, 3H).
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4-Hexen-1-ol (86d)" (a mixture of E- and Z-isomers), a colorless oil. 'H NMR & 5.40-5.48 (m, 2H), 3.62 (t,
1.73H, J= 6.6 Hz), 3.55 (t, 0.27H, J= 6.6 Hz), 2.02-2.14 (m, 4H), 1.62-1.69 (m, 3H).

1-Benzyloxy-4-hexene (86€)”’ (a mixture of E- and Z-isomers), a colorless oil. '"H NMR § 7.25-7.37 (m, 5H),
5.35-5.57 (m, 2H), 4.52 (s, 0.26H), 4.50 (s, 1.74H), 3.45-3.50 (m, 2H), 2.29-2.40 (m, 0.26H), 1.98-2.17 (m,
1.74H), 1.61-1.71 (m, SH).

1-Benzyloxypropene (86f)™ (a mixture of E- and Z-isomers), colorless oil. '"H NMR § 7. 27-7.38 (m, 5H), 6.31
(qd, 0.44H, J=12.4, 1.5 Hz), 6.30 (qd, 0.56H, J = 6.10, 1.7), 4.87 (qd, 0.44H, J=12.4, 6.7 Hz), 4.80 (s, 1.12H),
4.70 (s, 0.88H), 4.44 (qd, 0.56H, J= 6.8, 6.1 Hz), 1.63 (dd, 1.68H, J= 6.8, 1.7 Hz), 1.57 (dd, 1.32H, J=6.7, 1.5
Hz); C NMR & 146.26, 145.17, 137.82, 137.36, 128.45, 128.44, 127.79, 127.77, 127.52, 127.56, 101.85, 99.47,

73.49, 71.10, 12.59, 9.32.

Synthesis of indoles.

To a stirred solution of N-allyl-2-ethenylaniline (substrate) and 81c (1 eq.) in CH,Cl, was added 3e (0.05 eq.)
under an Ar atmosphere and the mixture was refluxed for 1.5—4 hours. After the removal of solvent, the obtained
enamide was subjected to RCM under the conditions indicated in the tables. The solvent was removed under
vacuum and the residue was purified by column chromatography to give the corresponding indoles.
N-p-Toluenesulfonylindole (88a)": a colorless needle. Mp 87-88 °C (MeOH), lit.” Mp 78.5-79.5 °C; 'H NMR §
7.99 (d, 1H, J=8.3 Hz), 7.75 (d, 2H, J= 8.3 Hz), 7.56 (d, 1H, J=3.7 Hz), 7.51 (d, 1H, J= 7.8 Hz), 7.19-7.32 (m,
4H), 6.64 (d, 1H, J = 3.4 Hz), 2.31 (s, 3H); °C NMR & 143.87, 135.27, 134.78, 130.71, 129.82, 126.77, 126.29,
124.50, 123.22, 121.32, 113.50, 108.98, 21.50; LRMS (EI) m/z271 (100%, base peak, M").
N-p-Toluenesulfony-5-methoxylindole (88c)**: a colorless needle. Mp 112-113 °C (MeOH), lit** Mp
92.5-93.5 °C; '"H NMR & 7.87 (d, 1H, J= 8.8 Hz), 7.72 (d, 2H, J = 8.2 Hz), 7.51 (d, 1H, J= 3.8 Hz), 7.20 (d, 2H,
J=8.2 Hz), 6.96 (d, 1H, J=2.2 Hz), 6.92 (dd, 1H, J= 8.8, 2.2 Hz), 6.57 (d, 1H, J=3.8 Hz), 3.80 (s, 3H), 2.33 (s,

3H); "C NMR § 156.38, 144.78, 135.27, 131.74, 129.79, 129.58, 127.11, 126.72, 114.40, 113.66, 109.14, 103.61,
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55.61,21.52; LRMS (EI) mz301 (M*+H); LRMS (EI) m'z301 (93%, M"), 146 (100%, base peak).
N-p-Toluenesulfony-7-methoxylindole (886)*": a colorless solid. Mp 50-52 °C, lit. ** Mp 50-52 °C; '"H NMR
§7.83 (d, 1H, 3= 3.7 Hz), 7.73 (d, 2H, J = 8.3 Hz), 7.25 (d, 2H, J= 8.1 Hz), 7.16 (dd, 1H, J= 7.8, 1.2 Hz), 7.11
(dd, 1H, J=17.6, 7.6 Hz), 6.67 (dd, 1H, J= 7.8, 1.2 Hz), 6.63 (d, 1H, J = 3.7 Hz), 3.68 (s, 3H), 2.39 (s, 3H); "°C
NMR ¢ 147.34, 144.07, 137.33, 133.64, 129.28, 128.62, 127.27, 124.53, 123.98, 113.91, 106.91, 106.75, 55.40,
21.57.

N-p-Toluenesulfony-5,6,7-trimethoxylindole (88f): a colorless oil. "H NMR § 7.75 (d, 2H, J= 8.3 Hz), 7.72 (d,
1H, J=3.7 Hz), 7.24 (d, 2H, J = 8.5 Hz), 6.96 (s, 1H), 6.53 (d, 1H, J= 3.7 Hz), 3.85 (s, 3H), 3.79 (s, 3H), 3.79 (s,
3H), 2.37 (s, 3H); BC NMR § 151.19, 144.10, 141.47, 140.61, 136.77, 129.46, 128.77, 127.97, 127.23, 122.53,
107.18, 98.08, 61.09, 60.88, 56.10, 21.54; IR (neat) cm™ 2938, 1581; LRMS (EI) mVz 361 (100%, base peak, M");
HRMS (FAB) caled for Ci5H;sNOsS (M")361.0984, found 361.0961.

N-p-Toluenesulfony-4-chloroindole (88g): a colorless solid. Mp 118-119 °C; "H NMR § 7.89 (ddd, 1H J=6.0,
2.9,0.7 Hz), 7.75 (d, 2H, J= 8.4 Hz), 7.60 (d, 1H, J= 3.7 Hz), 7.20-7.25 (m, 4H), 6.77 (dd, 1H, J= 3.7, 0.7 Hz),
2.33 (s, 3H); PC NMR § 145.28, 135.35, 134.94, 129.95, 129.48, 126.82, 126.80, 126.47, 125.21, 123.03, 112.00,
107.06, 21.54; IR (neat) cm™ 2925, 1355, 1165, 751; LRMS (EI) m/z 305 (63%, M"), 91 (100%, base peak);
HRMS (FAB) calcd for C;5H,,CINO,S (M+) 305.0277, found 305.0256.

N-p-Toluenesulfony-6-chloroindole (88i): a colorless needle. Mp 153-153 °C (MeOH); '"H NMR § 8.01 (brs, 1H),
7.76 (d, 2H, J = 8.5 Hz), 7.54 (d, 1H, J= 3.7 Hz), 7.42 (d, 1H, J= 8.3 Hz), 7.25 (d, 2H, J = 8.8 Hz), 7.19 (dd, 1H,
J=83, 1.7 Hz), 6.61 (d, 1H, J = 3.7 Hz), 2.33 (s, 3H); °C NMR §_145.25, 135.12, 135.03, 130.55, 130.01,
129.16, 126.86, 126.79, 123.96, 122.08, 113.69, 108.68, 21.56; IR (KBr) cm’! 1424, 1364, 1172; LRMS (EI) m/z
305 (100%, base peak, M"), 152 (100%); HRMS (FAB) calcd for C;sH;>,CINO,S (M) 305.0277, found 305.0295.
N-Acetylindole (88m)®': a colorless oil. 'H NMR § 8.44 (d, 1H, J= 7.8 Hz), 7.56 (d, 1H, J = 7.8 Hz), 7.33-7.44
(m, 2H), 7.27 (dd, 1H, J= 7.6, 7.6 Hz), 6.63 (d, 1H, J= 3.9 Hz), 2.63 (s, 3H); °C NMR § 168.64, 135.55, 130.41,

125.21, 125.13, 123.67, 120.84, 116.54, 109.19, 24.01; LRMS (EI) mVz 159 (34%, M"), 117 (100%, base peak).
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N-Benzoylindole (88n)*: a colorless prism. Mp 59 °C (n-hexane/AcOE), 1it.*> Mp 41-43 °C; '"H NMR § 8.41 (d,
1H, J= 8.3 Hz), 7.74 (dd, 2H, J = 8.1, 1.2 Hz), 7.59-7.63 (m, 2H), 7.54 (d, 1H, J= 6.3 Hz), 7.51 (d, 1H, J=7.1
Hz), 7.39 (ddd, 1H, J=7.3, 7.3, 1.2 Hz), 7.33 (dd, 1H, J= 7.3, 1.2 Hz), 7.30 (d, 1H, J=3.7 Hz), 6.62 (d, 1H, J =
3.7 Hz); °C NMR § 168.71, 135.99, 134.57, 131.87, 130.75, 129.15, 128.57, 127.58, 124.91, 123.93, 120.86,
116.38, 108.54; LRMS (EI) mVz 221 (100%, base peak, M"), 105 (100%).

N-Benzyloxycar bonylindole (88p): a colorless solid. Mp 42-44 °C; '"H NMR § 8.18 (d, 1H, J= 7.6 Hz), 7.62 (d,
1H, J = 3.7 Hz), 7.56 (d, 1H, J = 7.6 Hz), 7.48 (d-like, 2H, J = 6.3 Hz), 7.29-7.43 (m, 3H), 7.22-7.26 (m, 2H),
6.59 (d, 1H, J= 3.4 Hz), 5.46 (s, 2H); >C NMR § 150.84, 135.20, 135.07, 130.46, 128.72, 128.67, 128.41, 125.49,
124.49, 123.00, 120.97, 115.14, 108.16, 68.63; IR (KBr) cm™ 3152, 3034, 2962, 1736; LRMS (EI) m/z 251 (100%,
base peak, M"), 207 (100%); HRMS (FAB) calcd for C1sH;3NO, (M") 251.0946, found 251.0938.
N-Acetyl-3-methylindole (88t)®: a colorless solid. '"H NMR § 8.41 (brs, 1H), 7.50 (d, 1H, J = 7.3 Hz), 7.35 (dd,
1H, J=8.1, 8.1 Hz), 7.29 (dd, 1H, J= 7.6, 7.6 Hz), 7.17 (s, 1H), 2.59 (s, 3H), 2.28 (s, 3H); °C NMR § 168.26,
135.81, 131.89, 125.12, 123.34, 122.17, 118.77, 118.36, 116.53, 23.95, 9.65; LRMS (FAB) mVz 174 (33%, M'+H).
N-p-Toluenesulfony-2-methylindole (88u)’: a colorless solid. 'H NMR § 8.15 (d, 1H, J = 8.2 Hz), 7.66 (d, 2H, J
= 8.4 Hz), 7.40 (d, 1H, J=7.3 Hz), 7.26 (ddd, 1H, J=7.8, 7.8, 1.3 Hz), 7.20 (dd, 1H, J= 7.3, 1.3 Hz), 7.20 (d, 2H,
J=8.4Hz), 6.34 (d, 1H, J= 0.9 Hz), 2.60 (s, 3H), 2.34 (s, 3H); LRMS (EI) m/z 285 (96%, M"), 130 (100%, base

peak).
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Chapter 2. Cycloisomerization of a, o-dienesusing Grubbs catalyst.

Preparation of substrates.
92b was obtained commercially. 92¢*, 92u®*, 92v*®, 125a"", and N-tert-butoxycarbonyl-p-toluene-sulfonamide™

were prepared according to the reported procedures.

N, N-Diallyl-p-toluenesulfonamide (92f)

To a solution of p-toluenesulfonamide (684.9 mg, 4.0 mmol) and K,CO; (1.38 g, 10.0 mmol) in CH3CN (40 mL)
was added allyl bromide (0.87 mL, 10.0 mmol), and the mixture was refluxed for 4 hours. The solution was
filtrated through a celite pad and the filtrate was concentrated under reduced pressure. The crude residue was
subjected to column chromatography (n-hexane:AcOEt = 5:1) to give 92f * (957.6 mg, 95%) as a colorless oil. 'H
NMR & 7.71 (d, 2H, J= 8.3 Hz), 7.30 (d, 2H, J=8.1 Hz), 5.61 (tdd, 2H, J=17.3, 9.8, 6.3 Hz), 5.15-5.67 (m, 2H),
5.12-5.13 (m, 2H), 3.80 (d, 4H, J = 6.4 Hz), 2.43 (t, 3H); °C NMR § 143.09, 137.19, 132.47, 129.53, 126.96,
118.78,49.17, 21.31.

N-Allyl-N-(3-butenyl)-p-toluenesulfonamide (92x)

To a solution of N-tert-butoxycarbonyl-p-toluenesulfonamide® (400 mg, 1.47 mmol) and K,COs (406 mg, 2.94
mmol) in CH;CN (15 mL) was added allyl bromide (0.25 mL, 2.94 mmol), and the mixture was refluxed for 1.5
hours. The solution was filtrated through a celite pad and the filtrate was concentrated under reduced pressure to
give N-allyl-N-tert-butoxycarbonyl-p-toluenesulfonamide quantitatively.

To a solution of N-allyl-N-tert-butoxycarbonyl-p-toluenesulfonamide in CH,Cl, (15 mL) was added trifluoroacetic
acid (1.7 mL, 22.1 mmol), and the mixture was stirred for 40 hours at rt. The reaction was quenched by addition
of K,CO; and water. The organic compounds were extracted with CH,Cl, and the combined organic layers were

dried over Na,SO, and filtered. The solvent was removed under reduced pressure and the crude residue was
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subjected to column chromatography (n-hexane:AcOEt = 2:1) to give N-allyl-p-toluenesulfonamide’ (306.2 mg,
98%) as a colorless solid. '"H NMR & 7.76 (d, 2H, J = 8.3 Hz), 7.32 (d, 2H, J = 8.5 Hz), 5.73 (ddt, 1H, J=17.1,
10.2, 5.9 Hz), 5.17 (ddt, 1H, J=17.1, 2.7, 1.5 Hz), 5.11 (ddt, 1H, J=10.3, 2.9, 1.5 Hz), 4.38 (brs, 1H), 3.59 (m,
2H), 2.44 (s, 3H).

To a solution of N-allyl-p-toluenesulfonamide (100 mg, 0.47 mmol) and K,CO; (196 mg, 1.42 mmol) in CH;CN
(5.0 mL) was added 4-bromo-1-butene (0.14 mL, 1.42 mmol), and the mixture was refluxed for 6 hours. The
solution was filtrated through a celite pad and the filtrate was concentrated under reduced pressure. The crude
residue was subjected to column chromatography (n-hexane:AcOEt = 10:1) to give 92x (111.6 mg, 89%) as a
colorless oil. 'H NMR § 7.70 (d, 2H, J = 8.2 Hz), 7.30 (d, 2H, J = 8.1 Hz), 5.70 (tdd, 1H, J=17.2, 10.3, 6.8 Hz),
5.64 (tdd, 1H, J=17.0, 10.3, 6.4 Hz), 5.18 (d, 1H, J=18.5 Hz), 5.14 (d, 1H, J=11.0 Hz), 5.04 (d, 1H, J=17.0
Hz), 5.02 (d, 1H, J=10.3 Hz), 3.81 (d, 2H, J= 6.2 Hz), 3.18 (t, 2H, J=7.5 Hz), 2.42 (s, 3H), 2.28 (td, 2H, J= 7.5,
7.0 Hz); C NMR § 143.12, 137.03, 134.64, 133.12, 129.60, 127.06, 118.71, 116.89, 50.62, 46.59, 32.78, 21.43;
IR (neat) cm™ 3079, 2979, 2925, 1344, 1159; LRMS (EI) m/z 265 (20%, M), 224 (100%, base peak); HRMS
(FAB) calcd for C14H0NO,S; 266.1215, found 266.1209.

N-Allyl-N-(2-butenyl)-p-toluenesulfonamide (92y)

To a solution of N-allyl-p-toluenesulfonamide (96.0 mg, 0.45 mmol) and K,CO; (187 mg, 1.35 mmol) in CH;CN
(4.6 mL) was added crotyl bromide (0.16 mL, 1.35 mmol), and the mixture was refluxed for 2 hours. The solution
was filtrated through a celite pad and the filtrate was concentrated under reduced pressure. The crude residue was
subjected to column chromatography (n-hexane:AcOEt = 10:1) to give 92y (106 mg, 89%) as a colorless oil (E:Z
=4.8:1,89%). "HNMR & 7.69 (d, 2H, J= 8.1 Hz), 7.29 (d, 2H, J= 7.9 Hz), 5.51-5.69 (m, 2H), 5.17-5.28 (m, 1H),
5.11-5.14 (m, 2H), 3.85 (d, 0.70H, J= 7.0 Hz), 3.79 (d, 2H, J= 6.2 Hz), 3.74 (d, 1.30H, J= 1.7 Hz), 2.43 (s, 3H),
1.63 (d, 2.48H, J = 6.4 Hz), 1.58 (d, 0.52H, J = 6.2 Hz); °C NMR & 143.06, 143.01, 137.48, 137.42, 132.96,
132.83, 132.57, 130.46, 129.57, 129.51, 128.45, 127.11, 125.13, 124.53, 118.88, 118.54, 49.31, 49.25, 48.95,

48.60, 43.04, 21.41, 17.54, 12.81; IR (neat) cm’ 2920, 2856, 1341, 1159; LRMS (EI) m/z 265 (21%, M), 91
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(100%, base peak); HRMS (FAB) calcd for C;4H;0NO,S; 266.1215, found 266.1190.
2-Allyloxy-5-methoxystyrene (125b)

To a stirring solution of commercially available 2-hydroxy-5-methoxybenzaldehyde (1.00 g, 6.57 mmol) in
CH;CN (66 mL) were added K,CO; (1.82 g, 13.1 mmol) and allyl bromide (1.14 mL, 13.1 mmol), and the
mixture was refluxed for 1 hour. The solution was filtrated through a celite pad and the filtrate was concentrated
under reduced pressure. The obtained crude residue was subjected to column chromatography (n-hexane: AcOEt =
30:1) to give 2-allyloxy-5-methoxybenzaldehyde (1.25 g, 99%) as a yellow oil. '"H NMR § 10.5 (s, 1H), 7.34 (d,
1H, J=3.2 Hz), 7.12 (d, 1H, J=9.0, 3.2 Hz), 6.94 (d, 1H, J=9.0 Hz), 6.07 (tdd, 1H, J=17.1, 10.5, 5.1 Hz), 5.43
(dd, 1H, J = 17.3, 1.5 Hz), 5.32 (dd, 1H, J = 10.5, 1.2 Hz), 4.62 (d, 2H, J = 5.1 Hz), 3.81 (s, 3H); "C NMR §
189.47, 155.69, 153.70, 132.60, 125.30, 123.37, 117.93, 114.83, 110.15, 69.88, 55.72; IR (neat) cm™' 2864, 1683,
1495; LRMS (EI) Mz 192 (51%, M+), 151 (100%, base peak); HRMS (FAB) calcd for C;;H;,03; 192.0786, found
192.0799.

To a cooled (0 °C) solution of BrPh;PMe (1.10 g, 3.10 mmol) in THF (20 mL), KN(TMS), (20w/v%, toluene
solution, 3.57 mL, 3.10 mmol) was added. The solution was stirred for 1 hour at 0 °C. To the solution was added a
solution of 2-allyloxy-5-methoxybenzaldehyde (500 mg, 2.60 mmol) in THF (2 mL x 3), and the mixture was
stirred for 12 hours at rt. The reaction was quenched by sat. aq. NH4Cl. The organic compounds were extracted
with AcOEt and the combined organic layers were washed with brine and dried over Na,SO4. After removal of the
solvent, the residue was purified by column chromatography (n-hexane : AcOEt = 30 : 1) to give 125b (430 mg,
87%) as a colorless oil. "H NMR 3 7.07 (dd, 1H, J=17.8, 11.2 Hz), 7.04 (dd, 1H, J=2.9, 2.9 Hz), 6.81 (d, 1H, J
=9.0 Hz), 6.76 (dd, 1H, J=9.0, 2.9 Hz), 6.07 (tdd, 1H, J=17.2, 10.6, 5.1 Hz), 5.73 (dd, 1H, J=17.6, 1.3 Hz),
5.40 (ddd, 1H, J=17.2, 3.3, 1.7 Hz), 5.27 (dd, 1H, J=11.0, 1.3 Hz), 5.26 (ddd, 1H, J=10.4, 2.3, 1.5 Hz), 4.50
(ddd, 2H, J=5.1, 1.7, 1.7 Hz), 3.79 (s, 3H); °C NMR § 153.87, 150.14, 133.60, 131.47, 128.05, 117.14, 114.55,
114.16, 113.79, 111.57, 70.14, 55.62; IR (neat) cm™' 3085, 2939, 1493, 1215; LRMS (FAB) m/z 190 (M, 53%);

HRMS (EI) calcd for C;,H140; 190.0994, found 190.1006.
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2-(3-Butenyloxy)-5-methoxystyrene (125c)

To a stirring solution of commercially available 2-hydroxy-5-methoxybenzaldehyde (365 mg, 2.40 mmol) in
CH;CN (24 mL) were added K,CO; (663 mg, 4.80 mmol) and 4-bromo-1-butene (0.49 mL, 4.80 mmol), and the
mixture was refluxed for 23 hours. The solution was filtrated through a celite pad and the filtrate was concentrated
under reduced pressure. The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt =
7:1) to give 2-(3-butenyloxy)-5-methoxybenzaldehyde (323 mg, 65%) as a yellow oil. '"H NMR § 10.5 (s, 1H),
7.22 (dd, 1H, J=3.1 Hz), 7.11 (d, 1H, J=9.0, 3.3 Hz), 6.94 (d, 1H, J=9.0 Hz), 5.90 (ddt, 1H, J=17.0, 10.3, 6.8
Hz), 5.18 (ddt, 1H, J=17.2, 3.3, 1.7 Hz), 5.13 (ddt, 1H, J=10.3, 1.6, 1.1 Hz), 4.10 (t, 2H, J = 6.6 Hz), 3.80 (s,
3H), 2.58 (dtdd, 2H, J= 6.8, 6.6, 1.3, 1.3 Hz); *C NMR § 189.60, 156.06, 153.61, 134.02, 125.18, 123.49, 117.44,
114.50, 109.99, 68.34, 55.73, 33.59; IR (neat) cm™ 3077, 2941, 2866, 1683, 1495, 1278, 1219; LRMS (EI) m/z
206 (35%, M), 152 (100%, base peak); HRMS (FAB) calcd for C,H,405 206.0943, found 206.0931.

To a cooled (0 °C) solution of BrPh;PMe (722 mg, 2.00 mmol) in THF (5 mL), KN(TMS), (0.5 M, toluene
solution, 4.00 mL, 2.00 mmol) was added. The solution was stirred for 30 minutes at 0 °C. To the solution was
added a solution of 2-(3-butenyloxy)-5-methoxybenzaldehyde (209 mg, 1.00 mmol) in THF (2 mL x 3), and the
mixture was stirred for 1 hour at rt. The reaction was quenched by sat. aq. NH4Cl. The organic compounds were
extracted with AcOEt and the combined organic layers were washed with brine and dried over Na,SO,4. After
removal of the solvent, the residue was purified by column chromatography (n-hexane : AcOEt =15 : 1) to give
125¢ (201 mg, 97%) as a colorless oil. 'H NMR § 7.03 (dd, 1H, J=17.6, 11.2 Hz), 7.03 (d, 1H, J= 2.7 Hz), 6.79
(d, 1H, 3= 8.8 Hz), 6.75 (dd, 1H, J=9.0, 2.9 Hz), 591 (ddt, 1H, J=17.1, 10.2, 6.8 Hz), 5.73 (dd, 1H, J=17.6,
1.2 Hz), 5.25 (dd, 1H, J=11.0, 1.2 Hz), 5.16 (ddt, 1H, J=17.3, 1.7, 1.5 Hz), 5.10 (ddt, 1H, J=10.3, 1.7, 1.2 Hz),
3.97 (t, 2H, J = 6.6 Hz), 3.77 (s, 3H), 2.54 (dddt, 2H, J=6.8, 6.6, 1.5, 1.2 Hz); *C NMR § 153.76, 150.47, 134.65,
131.53, 127.87, 116.89, 114.49, 113.82 (2C), 111.63, 68.59, 55.64, 33.87; IR (neat) cm’' 3082, 2937, 1495, 1215;
LRMS (EI) m/z 204 (73%, M+), 150 (100%, base peak); HRMS (FAB) caled for Ci3H;60, 204.1150, found

204.1146.
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General procedure of cycloisomerization.

To a solution of diene (substrate) and 81c (1.0 eq.) was added 3e(5-10 mol%) under an Ar atmosphere and the
mixture was refluxed. The solvent was removed under vacuum and the resulting crude residue was subjected to
column chromatography to give the corresponding cycloisomerized product.
3-Methyl-4-methylene-1-p-toluenesulfonylpyrrolidine  (93f)°': a colorless prism. Mp 60-61 °C
(AcOEt/n-hexane), '"H NMR & 7.71 (d, 2H, J= 8.2 Hz), 7.33 (d, 2H, J = 8.1 Hz), 4.90 (d, 1H, J=2.2 Hz), 4.85 (d,
1H, J = 2.2 Hz), 3.95 (d, 1H, J = 14.1 Hz), 3.74 (dd, 1H, J = 14.1, 1.8 Hz), 3.58 (qt, 1H, J = 6.4, 5.1 Hz),
2.67-2.71 (m, 2H), 2.44 (s, 3H), 1.04 (d, 3H, J = 6.4 Hz); °C NMR & 149.29, 143.56, 132.90, 129.64, 127.76,
105.96, 55.03, 52.14, 37.43, 21.51, 16.04; LRMS (EI) mVz 251 (65%, M"), 91 (100%, base peak).
3,4-Dimethyl-1-p-toluenesulfonyl-2,5-dihydropyrrole  (94f)’": a colorless plate. Mp 153-154 °C
(AcOEt/n-hexane), 'H NMR & 7.72 (d, 2H, J= 8.0 Hz), 7.32 (d, 2H, J = 8.0 Hz), 3.97 (s, 4H), 2.43 (s, 3H), 1.54 (s,
6H); PC NMR § 143.23, 134.25, 129.66, 127.45, 126.17, 58.78, 21.48, 11.08; LRMS (EI) m/z 251 (58%, M"),
236 (100%, base peak).

1-p-Toluenesulfonyl-2,5-dihydropyrrole (107f)*%: a colorless needle. Mp 131-132 °C (AcOEt/n-hexane), 'H
NMR & 7.72 (d, 2H, J= 8.3 Hz), 7.32 (d, 2H, J= 8.3 Hz), 5.65 (s, 2H), 4.12 (s, 4H), 2.43 (s, 3H).

4, 4-Bis(ethoxycar bonyl)-1-methyl-2-methylenecyclopentane (93b)’*: a colorless oil. 'H NMR & 4.91 (d, 1H,
J=2.0 Hz), 4.80 (d, 1H, J = 2.2 Hz), 4.19 (q, 2H, J = 7.1 Hz), 4.18 (q, 2H, J = 7.1 Hz), 2.91-3.07 (m, 2H),
2.52-2.58 (m, 2H), 1.72-1.79 (m, 1H), 1.25 (t, 3H, J= 7.1 Hz), 1.24 (t, 3H, J= 7.1 Hz), 1.11 (d, 3H, J = 6.3 Hz);
BCNMR § 171.95, 171.83, 153.36, 105.35, 61.39 (2C), 58.14, 42.05, 40.43, 37.22, 17.91, 13.98 (2C).

1, 1-Diacetyl-3-methyl-4-methylenecyclopentane (93c)*: a colorless oil. '"H NMR §4.91 (d, 1H, J = 2.2 Hz),
4.78 (d, 1H, J=2.2 Hz), 2.96 (d, 1H, J=17.0 Hz), 2.88 (dd, 1H, J=16.8, 2.0 Hz), 2.58 (dd, 1H, J=12.6, 7.7 Hz),
2.42 (m, 1H), 2.13 (s, 3H), 2.11 (s, 3H), 1.59 (dd, 1H, J = 12.6, 11.0 Hz), 1.08 (d, 3H, J = 6.6 Hz); °C NMR §

153.02, 105.66, 72.92, 39.60, 37.54, 37.16, 26.65, 26.23, 17.81; IR (neat) cm™ 2981, 2934, 1732 1252, 1177.
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. a colorless oil. '"H NMR (major and minor rotamers) o

3-Methyl-4-methylene-1-benzoylpyrrolidine (93u)
7.27-7.52 (major and minor, m, SH), 5.08 (major, d, 0.62H, J = 1.5 Hz), 4.98 (major, d, 0.62H, J= 2.0 Hz), 4.92
(minor, s, 0.38H), 4.89 (minor, s, 0.38H), 4.44 (major, d, 0.62H, J = 16.6 Hz), 4.30 (major, d, 0.62H, J= 16.6 Hz),
4.15 (minor, dd, 0.38H, J=11.2, 8.1 Hz), 4.13 (minor, d, 0.38H, J=12.0 Hz), 4.04 (minor, d, 0.38H, J= 14.4 Hz),
3.72 (major, dd, 0.62H, J=10.0, 8.1 Hz), 3.21 (minor, dd, 0.38H, J=9.0, 9.0 Hz), 3.13 (major, dd, 0.62H, J=9.5,
9.5 Hz), 2.72-2.87 (major and minor, m, 1H), 1.20 (minor, d, 1.14H, J = 7.1 Hz), 1.10 (major, d, 1.86H, J = 6.6
Hz); BC NMR § 169.93 (minor), 169.39 (major), 150.05 (minor), 149.06 (major), 136.70 (minor), 136.41 (major),
129.89 (major and minor), 128.26 (major and minor), 127.17 (major), 126.93 (minor), 105.78 (major), 105.57
(minor), 56.53 (major), 53.83 (minor), 52.93 (minor), 50.80 (major), 38.01 (major), 36.17 (minor), 15.92 (minor),
15.18 (major); IR (neat) cm™ 3059, 2963, 2931, 2869, 1633, 1417.

N-tert-Butoxycar bonyl-3-methyl-4-methylenepyrrolidine (93v): a colorless oil. "H NMR (55 °C) § 4.94 (d, 1H,
J=1.2 Hz), 4.89 (dd, 1H, J=4.6, 2.2 Hz), 4.02 (d, 1H, J=15.1 Hz), 3.94 (d, 1H, J=15.4 Hz), 3.71 (dd, 1H, J=
8.8, 8.8 Hz), 2.92 (dd, 1H, J= 8.5, 8.5 Hz), 2.69-2.75 (brm, 1H), 1.46 (s, 9H), 1.12 (d, 3H, J = 6.6 Hz); IR (neat)
cm™ 3082, 2973, 2931, 2870, 1703, 1407, 1365, 1173, 1110; LRMS (EI) mVz 197 (60%, M"), 140 (100%, base
peak); HRMS (FAB) calcd for C;;H;sNO, (M'-H); 196.1338, found 196.1331.
N-p-Toluenesulfonyl-3-ethyl-4-methylenepyrrolidine (93x): a colorless solid. '"H NMR § 7.71 (d, 2H, J = 8.1
Hz), 7.33 (d, 2H, J= 8.5 Hz), 4.91 (dd, 1H, J=4.2, 2.2 Hz), 4.87 (dd, 1H, J=4.3, 2.2 Hz), 3.87 (d, 1H, J=14.1
Hz), 3.75 (dd, 1H, 3= 13.9, 2.0 Hz), 3.50 (dd, 1H, J=9.3, 7.3 Hz), 2.86 (dd, 1H, J=9.3, 7.1 Hz), 2.50 (brm, 1H),
2.44 (s, 3H), 1.53-1.62 (m, 1H), 1.22-1.32 (m, 1H), 0.89 (t, 3H, J = 7.6 Hz); *C NMR § 147.89, 143.56, 132.76,
129.63, 127.78, 106.58, 53.19, 52.21, 44.45, 25.13, 21.53, 11.80; IR (KBr) cm™ 2958, 2925, 2856, 1341, 1164,
1096, 664, 550; LRMS (EI) mVz 265 (98%, M"), 266 (100%, base peak, M'+H); HRMS (FAB) calcd for
C14H,0NO,S (M'+H); 266.1215, found 266.1211.

N-p-Toluenesulfonyl-2-ethyl-3-methylene-2,3-dihydroindole (123a): a colorless oil. '"H NMR § 7.75 (d, 1H, J =

8.1 Hz), 7.54 (d, 2H, J= 8.4 Hz), 7.31 (d, 1H, J= 7.5 Hz), 7.27 (dd, 1H, J= 7.3, 7.3 Hz), 7.15 (d, 2H, J = 8.2 Hz),
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7.04 (ddd, 1H, J=7.5, 7.5 Hz), 5.37 (d, 1H, J= 2.4 Hz), 4.86 (d, 1H, J=2.1 Hz), 4.60 (ddd, 1H, J=4.2,4.2,2.2,
2.2 Hz), 2.33 (s, 3H), 2.17 (dq, 1H, J = 7.3, 4.2 Hz), 1.80 (dq, 1H, J = 7.3, 4.2 Hz), 0.87 (t, 3H, J = 7.3 Hz); °C
NMR § 144.73, 144.08, 143.88, 134.44, 130.37, 129.95, 129.53, 127.15, 124.33, 120.15, 116.83, 102.66, 67.32,
29.99, 21.50, 7.18; IR (neat) cm’! 3065, 3031, 2967, 2926, 1599, 1462, 1358, 1170; LRMS (EI) nVz 313 (55%,
M+), 158 (100%, base peak); HRMS (FAB) calcd for C;sH;oNO,S 313.1137, found 313.1112.
N-p-Toluenesulfonyl-2-ethyl-5-methoxy-3-methylene-2,3-dihydroindole (123c): a colorless oil. '"H NMR &
7.67 (d, 1H, J= 8.8 Hz), 7.49 (d, 2H, J= 8.2 Hz), 7.14 (d, 2H, J= 7.3 Hz), 6.85 (dd, 1H, J= 7.0, 2.2 Hz), 6.78 (d,
1H, J = 2.4 Hz), 5.31 (d, 1H, J = 2.2 Hz), 4.84 (d, 1H, J = 1.8 Hz), 4.55 (m, 1H), 3.78 (s, 3H), 2.33 (s, 3H),
2.02-2.14 (m, 1H), 1.75-1.81 (m, 1H), 0.88 (t, 3H, J = 7.5 Hz); °C NMR § 157.17, 145.02, 143.74, 137.80,
134.06, 131.78, 129.48, 127.28, 118.29, 116.54, 104.90, 102.86, 67.70, 55.59, 30.08, 21.52, 7.42; IR (neat) cm’!
2961, 2924, 2854, 1482, 1355, 1167, 668; LRMS (EI) m/z 343 (18%, M"), 188 (100%, base peak); HRMS (FAB)
calcd for C19H>1NOsS, 343.1242, found 343.1247.
N-p-Toluenesulfonyl-4-chlor o-2-ethyl-3-methylene-2,3-dihydroindole (123g): a colorless oil. 'H NMR § 7.68
(dd, 1H, J= 8.1, 0.7 Hz), 7.54 (d, 2H, J = 8.3 Hz), 7.17 (d, 2H, J = 8.5 Hz), 7.16 (dd, 1H, J = 8.1, 8.1 Hz), 7.01
(dd, 1H, J= 8.1, 1.0 Hz), 6.10 (d, 1H, J = 2.4 Hz), 5.08 (d, 1H, J = 2.0 Hz), 4.62 (dddd, 1H, J=4.9, 4.4,2.4,2.0
Hz), 2.35 (s, 3H), 2.13 (ddq, 1H, J=13.9, 7.3, 5.1 Hz), 1.80 (ddq, 1H, J= 14.6, 7.3, 4.6 Hz), 0.88 (t, 3H, J= 7.3
Hz); ®C NMR § 146.07, 144.22, 143.07, 134.36, 130.21, 129.99, 129.68, 127.13, 126.55, 126.10, 115.10, 109.32,
67.76, 30.55, 21.54, 7.22; IR (neat) cm’ 2970, 2926, 2875, 1736, 1591, 1435, 1360, 1168, 667, LRMS (EI) m/z
347 (100%, M", base peak); HRMS (FAB) calcd for CgH;sCINO,S 347.0747, found 347.0718.
N-p-Toluenesulfonyl-5-chloro-2-ethyl-3-methylene-2,3-dihydroindole (123h): a colorless oil. '"H NMR § 7.68
(d, 1H, J= 8.5 Hz), 7.53 (d, 2H, J = 8.3 Hz), 7.25 (d, 1H, J= 2.0 Hz), 7.22 (dd, 1H, J = 8.8, 2.2 Hz), 7.18 (d, 2H,
J=28.1Hz), 5.37 (d, 1H, J= 2.0 Hz), 491 (d, 1H, J = 1.5 Hz), 4.61 (dddd, 1H, J= 4.9, 4.4, 2.0, 1.5 Hz), 2.35 (s,
3H), 2.16 (ddq, 1H, J=13.8, 7.3, 5.4 Hz), 1.79 (ddq, 1H, J=13.9, 7.3, 4.2 Hz), 0.86 (t, 3H, J = 7.3 Hz); *C NMR

§ 144.18, 143.65, 142.66, 134.12, 132.05, 129.94, 129.85, 129.68, 127.14, 120.85, 117.89, 104.21, 67.68, 29.99,
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21.53, 7.12; IR (neat) cm’ 2969, 2924, 1591, 1360, 1168, 667; LRMS (EI) m/z 347 (100%, M", base peak);
HRMS (FAB) calcd for C1gH gsCINO,S 347.0747, found 347.0756.
N-p-Toluenesulfonyl-6-chloro-2-ethyl-3-methylene-2,3-dihydroindole (123i): a colorless oil. '"H NMR & 7.77
(d, 1H, J= 1.7 Hz), 7.57 (d, 2H, J= 8.3 Hz), 7.21 (d, 1H, J= 8.1 Hz), 7.19 (d, 2H, J = 8.1 Hz), 7.00 (dd, 1H, J=
8.3, 2.0 Hz), 5.36 (d, 1H, J= 2.0 Hz), 4.88 (d, 1H, J = 1.5 Hz), 4.62 (dddd, 1H, J=5.1, 3.9, 2.0, 1.5 Hz), 2.35 (s,
3H), 2.18 (ddq, 1H, J = 14.2, 7.3, 5.4 Hz), 1.79 (ddq, 1H, J = 13.9, 7.6, 4.2 Hz), 0.85 (t, 3H, J = 7.3 Hz); °C
NMR & 145.04, 144.24, 143.59, 135.62, 134.26, 129.72, 128.87, 127.12, 124.57, 121.48, 116.83, 103.24, 67.74,
29.91, 21.54, 6.98; IR (neat) cm™ 2968, 2925, 2854, 1597, 1361, 1170, 667; LRMS (EI) m/z 347 (6.4%, M"), 314
(100%, base peak); HRMS (FAB) calcd for C;sH;sCINO,S 347.0747, found 347.0746.
2-Ethyl-3-methylene-2,3-dihydrobenzofuran (126a): a colorless oil. '"H NMR (C¢De) & 7.32 (dd, 1H, J = 7.6,
1.2 Hz), 7.09 (ddd, 1H, J= 8.3, 8.3, 1.5 Hz), 6.96 (d, 1H, J= 8.1 Hz), 6.82 (ddd, 1H, J=7.3, 7.3, 0.7 Hz), 5.36 (d,
1H, J= 2.9 Hz), 4.99 (ddd, 1H, J= 4.2, 3.9, 2.7 Hz), 4.71 (d, 1H, J = 3.4 Hz), 1.74 (ddq, 1H, J = 14.9, 7.6, 4.2
Hz), 1.63 (dq, 1H, J="7.3, 14.6 Hz), 1.03 (t, 3H, J= 7.3 Hz); ’C NMR § 162.47, 147.36, 130.48, 126.03, 120.92,
120.37, 110.38, 99.83, 86.82, 29.04, 8.62; IR (neat) cm’! 2970, 2936, 2878, 1608, 1465, 1229, 939, 747; LRMS
(EI) m/'z 160 (31%, M"), 131 (100%, base peak); HRMS (FAB) caled for C;;H;;0 (M'-H) 159.0810, found
159.0802.

2-Ethyl-5-methoxy-3-methylene-2,3-dihydrobenzofuran (126b): a colorless oil. 'H NMR § 6.90 (d, 1H, J=2.7
Hz), 6.79 (dd, 1H, J=28.5, 2.4 Hz), 6.75 (d, 1H, J= 8.8 Hz), 5.37 (d, 1H, J=2.9 Hz), 5.11 (dddd, 1H, J= 6.8, 3.9,
2.9, 2.4 Hz), 4.88 (d, 1H, J= 2.4 Hz), 3.78 (s, 3H), 1.89 (ddq, 1H, J= 14.6, 7.3, 4.2 Hz), 1.74 (ddq, 1H, J = 14.4,
7.3, 7.1 Hz), 1.01 (t, 3H, J= 7.3 Hz); Bc NMR ¢ 156.95, 154.10, 147.88, 126.39, 117.33, 110.67, 105.24, 99.80,
87.12, 56.00, 29.07, 8.59; IR (neat) cm’ 2970, 2936, 1639, 1485, 1198; LRMS (EI) m/z 190 (83%, M"), 175
(100%, base peak); HRMS (FAB) calcd for Cj,H;30, (M'-H); 189.0916, found 189.0915.

3-M ethylene-5-methoxy-2-propyl-2,3-dihydr obenzofuran (126¢): a colorless oil. "H NMR (C¢Ds) & 7.04 (d, 1H,

J=12.7Hz), 6.87 (d, 1H, J= 8.8 Hz), 6.81 (dd, 1H, J= 8.8, 2.7 Hz), 5.34 (d, 1H, J= 3.2 Hz), 5.12 (m, 1H), 4.75

96



(d, 1H, J= 2.7 Hz), 3.43 (s, 3H), 1.51-1.73 (m, 4H), 0.94 (t, 3H, J = 7.1 Hz); *C NMR § 156.84, 154.10, 148.30,
126.28, 117.33, 110.71, 105.25, 99.68, 86.00, 56.00, 38.48, 17.85, 13.98; IR (neat) cm™ 2958, 2934, 1636, 1485,

1198; LRMS (EI) mvz 204 (100%, M, base peak); HRMS (FAB) calcd for Ci3H;s0, (M'-H) 203.1072, found

203.1078.
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Chapter 3. Application of cycloisomerization of dienesto a synthesis of natural product.

Preparation of substrate.

N-(3-Butenyl)-N-p-toluenesulfonyl-2-ethenylaniline (142b)

To a stirring solution of N-p-toluenesulfonyl-2-ethenylaniline®' (300 mg, 1.10 mmol) in CH;CN (22 mL) were
added K,COs3 (304 mg, 2.20 mmol) and 4-bromo-1-butene (0.22 mL, 2.20 mmol), and the mixture was refluxed
for 4 hours. The solution was filtrated through a celite pad and the filtrate was concentrated under reduced
pressure. The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt = 20:1) to give
142b (279 mg, 77%) as a colorless oil. 'HNMR § 7.67 (d, 1H, J=17.9 Hz), 7.57 (d, 2H, J= 8.2 Hz), 7.31 (dd, 1H,
J=1.7,7.7Hz),7.27 (d, 2H, J=8.2 Hz), 7.15 (dd, 1H, J="7.7, 7.7 Hz), 7.06 (dd, 1H, J=17.6, 11.0 Hz), 6.68 (d,
1H, J=17.7 Hz), 5.73 (d, 1H, J=17.8 Hz), 5.68 (ddt, 1H, J=17.4, 10.1, 7.0 Hz), 5.29 (d, I1H, J= 11.2 Hz), 5.00
(d, 1H, J=17.4 Hz), 4.99 (d, 1H, J = 10.1 Hz), 3.76 (brs, 1H), 3.33 (brs, 1H), 2.44 (s, 3H), 2.22 (brs, 1H), 2.12
(brs, 1H); >C NMR & 143.43, 138.80, 136.79, 135.72, 134.44, 132.80, 129.42, 128.54, 128.45, 128.08, 127.84,
126.00, 117.06, 115.58, 51.36, 32.66, 21.5; IR (KBr) cm™ 3067, 2865, 1638, 1596, 1484, 1346, 1163; LRMS (EI)
m'z 327 (2%, M), 130 (100%, base peak); HRMS (FAB) calcd for C;gH»NO,S (M'+H) 328.1371, found
328.1360.

N-(3-M ethoxycar bonyl-2-pr openyl)-N-p-toluenesulfonyl-2-ethenylaniline (142d)

To a stirring solution of N—p—toluenesulfonyl—2—ethenylaniline3 Ik (200 mg, 0.73 mmol) in CH;CN (15 mL) were
added K,CO; (131 mg, 0.95 mmol) and methyl 4-bromocrotonate (0.17 mL, 1.46 mmol), and the mixture was
refluxed for 40 minutes. The solution was filtrated through a celite pad and the filtrate was concentrated under
reduced pressure. The obtained crude residue was subjected to column chromatography (n-hexane:AcOEt = 5:1)
to give 142d (255 mg, 94%). (E)-Isomer, mp 97-98 °C (n-hexane/AcOEt), colorless plates; 'H NMR § 7.62 (dd,

1H, J=17.9, 1.5 Hz), 7.58 (d, 2H, J = 8.2 Hz), 7.31 (ddd, 1H, J = 8.0, 8.0, 1.0 Hz), 7.29 (d, 2H, J = 8.1 Hz), 7.15

98



(ddd, 1H,J3="17.7,7.7, 1.5 Hz), 6.93 (dd, 1H, J=17.6, 11.0 Hz), 6.79 (dt, 1H, J=15.7, 6.4 Hz), 6.75 (dd, 1H, J=
7.9, 1.1 Hz), 5.80 (dt, 1H, J=15.7, 1.3 Hz), 5.71 (dd, 1H, J=17.6, 1.1 Hz), 5.30 (dd, 1H, J=11.2, 1.1 Hz), 4.26
(m, 2H), 3.67 (s, 3H), 2.44 (s, 3H); °C NMR & 165.90, 143.85, 141.89, 138.32, 136.45, 135.82, 132.39, 129.61,
129.16, 128.85, 128.24, 127.81, 126.45, 123.89, 116.47, 52.72, 51.61, 21.55; IR (neat) cm™ 1724, 1340, 1260,
1155; LRMS (EI) mz 216 (100%, base peak), 340 (35%), 371 (4%, M"); HRMS (FAB) calcd for CyoH,,NO,S
(M'+H) 372.1270, found 372.1286.

N-(3-M ethoxycar bonyl-1-propenyl)-N-p-toluenesulfonyl-2-ethenylaniline  (142f) (mixture of E- and
Z-isomers)

To a stirred solution of 142d (51.2 mg, 0.14 mmol) in toluene (2.8 mL), was added RuCIH(CO)(PPh;); (26.3 mg,
27.5 umol) under an Ar atmosphere. The solution was degassed three times by the freeze-pump-thaw (FTP)
method and the mixture was refluxed for 5 hours. The solvent was removed under reduced pressure and obtained
crude residue was subjected to column chromatography (n-hexane:AcOEt = 5:1) to give 142f (35.3 mg, 69%) as a
colorless oil. For E-isomer; "H NMR § 7.68 (d, 1H, J="7.9 Hz), 7.59 (d, 2H, J = 8.2 Hz), 7.36 (dd, 1H, J= 7.9,
7.9 Hz), 7.28 (d, 2H, J= 8.4 Hz), 7.19 (dd, 1H, J= 7.7, 7.7 Hz), 7.08 (d, I1H, J = 14.1 Hz), 6.69 (d, IH, J="7.7
Hz), 6.68 (dd, 1H, J=17.6, 11.0 Hz), 5.69 (d, 1H, J=17.6 Hz), 5.19 (d, 1H, J=11.0 Hz), 4.27 (dt, 1H, J=13.9,
7.3 Hz), 3.60 (s, 3H), 2.98 (d, 2H, J = 7.5 Hz), 2.44 (s, 3H); °C NMR & 172.15, 144.03, 138.02, 136.09, 133.50,
131.70, 131.22, 130.15, 129.67, 129.48, 128.56, 127.57, 126.38, 116.14, 103.06, 51.76, 34.97, 21.58; IR (neat)
em™1735, 1360, 1162, 1131, 662; LRMS (EI) Mz 371 (19%, M"), 216 (100%, base peak); HRMS (FAB) calcd for
C0H2NO,S (M™+H) 372.1270, found 372.1289.

N-(4-M ethoxycar bonyl-3-butenyl)-N-p-toluenesulfonyl-2-ethenylaniline (142¢)

To a solution of N-p-toluenesulfonyl-2-ethenylaniline®'*

(8.80 mmol, 2.40 g), methyl trans-5-hydroxy-2-pente-
noate (26.3 mmol, 3.42 g), and triphenylphosphine (26.3 mmol, 6.90 g) in THF (88 mL) was added diethyl

azodicarboxylate (40%, toluene solution, 26.3 mmol, 13.2 mL) dropwise, and the mixture was stirred for 4 hours

at rt. After removal of the solvent, the residue was subjected to column chromatography (n-hexane:AcOEt = 5:1)
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to give 142e (3.30 g, 99%) as a colorless oil. '"H NMR 0 7.66 (dd, 1H, J=17.8, 1.5 Hz), 7.56 (d, 2H, J = 8.3 Hz),
7.31 (ddd, 1H,J=7.3,7.3,0.7 Hz), 7.28 (d, 2H, J= 7.8 Hz), 7.16 (ddd, 1H, J= 8.1, 8.1, 1.7 Hz), 7.02 (dd, 1H, J
=17.6,11.0 Hz), 6.78 (ddd, 1H, J=15.9, 6.8, 6.8 Hz), 6.67 (dd, 1H, J="7.8, 1.2 Hz), 5.77 (ddd, 1H, J=15.9, 1.5,
1.5 Hz), 5.71 (dd, 1H, J=17.6, 1.0 Hz), 5.30 (dd, 1H, J=11.0, 1.0 Hz), 3.83 (m, 1H), 3.70 (s, 3H), 3.40 (m, 1H),
2.44 (s, 3H), 2.30-2.37 (m, 2H); °C NMR § 166.39, 144.59, 143.65, 138.76, 136.49, 135.47, 132.64, 129.49,
128.66, 128.53, 128.20, 127.83, 126.19, 122.97, 115.96, 51.40, 50.34, 31.19, 21.48; IR (neat) cm™ 2950, 1722,
1346, 1158; LRMS (EI) m/z 131 (100%, base peak), 385 (3%, M+); HRMS (FAB) calcd for C,Hy4NO4S (M++H)
386.1426, found 386.1411.

N-(4-M ethoxycar bonyl-1-butenyl)-N-p-toluenesulfonyl-2-ethenylaniline (142g) (mixture of E- and Z- isomer)
To a stirred solution of 142e (332 mg, 0.86 mmol) in toluene (17 mL), was added RuCIH(CO)(PPhs); (81.9 mg,
86.0 umol) under an Ar atmosphere. The solution was degassed three times by the freeze-pump-thaw (FTP)
method and the mixture was refluxed for 15 hours. The solvent was removed under reduced pressure and obtained
crude residue was subjected to column chromatography (n-hexane:AcOEt = 7:1) to give 1429 (E- and Z-mixture,
274 mg, 83%) as a colorless solid. (E)-142g was obtained by recrystallization from n-hexane/AcOEt. For
E-isomer; Mp 80-81 °C (n-hexane/AcOEt), colorless needles; "H NMR 3 7.66 (d, 1H, J= 7.8 Hz), 7.59 (d, 2H, J
=8.3 Hz), 7.35 (dd, 1H, J=17.6, 7.6 Hz), 7.28 (d, 2H, J= 8.1 Hz), 7.18 (dd, 1H, J= 7.6, 7.6 Hz), 7.00 (d, 1H, J=
13.7 Hz), 6.67 (dd, 1H, J=17.6, 11.0 Hz), 6.64 (d, 1H, J= 7.8 Hz), 5.68 (d, 1H, J=17.6 Hz), 5.19 (d, 1H, J=
11.0 Hz), 4.11-4.20 (m, 1H), 3.61 (s, 3H), 2.44 (s, 3H), 2.25 (m, 4H); °C NMR § 173.09, 143.85, 138.00, 136.29,
133.88, 131.80, 130.05, 129.60, 129.37, 129.30, 128.43, 127.50, 126.27, 115.99, 109.76, 51.41, 34.57, 25.29,
21.54; IR (neat) cm' 1732, 1344, 1156, 1131, 664; LRMS (EI) m/z 385 (19%, M"), 230 (100%, base peak);
HRMS (FAB) calcd for CyH,4NO,S (M+H) 386.1426, found 386.1424; Anal. Calced for C,;H23NO,S: C 65.43 H

6.01 N 3.63, found: C 65.43 H 6.22 N 3.62.
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Spectral data of 3-methylene-2,3-dihydroindoles.
N-p-Toluenesulfonyl-3-methylene-2-propyl-2,3-dihydroindole (143b): a colorless oil. "H NMR § 7.74 (d, 1H, J
= 8.1 Hz), 7.52 (d, 2H, J = 8.2 Hz), 7.30 (d, 1H, J = 7.5 Hz), 7.26 (d, 1H, J = 7.5 Hz), 7.14 (d, 2H, J = 8.6 Hz),
7.04 (dd, 1H, J= 7.5, 7.5 Hz), 5.34 (d, 1H, J = 2.4 Hz), 4.86 (d, 1H, J= 2.0 Hz), 4.62 (ddt, 1H, J=5.1, 2.4, 2.0
Hz), 2.33 (s, 3H), 2.00-2.07 (m, 1H), 1.71-1.78 (m, 1H), 1.21-1.49 (m, 2H), 0.90 (t, 3H, J = 7.3 Hz); >C NMR §
145.23, 143.94, 143.85, 134.45, 130.39, 129.93, 129.51, 127.15, 124.41, 120.75, 117.06, 102.66, 66.63, 39.49,
21.50, 16.28, 14.00; IR (neat) em’' 2959, 2930, 2872, 1599, 1463, 1356, 1170; LRMS (EI) Mz 327 (100%, M",
base peak); HRMS (FAB) calcd for C19H,1NO,S 327.1293, found 327.1322.
N-p-Toluenesulfonyl-2-(2-methoxycar bonylethyl)-3-methylene-2,3-dihydroindole (143d): a colorless oil. 'H
NMR 6 7.75 (d, 1H, J= 8.8 Hz), 7.50 (d, 2H, J= 8.4 Hz), 7.29 (d, 1H, J= 7.9 Hz), 7.28 (dd, 1H, J="7.7, 7.7 Hz),
7.13 (d, 2H, J= 8.2 Hz), 7.06 (dd, 1H, J= 7.5, 7.5 Hz), 5.37 (d, 1H, J=2.2 Hz), 4.92 (d, 1H, J= 1.8 Hz), 4.70 (m,
1H), 3.67 (s, 3H), 2.54-2.62 (m, 1H), 2.32 (s, 3H), 2.29-2.46 (m, 2H), 1.97-2.06 (m, 1H); °C NMR & 173.81,
144.52, 144.08, 143.72, 133.91, 130.15, 130.12, 129.56, 127.25, 124.79, 120.89, 117.48, 103.42, 65.38, 51.60,
32.36, 28.20, 21.52; IR (neat) cm™ 1733, 1354, 1163, 661; LRMS (EI) 371 (M", 8%), 18 (100%, base peak);
HRMS (FAB) calcd for CoH2,NO,S (M™+H) 372.1270, found 372.1256.

N-p-Toluenesulfonyl-2-(3-methoxycar bonylpropyl)-3-methylene-2,3-dihydroindole (143€): a colorless prism.
Mp 140-141 °C (n-hexane/AcOEt); 'H NMR 7.75 (d, 1H, J= 8.1 Hz), 7.52 (d, 2H, J = 8.4 Hz), 7.26-7.31 (m, 2H),
7.14 (d, 2H, J= 8.6 Hz), 7.05 (dd, 1H, J= 7.7, 7.7 Hz), 5.37 (d, 1H, J = 2.6 Hz), 4.88 (d, 1H, J= 2.0 Hz), 4.61 (m,
1H), 3.63 (s, 3H), 2.25-2.44 (m, 2H), 2.33 (s, 3H), 2.09-2.17 (m, 1H), 1.71-1.86 (m, 2H), 1.61-1.68 (m, 1H); "°C
NMR & 173.80, 144.63, 143.99, 143.81, 134.10, 130.13, 130.04, 129.54, 127.16, 124.54, 120.85, 117.04, 103.00,
66.08, 51.46, 36.43, 33.81, 21.48, 18.56; IR (neat) cm™ 2947, 1732, 1460, 1352, 1163, 662; LRMS (EI) 385 (M",
41%), 230 (100%, base peak); HRMS (FAB) calcd for CyHyNO,S (M'+H) 386.1426, found 386.1420; Anal.

Calcd for C,H23NO4S: C 65.43 H 6.01 N 3.63, found: C 65.48 H 6.09 N 3.62.
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Transfor mations of 3-methylene-2,3-dihydroindoles.

N-p-Toluenesulfonyl-2-ethyl-3-indolinone (144)

To a cooled (-78 °C) solution of 123a (46.5 mg, 0.15 mmol) in CH,CI, (1.5 mL), O; gas was bubbled until the
color of the solution turned to blue. After the addition of dimethyl sulfide (0.75 mL, 0.75 mmol), it was stirred at
rt for 3 hours. The solvent was removed under reduced pressure, and the residue was subjected to column
chromatography (n-hexane:AcOEt = 10:1) to give 144 (35.4 mg, 75%). Mp 146-147 °C (AcOEt / n-hexane),
colorless needles; "H NMR 0 8.09 (d, 1H, J= 8.0 Hz), 7.68 (ddd, 1H, J=8.8, 7.6, 1.6 Hz), 7.62 (d, 2H, J= 8.4
Hz), 7.60-7.63 (m, 1H), 7.21 (d, 2H, J = 8.8 Hz), 7.19 (ddd, 1H, J= 7.6,7.6, 0.8 Hz), 3.97 (dd, 1H, J= 5.6, 3.2
Hz), 2.35 (s, 3H), 2.32 (ddq, 1H, J=14.8, 7.6, 6.0 Hz), 2.19 (ddq, 1H, J=14.8, 7.6, 3.6 Hz), 0.85 (dd, 3H,J=7.2
Hz); °C NMR § 198.73, 153.69, 144.92, 137.12, 133.43, 129.91, 127.19, 125.31, 124.51, 124.15, 117.05, 67.98,
25.23, 21.51, 7.40; IR (neat) cm' 2922, 2849, 1715, 1602, 1460, 1351, 1168; LRMS (EI) 315 (M", 46%), 160
(100%, base peak); HRMS (FAB) calcd for C;;H;gNO3S (M'+H) 316.1007, found 316.1005; Anal. Calcd for
Ci7H7NOsS: C 64.74 H 5.43 N 4.44, found: C 64.77 H 5.69 N 4.44.
N-p-Toluenesulfonyl-2-(4-pentenyl)-3-methylene-2,3-dihydroindol e (146)

To a cooled (-78 °C) solution of 143e (159 mg, 0.41 mmol) in toluene (25 mL), was added DIBAL (1.01 M,
toluene solution, 0.49 mL, 0.49 mmol). The mixture was stirred at -78 °C for 20 min. and the reaction was
quenched by the addition of MeOH and sat. aq. Rochelle's salt. Then the solution was allowed to stir at rt until
separation of organic and water layers. The mixture was extracted with AcOEt and the combined organic layers
were washed with brine and dried. After removal of the solvent, the residue was subjected to column
chromatography (AcOEt:n-hexane = 1:4) to give 4-(N-p-toluenesulfonyl-3-methylene-2,3-dihydroindolyl)butanal
(156) (126 mg, 87%) as a colorless oil. '"HNMR §9.72 (dd, 1H, J=1.5, 1.5 Hz), 7.75 (d, 1H, J= 8.1 Hz), 7.52 (d,
2H, J= 8.3 Hz), 7.26-7.31 (m, 2H), 7.14 (d, 2H, J = 8.5 Hz), 7.05 (dd, 1H, J= 7.6, 7.6 Hz), 5.38 (d, 1H, J=2.4
Hz), 4.89 (d, 1H, J=2.0 Hz), 4.62 (m, 1H), 2.40-2.48 (m, 2H), 2.33 (s, 3H), 2.10-2.16 (m, 1H), 1.75-1.85 (m, 2H),

1.60-1.70 (m, 1H); °C NMR & 202.36, 144.64, 144.08, 143.81, 134.02, 130.13, 130.10, 129.57, 127.17, 124.62,
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120.88, 117.05, 103.04, 66.07, 43.61, 36.45, 21.50, 15.82; IR (neat) cm™ 1720, 1460, 1351, 1163, 661; LRMS
(EI) 355 (M", 36%), 200 (100%, base peak); HRMS (FAB) calcd for C,0H,,NO3;S (M'+H) 356.1320, found
356.13009.

To a cooled (0 °C) solution of BrPh;PMe (321 mg, 0.90 mmol) in THF (7 mL), KHMDS (0.7 M, toluene solution,
1.29 mL, 0.90 mmol) was added. The solution was stirred for 30 min. at 0 °C, then to the solution was added a
solution of 156 (106 mg, 0.30 mmol) in THF (2 + 0.5 + 0.5 mL), and the mixture was stirred for 20 min. at rt. The
reaction was quenched by addition of sat. aq. NH4Cl. The organic compounds were extracted with AcOEt and the
combined organic layers were washed with brine and dried over Na,SO,. After removal of the solvent, the residue
was purified by column chromatography (n-hexane:AcOEt = 20:1) to give 146 (84.2 mg, 79%) as a colorless oil.
'HNMR 8 7.74 (d, 1H, J= 8.3 Hz), 7.53 (d, 2H, J= 8.3 Hz), 7.29 (dd, 1H, J= 6.3, 1.0 Hz), 7.27 (dd, 1H, J= 6.8,
6.1 Hz), 7.14 (d, 2H, J= 7.8 Hz), 7.04 (ddd, 1H, J= 7.6, 7.6, 0.7 Hz), 5.75 (ddt, 1H, J=17.1, 10.2, 6.6 Hz), 5.35
(d, 1H,J=2.4Hz),4.97 (dd, IH,J=17.1, 2.0 Hz), 4.92 (dd, 1H, J=10.2, 2.0 Hz), 4.86 (d, 1H, J= 2.0 Hz), 4.62
(m, 1H), 2.32 (s, 3H), 2.00-2.13 (m, 4H), 1.42-1.57 (m, 1H), 1.26-1.31 (m, 1H); °C NMR &, 145.07, 143.94,
143.91, 138.56, 134.36, 130.30, 129.98, 129.53, 127.15, 124.44, 120.79, 117.03, 114.65, 102.73, 66.51, 36.70,
33.64, 22.19, 21.51; IR (neat) cm™ 2927, 1460, 1353, 1164, 750; LRMS (EI) 353 (M", 51%), 198 (100%, base
peak); HRMS (FAB) calcd for C,;H,4NO,S (M'+H) 354.1528, found 354.1533.
N-p-Toluenesulfonyl-1,2,3,9a-tetrahydrocar bazole (147)

To a solution of 146 (15.8 mg, 45.0 umol) in toluene (4.5 mL), 3e (1.9 mg, 5 mol%) was added and the solution
was refluxed for 1 hour. After the removal of solvent, the residue was subjected to column chromatography
(n-hexane:AcOEt = 10:1) to give 147 (13.7 mg, 94%) as a colorless solid. '"H NMR & 7.76 (d, 1H, J = 8.2 Hz),
7.70 (d, 2H, J= 8.4 Hz), 7.23 (d, 1H, J="7.1 Hz), 7.22 (d, 2H, J = 8.6 Hz), 7.19 (dd, 1H, J= 7.3, 7.3 Hz), 6.97
(ddd, 1H,J3=17.5,7.5, 0.9 Hz), 5.84 (ddd, 1H, J=3.7, 3.7, 3.5 Hz), 4.17 (ddd, 1H, J="7.9, 7.9, 3.7 Hz), 2.78-2.82
(m, 1H), 2.36 (s, 3H), 2.25-2.36 (m, 2H), 1.97 (m, 1H), 1.63-1.71 (m, 2H); °C NMR § 144.16, 143.37, 135.67,

133.35, 129.61, 129.40, 128.90, 127.70, 123.89, 119.98, 118.02, 115.41, 64.08, 29.09, 24.49, 21.51, 20.18; IR
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(neat) cm™ 2923, 1458, 1351, 1167, 764, 660; LRMS (EI) 325 (M, 31%), 170 (100%, base peak); HRMS (FAB)
calcd for C19H9NO,S 325.1137, found 325.1137.

N-p-Toluenesulfonyl-2-ethyl-3-hydr oxymethyl-2,3-dihydroindole (148)

To a cooled (0 °C) solution of 123a (65.4 mg, 0.21 mmol) in THF (4 mL), was added a solution of
borane-dimethyl sulfide complex (1.05 mmol, 0.11 mL). The mixture was stirred at rt for 1.5 hours. After being
cooled to 0 °C, it was treated sequentially with H,O (1 mL), 1N aq. NaOH (1 mL) and 30% aq. H,O; (0.34 mL).
Then the solution was stirred at rt for 12 hours. The mixture was diluted with brine and extracted with AcOEt, and
the combined organic layers were dried over Na,SO,4. After removal of the solvent, the residue was subjected to
column chromatography (n-hexane:AcOEt= 3:1) to give 148 (55.2 mg, 79%, single diastereomer) as a colorless oil.
'HNMR § 7.66 (d, 1H, J=7.9 Hz), 7.47 (d, 2H, J= 8.4 Hz), 7.25 (m, 1H), 7.12 (d, 2H, J= 8.1 Hz), 7.03-7.09 (m,
2H), 4.33 (ddd, 1H, J=10.4, 8.2, 3.7 Hz), 3.94 (dd, 1H, J = 10.6, 6.4 Hz), 3.80 (dd, 1H, J = 10.6, 8.6 Hz), 2.92
(ddd, 1H, J= 8.1, 8.1, 6.8 Hz), 2.34 (s, 3H), 1.62-1.70 (m, 1H), 1.43-1.47 (m, 1H), 1.10 (t, 3H, J = 7.3 Hz); °C
NMR 9, 143.69, 141.55, 135.76, 135.02, 129.51, 128.09, 126.88, 125.44, 123.69, 119.53, 67.01, 60.57, 46.11,
22.15, 21.50, 10.73; IR (neat) cm™ 3298, 2930, 1461, 1343, 1160, 769; LRMS (EI) 331 (M", 100%, base peak),
300 (100%), 272 (100%); HRMS (FAB) calcd for C;sH,,NO;S (M+H) 332.1320, found 332.1301.
N-p-Toluenesulfonyl-4-hydroxy-1,2,3,4a,9a-pentahydr ocar bazole (149b)

To a cooled (0 °C) solution of borane-THF complex (1.09 M, THF solution, 3.50 mmol, 3.50 mL) in THF (8 mL)
was added 2,3-dimethyl-2-butene (4.20 mmol, 0.50 mL), and the mixture was stirred at 0 °C for 1 hour. To the
mixture, a solution of 147 (0.70 mmol, 229.2 mg) in THF (4+1+1 mL) was added dropwise, and the mixture was
stirred at rt for 3 hours. After being cooled to 0 °C, it was treated sequentially with 1N aq. NaOH (4 mL) and 30%
aq. H,O; (1.40 mL). Then the solution was stirred at rt for 1.5 hours. The mixture was diluted with brine and H,O,
and extracted with AcOEt, and the combined organic layers were dried over Na,SO,4. After removal of the solvent,
the residue was subjected to column chromatography (n-hexane:AcOEt= 2:1) to give 149b (198.7 mg, 83%, single

diastereomer) as a colorless amorphous; "H NMR 0 7.68 (d, 1H, J= 7.8 Hz), 7.60 (d, 2H, J= 8.3 Hz), 7.24 (ddd,

104



1H, J=28.1, 7.3, 1.0 Hz), 7.18 (d, 2H, J= 7.8 Hz), 7.06 (d, 1H, J= 7.3 Hz), 7.04 (ddd, 1H, J= 7.3, 7.3, 0.7 Hz),
4.35(dt, 1H, J=1.6, 6.6 Hz), 4.16 (dt, 1H, J= 8.8, 4.4 Hz), 2.88 (dd, 1H, J="7.3, 4.4 Hz), 2.35 (s, 3H), 2.01-2.07
(m, 1H), 1.69-1.79 (m, 1H), 1.48-1.60 (m, 5H); °C NMR § 143.81, 141.49, 135.71, 133.63, 129.63, 128.12,
126.88, 124.58, 123.68, 117.65, 68.33, 62.47, 47.67, 29.61, 28.33, 21.52, 16.75; IR (neat) cm™ 3474, 3409, 2926,
1339, 1156, 668; LRMS (EI) 343 (M", 51%), 170 (100%, base peak); HRMS (FAB) calcd for CjoH,,NO;S
(M'+H) 344.1320, found 344.1290.

N-p-Toluenesulfonyl-4-0x0-1,2,3,4a,9a-pentahydrocar bazole (151)

To a cooled (0 °C) solution of Dess-Martin periodinane (freshly prepared, 101.8 mg, 0.24 mmol) in CH,Cl, (8
mL), was added a solution of 149b (40.2 mg, 0.12 mmol) in CH,Cl, (2+1+1 mL), and then the mixture was stirred
at rt for 1 hour. After additions of sat. ag. NaHCOj; and sat. aq. Na,S;03, the organic compounds were extracted
with CH,Cl,. The combined organic layers were washed with brine and dried over Na,SO,4. After removal of the
solvent, the residue was subjected to column chromatography (n-hexane:AcOEt= 4:1) to give 151 (32.8 mg, 82%)
as a colorless solid; "H NMR 07.70 (d, 1H, J= 8.1 Hz), 7.53 (d, 2H, J= 7.6 Hz), 7.30 (ddd, 1H,J=7.1,7.1, 1.0
Hz), 7.17 (d, 2H, J= 8.1 Hz), 7.07 (ddd, 1H, J=7.6, 7.6, 1.0 Hz), 6.99 (dd, 1H, J=7.6, 1.0 Hz), 4.62 (dt, 1H, J=
8.5, 6.8 Hz), 3.55 (d, 1H, J = 8.8 Hz), 2.36 (s, 3H), 2.20-2.28 (m, 2H), 1.84-1.94 (m, 2H), 1.61-1.70 (m, 2H); °C
NMR 6 207.56, 144.26, 141.34, 135.27, 129.78, 129.68, 129.09, 126.76, 125.32, 124.36, 117.89, 63.96, 54.18,
38.42,29.63, 21.51, 18.79; IR (KBr) cm™ 2932, 2880, 1700, 1356, 1172, 7673; LRMS (EI) m/z 186 (100%, base
peak), 341 (50%, M"); HRMS (FAB) calcd for C1oH,0NO3S (M +H) 342.1164, found 342.1162.
N-p-Toluenesulfonyl-4a-cyanomethyl-4-hydr oxy-3-methoxycar bonyl-1,2,4a,9a-tetr ahydr o-car bazole (152)
To a solution of KH (30% in mineral oil, 160.3 mg, 1.20 mmol) in THF (10 mL) was added a solution of 151
(370.7 mg, 1.09 mmol) in THF (5+1+1 mL), and the mixture was stirred for 15 minutes at rt. To the mixture, a
solution of iodoacetonitrile (218.4 mg, 1.31 mmol) in THF (3+1+1 mL) was added, and the mixture was stirred
for 1 hour at rt. After the addition of sat. aq. NH4Cl, the organic compounds were extracted with AcOEt. The

combined organic layers were washed with brine and dried over Na,SO,4. After removal of the solvent, the
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obtained crude residue was dissolved in THF (17 mL), and cooled to -78 °C. To the solution, LHMDS (1.0 M,
THEF solution, 1.31 mL, 1.31 mmol) was added, and the mixture was stirred for 20 min. at -78 °C. Then, a solution
of methyl cyanoformate (111.4 mg, 1.31 mmol) in THF (3+1+1 mL) was added to the mixture, and the mixture
was stirred for 1 hour at -78 °C. After addition of sat. aq. NH4Cl, the organic compounds were extracted with
AcOEt. The combined organic layers were washed with brine and dried over Na,SO,. After removal of the solvent,
the obtained crude the residue was subjected to column chromatography (n-hexane:AcOEt= 5:1) to give 152
(207.8 mg, 43%, 2 steps) as a colorless solid; "H NMR 0 12.65 (s, 1H), 7.75 (d, 1H, J="7.7 Hz), 7.72 (d, 2H, J =
8.4 Hz), 7.54 (d, 1H, J= 7.5 Hz), 7.33 (dd, 1H, J="7.7, 7.7 Hz), 7.29 (d, 2H, J = 8.1 Hz), 7.06 (dd, 1H, J= 7.7,
7.7 Hz), 4.32 (dd, 1H, J=10.6, 4.6 Hz), 3.78 (s, 3H), 2.74 (d, 1H, J=16.7 Hz), 2.39 (s, 3H), 2.26-2.48 (m, 3H),
1.74-1.86 (m, 1H), 1.06 (d, 1H, J=16.5 Hz); IR (KBr) cm™ 2954, 2849, 2242, 1740, 1655, 1207; LRMS (EI) m/z

91 (100%, base peak), 438 (52%, M+); HRMS (FAB) calcd for Cp3H,3N,05S (M++H) 439.1328, found 439.1302.

Synthesis of the putative structure of fistulosin
4-(N-p-toluenesulfonyl-3-methylene-2,3-dihydroindolyl)butanal (156)

To a cooled (-78 °C) solution of 143e (159 mg, 0.41 mmol) in toluene (25 mL), was added DIBAL (1.01 M,
toluene solution, 0.49 mL, 0.49 mmol). The mixture was stirred at -78 °C for 20 min. and the reaction was
quenched by the addition of MeOH and sat. aq. Rochelle's salt. Then the solution was allowed to stir at rt until
separation of organic and water layers. The mixture was extracted with AcOEt and the combined organic layers
were washed with brine and dried. After removal of the solvent, the residue was subjected to column
chromatography (AcOEt:n-hexane = 1:4) to give 156 (126 mg, 87%) as a colorless oil. '"H NMR & 9.72 (dd, 1H, J
=1.5,1.5Hz),7.75 (d, 1H, J=8.1 Hz), 7.52 (d, 2H, J= 8.3 Hz), 7.26-7.31 (m, 2H), 7.14 (d, 2H, J= 8.5 Hz), 7.05
(dd, 1H,J=17.6, 7.6 Hz), 5.38 (d, 1H, J=2.4 Hz), 4.89 (d, 1H, J= 2.0 Hz), 4.62 (m, 1H), 2.40-2.48 (m, 2H), 2.33
(s, 3H), 2.10-2.16 (m, 1H), 1.75-1.85 (m, 2H), 1.60-1.70 (m, 1H); *C NMR & 202.36, 144.64, 144.08, 143.81,

134.02, 130.13, 130.10, 129.57, 127.17, 124.62, 120.88, 117.05, 103.04, 66.07, 43.61, 36.45, 21.50, 15.82; IR
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(neat) cm™ 1720, 1460, 1351, 1163, 661; LRMS (EI) 355 (M, 36%), 200 (100%, base peak); HRMS (FAB) calcd
for C0H»,NO;S (M'+H) 356.1320, found 356.1309.
N-p-Toluenesulfonyl-2-octadecyl-3-methylene-2,3-dihydroindole (155)

To a cooled (-78 °C) solution of 156 (106 mg, 0.30 mmol) in THF (3.0 mL) was slowly dropped C,4H,0MgBr (0.5
M, THF solution, 1.80 mL, 0.90 mmol). The mixture was stirred at 0 °C for 20 min. and the reaction was
quenched by sat. aq. NH4CI. The organic compounds were extracted with AcOEt and the combined organic layers
were washed with brine and dried over Na,SO,4. After removal of the solvent, the residue was subjected to column
chromatography (n-hexane:AcOEt = 6:1) to give 157 (153 mg, 93%) as a colorless oil.

To a solution of 157 (209 mg, 0.38 mmol), DMAP (46.1 mg, 0.38 mmol) and Et;N (0.26 mL, 1.89 mmol) in
CH,Cl; (9.0 mL) was added methanesulfonyl chloride (0.09 mL, 1.13 mmol) dropwise, and the mixture was
stirred for 30 min. at rt. After addition of sat. aq. NH4Cl, the organic compounds were extracted with CH,Cl,. The
combined organic layers were washed with brine and dried over Na,SO,. After removal of the solvent, the residue
was subjected to column chromatography (n-hexane:AcOEt = 5:1) to give the mesylate (204 mg, 86%) as a
colorless oil.

To a solution of mesylate (104 mg, 0.17 mmol) in HMPA (2.2 mL) was added NaBH,4 (24.9 mg, 0.66 mmol), and
the mixture was stirred at 50 °C for 2 h. After addition of sat. aq. NaHCOs3, the organic compounds were extracted
with AcOEt. The combined organic layers were washed with brine and dried over Na,SO,. After removal of the
solvent, the residue was subjected to column chromatography (n-hexane:AcOEt = 40:1) to give 155 (62.6 mg,
71%) as a colorless oil. "H NMR & 7.74 (d, 1H, J= 8.1 Hz), 7.53 (d, 2H, J= 8.1 Hz), 7.29 (d, 1H, J= 7.1 Hz),
7.27 (dd, 1H, J=17.5, 7.5 Hz), 7.13 (d, 2H, J = 8.2 Hz), 7.04 (dd, 1H, J= 7.5, 7.5 Hz), 5.34 (d, 1H, J= 2.4 Hz),
4.85 (d, 1H, J = 1.8 Hz), 4.61 (m, 1H), 2.32 (s, 3H), 2.03-2.09 (m, 1H), 1.73-1.79 (m, 1H), 1.22-1.43 (m, 32H),
0.88 (t, 3H, J = 6.4 Hz); °C NMR § 145.16, 143.95, 143.82, 134.44, 130.34, 129.91, 129.49, 127.13, 124.35,
120.74, 116.96, 102.62, 66.68, 37.19, 31.91, 29.35-29.68 (m), 22.82, 22.67, 21.48, 14.10; IR (neat) cm™ 2920,

2850, 1457, 1353, 1167; LRMS (EI) miz 537 (M", 100%, base peak), 382 (44%); HRMS (FAB) calcd for
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C34H5;NO,S (M™+H) 538.3719, found 538.3732.

N-p-Toluenesulfonyl-2-octadecyl-3-indolinone (158)

To a cooled (-78 °C) solution of 155 (137 mg, 0.25 mmol) in CH,Cl, (25.0 mL), O; gas was bubbled until the
color of the solution turned to blue. After the addition of PPh; (200 mg, 0.76 mmol), it was stirred at rt for 2 h.
The solvent was removed under reduced pressure, and the residue was subjected to column chromatography
(n-hexane:AcOEt = 30:1 to 8:1) to give 158 (94.0 mg, 70%) as a red oil. '"H NMR & 8.08 (d, 1H, J= 8.3 Hz), 7.67
(ddd, 1H, J=17.3, 7.3, 1.5 Hz), 7.61 (d, 2H, J = 8.5 Hz), 7.61 (d, 1H, J = 8.5 Hz), 7.20 (d, 2H, J= 8.1 Hz), 7.19
(ddd, 1H,J3=7.1,7.1,0.7 Hz), 3.98 (dd, 1H, J= 6.1, 3.7 Hz), 2.35 (s, 3H), 2.08-2.27 (m, 2H), 1.06-1.44 (m, 32H),
0.88 (t, 3H, J = 6.6 Hz); °C NMR & 198.83, 153.53, 144.91, 137.09, 133.46, 129.91, 127.19, 125.20, 124.52,
124.22,117.12, 67.41, 32.01, 31.92, 29.32-29.69 (m), 23.04, 22.68, 21.53, 14.11; IR (neat) cm™ 2915, 2848, 1733,
1604, 1355, 1151; LRMS (EI) mVz 539 (M", 100%, base peak), 384 (100%); HRMS (FAB) calcd for C33HsoNO;S
(M™+H) 540.3511, found 540.3535.

2-Octadecyl-3-indolinone (159a)

A mixture of 158 (90.0 mg, 0.17 mmol) and concentrated H,SO, (2.0 mL) was stirred at 0 °C for 1.5 h. To the
solution was poured into cooled water at 0 °C slowly and the aqueous layer was neutralized with sat. aq. NaHCO:s.
The organic compounds were extracted with AcOEt, and the combined organic layers were washed with sat. aq.
NaHCO; and brine, dried over Na,SO,4 and concentrated in vacuo to give 159a (66.0 mg, 100%) as an orange
solid. Mp 100-102 °C; "H NMR & 7.61 (d, 1H, J=7.9 Hz), 7.44 (dd, 1H, J= 8.2, 7.1 Hz), 6.88 (d, 1H, J = 8.6 Hz),
6.82 (dd, 1H, J="7.3, 7.3 Hz), 4.70 (brs, 1H), 3.75 (dd, 1H, J= 8.4, 4.2 Hz), 1.83-1.96 (m, 1H), 1.55-1.64 (m, 1H),
1.25-1.40 (m, 32H), 0.88 (t, 3H, J= 6.8 Hz); *C NMR § 202.74, 161.31, 136.94, 124.49, 121.47, 118.85, 112.56,
64.25, 32.04, 31.90, 29.34-29.68 (m), 25.80, 22.67, 14.10; IR (neat) cm™' 3394, 2914, 2848, 1675, 1469, 1321,
734; LRMS (EI) V2385 (M, 18%), 161 (15%), 133 (10%), 84 (34%), 18 (100%, base peak).
2-Octadecyl-3-hydroxyindole (159b)

A mixture of 158 (20.7 mg, 38.3 umol) and concentrated H,SO, (1.0 mL) was stirred at 0 °C for 1.5 h. To the
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solution was added cooled water (3.0 mL) and AcOEt (4.0 mL) at 0 °C slowly and the mixture was stirred at rt for
1 h. After the aqueous layer was neutralized with sat. ag. NaHCOs. the organic compounds were extracted with
AcOEt, and the combined organic layers were washed with sat. ag. NaHCO; and brine, dried over Na,SO,4 and
concentrated in vacuo to give 159b (13.3 mg, 91%, estimated by 'H NMR). Mp 107-108 °C (n-hexane/AcOEt), a
yellow needle; 'H NMR & 7.56 (d, 1H, J= 7.7 Hz), 7.49 (dd, 1H, J= 8.1, 8.1 Hz), 6.95 (d, 1H, J = 8.2 Hz), 6.78
(dd, 1H, J = 7.1, 7.1 Hz), 6.08 (brs, 1H), 1.84-1.90 (m, 1H), 0.99-1.31 (m, 34H), 0.88 (t, 3H, J = 6.4 Hz), The
peak at 6.08 ppm was disappeared in CDCI3/D,0 (10/1); BC NMR 0 204.57, 162.00, 138.06, 124.16, 121.54,
118.27, 111.97, 72.51, 32.00, 31.94, 29.33-29.78 (m), 22.95, 22.70, 14.13, IR (neat) cm™ 2915, 2848, 1674, 1613,
1484, 1327, 740; LRMS (EI) m/z 385 (M", 20%), 383 (100%, base peak), 172 (45%), 146 (53%); Anal. Calcd for
Cy6Ha3NO: C 80.98 H 11.24 N 3.63, found: C 80.97 H 10.93 N 3.49.

3-Octadecyl-1,3-dihydroindol-2-one (162)

To a solution of oxindole (11.5 mg, 0.086 mmol) and 1-octadecanal (23.1 mg, 0.086 mmol) in EtOH (8.0 mL) was
added piperidine (42 uL, 0.43 mmol) in EtOH (0.1 mL), and the mixture was refluxed for 12 h. After the removal
of solvent, the residue was subjected to column chromatography (n-hexane:AcOEt = 4:1) to give isomers of 161
(less polar, 5.4 mg, 16% and more polar, 26.3 mg, 80%). Less polar isomer: Mp 84-85 °C (n-hexane), a yellow
prism; "H NMR § 7.57 (brs, 1H), 7.38 (d, 1H, J= 7.7 Hz), 7.19 (ddd, 1H, J=7.7, 7.7, 1.3 Hz), 6.99 (ddd, 1H, J =
7.5, 7.5, 0.9Hz), 6.89 (t, 1H, 3= 7.9 Hz), 6.81 (d, 1H, J= 7.9 Hz), 2.99 (dt, 2H, J= 7.5, 7.5 Hz), 1.25-1.60 (m,
30H), 0.88 (t, 3H, J = 6.6 Hz); °C NMR § 169.38, 143.58, 139.36, 128.41, 127.12, 123.86, 121.67, 119.13,
109.60, 31.91, 29.65-29.69 (m), 29.57, 29.49, 29.42, 29.34, 29.18, 27.81, 22.67, 14.09; IR (neat) cm™ 3169, 2918,
2846, 1704, 1647, 1617, 1469, 742; LRMS (EI) mVz 383 (100%, base peak, M"). More polar isomer: Mp 92-94 °C
(n-hexane/MeOH), a yellow prism; "H NMR 0 8.66 (brs, 1H), 7.54 (d, 1H, J=7.5 Hz), 7.22 (dd, 1H, J="7.7, 7.7
Hz), 7.05 (dd, 1H, J=17.7, 7.7 Hz), 7.03 (dd, 1H, J="7.5, 7.5 Hz), 6.92 (d, 1H, J=7.9 Hz), 2.68 (dt, 2H, J= 7.5,
7.5 Hz), 1.61-1.71 (m, 2H), 1.26-1.46 (m, 28H), 0.88 (t, 3H, J = 6.4 Hz); °C NMR § 170.02, 142.83, 141.08,

128.76, 128.10, 123.61, 122.87, 121.96, 110.12, 31.90, 29.64-29.67 (m), 29.51, 29.49, 29.42, 29.37, 29.33, 28.57,
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22.66, 14.08; IR (neat) cm™ 3153, 2919, 2847, 1698, 1648, 1614, 1465, 1220, 745; LRMS (EI) m/z 383 (95%,
M"), 146 (100%, base peak).

To a solution of 161 (more polar isomer, 26.3 mg, 0.069 mmol) in MeOH/CH,Cl, (7 mL/7 mL,), was added Pd/C
(10%, 5.3 mg), and the mixture was stirred at rt for 2 h under H, atmosphere. After the filtration through a celite
pad, the solvent was removed under reduced pressure. The residue was subjected to column chromatography
(n-hexane:AcOEt = 4:1) to give 162 (25.9 mg, 98%). Mp 95-96 °C (hexane), a colorless prism; 'H NMR § 8.63
(brs, 1H), 7.22-7.24 (m ,2H), 7.02 (dd, 1H), J=7.2, 7.2 Hz), 6.91 (m, 1H), 3.47 (m, 1H), 1.96 (m, 2H), 1.23-1.41
(m, 32H), 0.88 (t, 3H, J = 6.8 Hz); °C NMR § 180.73, 141.57, 129.91, 127.72, 124.10, 122.17, 109.66, 46.11,
31.90, 30.53, 29.56-29.67 (m), 29.34, 25.77, 22.67, 14.10; IR (neat) cm™ 2916, 2847, 1698, 1618, 1469, 747,
LRMS (EI) mVz 385 (8%, M"), 146 (10%), 18 (100%, base peak); Anal. Calcd for CogH43NO: C 80.98 H 11.24 N
3.63, found: C 81.02 H 11.17 N 3.57.
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Chapter 4. Investigation of active species.

(H2l M es)(PCy3)Cl,Ru=C(H)OEt (3f)

In a glovebox, to a solution of 40 (2.30 mL, 24.0 mmol) in toluene (24 mL), 3e (204 mg, 0.24 mmol) was added
and the solution was stirred at 50 °C for 1 hour upon which the solution changed color from dark red to bright red.
Removal of solvent under vacuum gave 3f*° (195 mg, 100%) as a red powder. 'H NMR (CD,Cl,) § 13.64 (s, 1H),
6.96 (s, 2H), 6.94 (s, 2H), 3.89 (m, 4H), 3.24 (q, 2H, J= 7.3 Hz), 2.59 (s, 6H), 2.48 (s, 6H), 2.26 (s, 6H), 1.61 (m,
16H), 1.12 (t, 3H, J= 7.3 Hz), 1.01-1.13 (brm, 17H); *C NMR (CD,Cl,) 8 277.38 (d, J=9.2 Hz), 221.11 (d, J =
83.6 Hz), 139.01, 138.50, 138.30, 137.86, 137.75, 135.22, 129.97, 129.50, 74.97, 52.13 (d, J= 3.9 Hz), 51.89 (d, J
=2.3 Hz), 31.36 (d, J=16.1 Hz), 29.31, 28.16 (d, J = 9.9 Hz), 26.55, 21.12, 20.94, 19.85, 18.90, 14.66; *'P NMR
(CD,Cly) 8 30.14 (s); LRMS (FAB) 816 (M", 10%), 307 (80%), 538 (9%), 281 (100%, base peak).

(H2lMes)(PCy3)(CO)CIRuUH (177a)

In a glovebox, to a solution of 81c (34.9 mg, 0.30 mmol) in toluene (3 mL), 3e (25.5 mg, 0.03 mmol) was added
and the solution was stirred at 50 °C for 1 hour, upon which the solution changed color from dark red to bright
orange. Removal of solvent under vacuum gave 177a% (22.6 mg, 100%) as an orange amorphous. 'H NMR
(CeDg) & 6.97 (s, 2H), 6.92 (s, 2H), 3.42 (brs, 4H), 1.23-2.78 (m, 51H), -24.79 (d, 1H, J = 22.0 Hz); *C NMR
(C¢Dg) 0.217.91 (d, J = 89.0 Hz), 202.02 (d, J = 13.0 Hz), 137.49, 129.46, 128.87, 128.53, 126.90, 50.90 (d, J =
3.8 Hz), 34.31 (d, J=17.7 Hz), 30.75, 29.93, 28.10, 28.00, 26.86, 21.05, 19.25; *'P NMR (C¢Dy) & 46.66 (s); 'H
NMR (CD,Cl,) § 6.91 (s, 2H), 6.88 (s, 2H), 3.96 (brs, 4H), 2.50 (s, 6H), 2.39 (s, 6H), 2.25 (s, 6H), 1.07-1.98 (brm,
33H), -25.43 (d, 1H, J=21.6 Hz); >'P NMR (CD,Cl,) & 46.23 (s); IR (toluene) cm™ 2935, 1897, 1585, 1265.
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nBu : butyl

Cy, c-Hex: cyclohexyl

Et : ethyl

Me : methyl

Mes : 2, 4, 6-trimethylphenyl, mesityl
Ph : phenyl

iPr : isopropyl

Bn : benzyl

cod : 1,5-cyclooctadiene
Cp : cyclopentadienyl
Cp*:1,2,3.,4,5-pentamethylcyclopentadienyl

dba : dibenzylideneacetone

Ac : acetyl

Boc : tert-butoxycarbonyl
Bs : benzenesulfonyl

Bz : benzyl

Cbz : benzyloxycarbonyl

Ms : methanesulfonyl, mesyl
TBS : tert-butyldimethylsilyl
Tf : trifluoromethanesulfonyl, triflyl
TIPS : triisopropylsilyl

TMS : trimethylsilyl

Ts : p-toluenesulfonyl, tosyl

DMF : N, N-dimethylformamide

DMSO : dimethylsulfoxide

HMPA : hexamethylphosphoric triamide
NMP : N-methyl-2-pyrrolidone

THEF : tetrahydrofuran

THP : tetrahydropyran, tetrahydropyranyl

AIBN : 2,2’-azobisisobutyronitrile

9-BBN : 9-borabicyclo[3.3.1]nonane

BHT : 2,6-di-tert-butyl-4-methylphenol
DBU : 1, 8-diazabycyclo[5. 4. OJundec-7-ene
DEAD : diethyl azodicarboxylate

DIBAL : diisobutylaluminium hydride
KHMDS : potassium bis(trimethylsilyl)amide
NBS : N-bromosuccinimide

Py : pyridine

TFA : trifluoroacetic acid

rt : room temperature
quant. : quantitative
h : hour(s)

min. : minute(s)
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