Ru Catalyzed “Atom Ecc.iomical” Alkyne-Alkene

Coupling Reactions

) ) Jiping Fu
Atom Economy 07/09/02

“A Search of Atom Economical Reactions”

Die;AIder Reactions, Cycloisomerizations

Hydroformation, Hydrogenation Trost, B. M. Science 1991, 254, 1471.

Invention of New Atom Economical Reactions

Trost, B. M. Acc. Chem. Res. 2002, 35, asap.



Alkyne-Alilyl Alcohol Addition
=

|
PhgP e R,\ 6 mol%
¢l

PhP”

Ph—= ///\/OH _ PhW . \Pij\/
‘NH4PFg 10 mol% 0 0 Yield: 79%
100°C, 10 h RhCl,

Trost, B. M.; et al J. Am. Chem. Soc. 1990, 112, 78009.

Method using stoichiometric amount of metal such as W(CO)_
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Oy Casey, C. P.; etal. Organometallics 1985, 4, 736.



Mechanism of Addition

1) vinylidine formation

+1 PRy
PhyPowRy._
! + Ph—== - Phep? X,
PhoPosfly 3 y?h
PhyP o H
Ph
. tha ) h
Cp(Ph;P),Ru —-]‘] e Cp(PhaP)sRu ==+ ={
M “ H
pathb
N ColPhPRu—==—p + H'

Cp(P*hP)zRUC' 1 O 0
Ph—=  + WOH or - Ph\)J\/\ * Ph\)-k./\

L) Ph
Cp(PhaP)zRu =<;=.<H PFe

NH/PFq Using either 1 or 2 as catalyst, the reaction rates

and yields were identical

coire B e L sm. &~ ««Trosy Bx:M.; et al. J. Am. Chem. Soc. 1992, 114, "5579.



Addition of Allylic Alcohols

2) addition of allyl alcohol

A4
R | A~.OH O
\':':RU\ ~ > R\/k I
L "PPh, _Ru(PPhg),
PhsP

i) Addition of PPh, retarded the reaction rate

i) Replacing the PPh, with chelating dppe inhibited the reaction
iii)  Addition of ethanol to the vinylidine is very slow

iv)  Methyl substituent on the olefin does not react

-~

The PPh, must dissociate from Ru during reaction

The coordination of olefin assist the addition of alcohol



Mechanism Rational for Condensation

0 R
~ CpRu(PPh,)CI (10 mol%)
~Ng e A A M Nz B R=CHy 6%
R 100:, 16h ° 5 b) R=i-CsH; 57%
'3
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Synthesis of Furan

R CH,

H wo steps
/\Fgo + =R - [o-\g\/ﬂ CHs / \

Z "0

Ru o} Os catalyst, NMO, and GH,
catalyst| 2 R then add H catalyst
. rosefuran
R

The most prized fragrance: oil of rose

. Ac
= = =
Br Mg, acetone Y Allyl alcohol addition, 69%

89% OR

b (B) RaH o
b) A= Ac Ac,0O, DMAP, TEA, 94%

° N
OR \ /
0s0,, NMO, t-C,H,OH; DMSO, 160 °C

TsOH, 83%

16 ' 54% 13%

e (¥ P=% | ioH, H,0, MeOH, 88%

b) RsH

. Bw ot i BRe o B - TrostgBi-M., et al. J. Org. ‘Chem: 1994, 59, 10787 i»



Addition of Propargy! Alcohol with Allyl Alcohol

= . /YOH 0% G PRPURC A O
3 4 7
ajN=2
o ne nn-d 7a: 61% yield

7b: 71% yield

p ~
R{JC—L ' o *l + Phap_;u" == PF's
v O | C='=°=R” L e
o NuH \L
I 1 Does not react with allyl alcohol

CoA ETOBY. ot LS. L 1. Ciie= o ne A6 ProstsBoM. et al. J. Am. Chem. Soc. 1992, 114, 5476 .



Synthesis of Spiroketal of (-)-Calyculin °

(CH,),cj*o Hy
CH ¥

Ha Spiroketal core

780.:‘113 ) )

DHQD-PHN, K;Fe(CN), K,CO,, t-

’ a CH, ~ C,HOH, H,0, 0°C
°\ﬂ&—' ]
H OHOH
14
g: HgO, I,, CCl,, 70 °C ‘ﬁ 10
(CHghCCO Ha (CHa)acH Hy
T OSSO o= CHed T,

> O S ol

Treatment with TEA, 17/18 = 3/2

. ‘ Trost B.M.; et al. Tetrahedron Lett 1994 35 4059
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Cyclization of Homopropargyl Alcohols

Internal addition of gy OH MLn o
hydroxy group Rﬁ‘ _ Rﬁ\_// — Rﬁ 7’““‘ (1)
1 2

3a) M=Cr, Mo, W:
3b) M=Ruy, Os, Fe/

v+ L3 o 1 N

®) _ R
Ln HO
H*

+
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Trost, B. M.; et al. J. Am. Chem. Soc. 1999, 121, 11680



Cyclization Optimization "

| ]
H Ru complex o)
oxidant (3 eq) Ru complexs: CpRuL,Cl
NaHCO; (2 eq)
DMF:H,0=7:1, 95°C
additive h

Reaction optimization:
1) Oxidant

H,0,, t-BUOOH, mCPBA, pyridine N-oxide coaMe b e
DMSO no reaction @Pth_ (D%

3) Phosphine ligands

11 12 13

S\o

@ig—m« [g-ou ;§4-0H PhP(Me), P(OEt), «Lﬁ 3
o} o o}
7 8 9

14 15 16
. _ Bulky, electron rich ligands decreased rate
9 gave the highest yield Small, electron poor ligands increased rate

2) additives

No additive yield 17% " "
45% additive Bl{QII;PFS yield 60% the rate determining step---addition step

Optimized reaction condition:
7 mol% CpRu(COD)CI, 10 mol% 16, 45 mol% BuN,PF, 3.0 equiv 9, NaHCO,, DMF/H,0,
Yield 78-73%. | '

¢l



Cyclization of Bishomopropargy! Alcohol

Ru complex

n-CsHq5._OH n-CHis O L n-CrHss n-CyHs~_OH
Co oem S Rt g
0o ' 0 ArsP
5 l::NOH . NaHCO3 6 7 8 o L )
(4} O  (C4Hq)4NPFg (3) 9 2
a)L=2a djL=2d a)Ar= Q\i 8) X= %—@—F
n-CrHis ~OH CpRuLn+ n-CrHrs -OH patha_ n.C;Hqs b) Ar=Ph
\[/// = //\+——o —r g b) L=2b &) L=2e 0 X= i D
zum L=2c fL=2A o A=} D s
P
o Le=2g d)Ar=!—©-°"s g X= !‘Q
ICP/ 7 F
nCrHis OH o M0 pathb MCrfhss O l R“\Ln — . .
L/ - e Electron donating group favored formation of 6

Table 1. Optimization of Oxidative Cyclization and Cycloisomerization®

Electron withdrawing group favored formation of 7

entry Ru complex {mol %) ligand (mol %) 4 (mol %) time (h) conversion (%) yield 62 (isolated yield) yield 7% (isolated yield)

1 9a (10%) 2a (20%) 300¢ 15 100 20% 33%
2 9a (10%) 2a (40%) 300° 17 100 25% 31%
3 9a (10%) 2a (60%) 300° 25 80 17% 24%
4 9b (10%) 2b (40%) 300° 20 100 38% (34%) 40 (35%) .
5 9¢ (10%) 2c (40%) 300¢ 17 100 60% (57%) 20% (17%)'?2?2’" donating
6 9d (10%) 2d (40%) 300¢ 17 100 51% 23%
/ e (1U%) 2e (4U0%) 30U 17 100 19% (167) ST (Dz%él 4 ithd R
8 9f (10%) 21 (40%) 300°¢ 26 91 13% 56% ciectron withdrawing
9 9¢ (10%) 2g (40%) 300° 26 81 9% 539 ligand

10 9¢ (10%) 2¢ (40%) 450¢ 20 100 (65%) (11%)

11 9¢ (10%) 2¢ (40%) 600° 23 100 (69%) (7%)  Stoichiometry of 4

12 9¢ (10%) 2c (40%) 1000¢ 28 46 (30%) (trace)

13 9¢ (5%) 2¢ (20%) 6004 28 73 (45%) (6%)

T4 e (10%) e (40%) 2007 T7 T00 T%) 60%)

15 9e (7.5%) 2e (30%) 1004 20 100 (7%) (61%)

16 9e (5%) 2e (20%) 504 25 99 (4%) (64%)

17 9e (5%) 2¢ (20%) 254 25 84 (5%) (53%)

a All reactions were run at 0.4 M bis-homopropargylic alcohol in DMF at 85

°C with 200 mol % NaHCOs unless otherwise noted. > Yield determined by

gas chromatography with n-tetradecane as an internal standard, except where indicated it was an isolated yield. ¢ N-Hydroxysuccinimide used. ¢ Preformed

sou1-sodiumsakt, of Mchydroxysuccinimide used, and sodium bicarbonate yvas}'rﬁ;ot;‘ ad_d@d. ‘ e

alel e o

Trost, B. M.; et al. J. Am. Chem. Soc. 2002, 124, 2528.
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Mechanism of Divergence

¢ le B &P
Ru\o N cycle \/=t=Ru—PR3
R4P PR,

Q- ¥ H*

\J e Oﬂfo
¥ QP L_Z. o RE%I;R:;
3

Ru— O—

I
/ PR3 R

ngand exchange |

Electron withdrawing ligand

Substoichiometric amount of
sodium N-hydroxysuccinimide salt

s PR3
cycle A /\)

H* ?p + /z
RU“‘PRg (o)

— R{o/\r PRy Xr

protonation )

Electron donating ligand

Excess of N-hydroxysuccinimide



Applications in Synthesis

B CiHasn = MgBr (1 eq) \/\\/Ciszs'n

CuCl (10%)
THF, 50°C, 14 h
60%
AD-mix p
90%
S H
C1oHas-n Method B N CigHas n
OH 21h, 62% OH

(<)-Muricatacin
94% ee  Antitumor activity

CpRu(COD)CI 5 mol %, L2 20
mol%,BuN4PF6 15 mol%, sodium

Cyclization condition: 10 mol%
CpRu(COD)CI, 15 mol% L1, 30 mol%
BuN,PF,, 3.0 equiv hydroxysuccinimide,
NaHCO3, DMF/H20,

CpRu(COD)CI 7.5 mol %, L, 30 mol%,
BuN,PF4 23 mol%, sodium salt of N-
hydroxysuccinimide 1.0 equiv

salt of N-hydroxysuccinimide 50 o, AOTBS .. ~OH
mol% . Z
1, _OH m O HO' b . n,,, 00O
PMBo“"r\/ - U U
67% PMBO" 70% PMBO

., m,, O _sOCH;3 ‘o,
U CSA, CH,OH, it U bba
m, O._O"

O\

] u, . o O\\\\‘ " . o
O e T oy

PMBO" pMBo" HO"

Narbosine B

a .t
o X gt ety
A g » : . i BRSNS 2.4 ST N

.
»

Antiviral secondary
Metabolite from streptomyces

o
SRR stk SWEEYwR e Y



Reaction Catalyzed by Ru(COD) )

i P;,hi:;,“%c, 1 R!
_ Z RW
P—= + OH NHPFg ]
L—~ ‘:——_—J
PhaP7 "
2
A PO | R
’ 10% 3, 10-20% NH,PF, e R s
nest, 100° = 4 5 o
Y, a) R=CHy 51%
OH @ \ 4/5 =1/1
[g,/mc| b) iCyH, 73%

] O—* 51%

3 does not form vinylilidine with alkynes

A Eg"""/vgg/ /vj:? .

NN 69%

. Trost, B. M,;.et al. J. Am. Chem. Soc. 1993, 115, 10402.
me A T mett IF NAS of oL, an  Sor 47 " Trast; B M5 et al. J. Am. Chem. Soc. 1993, 115, 4361
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Alkyne-Alkene Addition

. g J\/\,

Ru complex .

=gk

J\/\/R % Y
- S ¢

R\J//‘\/\/D/

e oS T =T T
u. u«
L\/ /Q/\/R \\/ \/“\ \V Y\
33 34
= 4, I
Ru_ [
WAL <= T
R or R éu
@ Ha It \ L H 4

Ru R
R ., 36
~ i



Selective Synthesis of Linear Product

OH

R /\r CpRu(COD)CISmoI% 4R o

DMF/H,0
a) R=H b) R= Csz

~

R—==--R = OH ——a——nen e RN/\j\
CpRu(COD)CI 10%,

NH,PFg4, 100°C R

a) B = CHy (45%)
b) R=Ph (50%)

~Bu,
%\\/ ) smOI%CHmM“
' 7
— \ R R
CHQOgW + Cszzc—& e ————— 3 (o) (@)

OH CH30H
1 reflux
a) R=R «H b) R=H, R'=iCH,
Yield: 51% Yield: 63%
3/4=2.9/1 3/4 =4.4/1

CoHsOL, ?_x‘
a_(z_)\, o0

50-60% yield

(o) H
HsO; .
N -3
CHa02C N
7
4
¢} R, R' = (CH;),
Yield: 67%
3/4=12.2/1



(+)-Ancepsenolide
Isolated from gorgonia
pterogorgia anceps

(PPh,),RuCl, Hy, 93%

AWNF

———— \\

OH Hs.
CH == % _> CH;{OgC: A H,
c o “oH - b — H OTBDMS “"-"-a “oH
CpRu(COD)CI 10 mol% o
MeOH, reflux, 75% )] PPh,, CBr,, 77% TBDMSCI, TEA, DMAP, 92%
i) nBuLi, CICO,C,H,
iif) HOAc, H,O, THF 80%

Trost, B. M.; et al. J. Am. Chem. Soc. 1994, 116, 4985

o 71-08% +——  parviflorin

acetogenin

Trost, B. M.; et al. Angew. Chem., Int. Ed. Engl. 1997, 36, 2632.



Synthesis of Deschlorocallipeltoside A 18

O
Me QJ(NH
MeO.. Acyl ketene
H cyclization
0" 07 "Me ,
Pd Asymmetric
~G Allylic Alkylatio,
Me h
MelH  a)x=cHo
3 b)X=CH,
MeO Ru Alder Ene Coupling
Me
R Meo\(l?
callipeltoside A (1): R=Cl 3 MeO T N\
deschloro- H A
callipeltoside A (2): R=H R

NN _ ~__OTroc +
/,\i/\orsoms ‘ ~Me0” @ —I
CH3O-

Me CPRU(CH,CN),PF, ( 5 Me

mol%), 85% : Oﬁ/Q
Ph. .NH PPh R/j\—r\ﬂl
Me OTBDMS l 2 .

Ji.

s e Ph” YNH PPh,
Me OPMP o

MeO

p-methoxyphenol, L (7.5 mol%), Pd,dba,/CHCI,
(2 5 %), TBAC, CHZCIz, 20/1 dr, 51%

N G oS 0 et TAGG I n Spc "~ -Trost, B:AG et al. J. Am. Chem. Soc. 2001, 123, 9499.



Selective Synthesis or Branched Products

— = DMF, rt R F
Ri—== + —\R2 1\[(\/\R2 + R1WR2 j .
0
, 10 mol% cat. @_Ru (NCCHa), PRy
Entry Alkyne Alkene Product Iss!lll:d W
ie
1 Waﬁ": 0% 48:1
J\/\ v /iw Cat.
2 rwo\/\ WA 74% 53:1
e S T Scope of reactions
4 NW\ 62% 74:1
3% 74:1 HO\/\"/\/\@

6% 89:1 HO\/\ X 10 mot% 8
™ ¢ —_— +
s TR
- o m\/\/\/\/@
< =

20 (0

Sy COICH, 8 75% 97:1 DMF 88% Y] .71
g c u
o /ﬂ\
» 52% bA 1:1.2

By SOCH

69% 9.1:1

2hm

PRopE

10 \/\('c‘\c": W 4% 9.8:1
! e OVYW PR jesa "’0\/\ AN l:?. WVT\N\
12 S O ) 6%  105:1 2 o 144 2w
(] *
= e
13 "0\/\ W;:o,cu, Wc’& 5% 11.3: 1
23 ()
C2HgO; F
14 S S o 69%  142:1 o Wopy,
8 3. OZC\H’/\\\ 25(b)
15 NNy \/\,(. / 4% 153:1 . sid. cond: ,
o c\,,/\/\/\)\/co
16 NNy o ”“\/\(\N\m 2% 16.7: 1 \/jé\m’q“‘ - CaH{O; - AN AN COCoHs
17 Y o I\’r\/\/\a" 58% 174: 1 2 26 ()
OH
18 "0\/\ \/\g "‘\W 59% >25:1
19 NN \/\g WT\/\'}" 67% >25: 1
20 HC\/\ A OCOLCHLT Wﬁm- 25% >25:1
21 \/\,(’COM W 2% >25:1
d ) o Trost, B. M.; et al. J. Am. Chem. Soc. 2001, 123, 12504.
22 P B 2 e T e T IR0 16 o P Al o7




<0

Product: Branch VS Linear

Scheme 2. Competitive Ruthenacycle Formation and S-Hydrogen Elimination
N kp Ru X
Kp ky <> *
'\,hq
N/ *® Linear product:

R H
Ib -%‘ ! Rate of p-hydrogen elimination faster
4 r “ than the reversal of metallacycle

== =,
R eyt "'ll
Iy I,

kzbl kzl

= <
R R _R

linear is represented by ¢



Synthesis of Alternaric Acid

H O OH -
H o) H
O z z
HO COH 0%~ 07 S CO\H o :
1 A 2 0~ 0O i
& 5

Alternaric acid 5

A nanomolar fugal

PR OH ;
germination inhibitor P 9
/%(\/ + 4/\/U\OR'
HO CO.R
2 4

H CpRu(COD)CI {10%), NH,PF, (20 %) H
MeOH, rt, 24h
/\%(\/ + CO.C(CH2)a > MGOZC(CHQS
HO 'CO.CH3 I 65% HO 'CO,CHs

bl 12.5:1

a0 Ao O o0 - TrostyBYM.; et al. J. Am. Chem. Soc. 1998, 120, 9228.



Synthesis of Tri-substituted Alkenes

—| +
Ru(NECCHa)s PFs
O/\ A T N WCO CH
X + 2LH3
N TMS COZCH& CH3COCH3, r.t. l

88% ONLY ~
Further elaboration
1 ok +
<> |
S..
TMSSBU //\R TMS\§D/\R rl__Ru
\\S ' \
5 A R’ ™S

Silicon stabilizing the forming C-Ru bond.

The ability of silicon to stabilize a positive charge b to itself may induce a polarization of
alkyne-ruthenium cationic complex and thus subsequent nucleophilic attack by alkene.

Trost, B. M.; et al Org. Lett. 2000, 2, 1761.
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1 KQ (OQ’

O

=3

Three Component Synthesis of Diketone

3 4
CpRu(COD)CI 5%[]

10% NH4PFg
R—== + HO + /\n/
. o)

20% ln(0802CF3)3
1:1 DMF-H;0
100°, 4h

R=CgH1s

additive

none
10 mol% InCl3

10 mol% In(OSQ,CF3)3

20 mol% In(OSO,CF3)3

R SRS PR v T A s

-\'I'
~y, N
— '/[;}\o ~ /_\O
I IH + I
O cCp Ru O
Cp

O 0O

NN

yield
43%
50%
67%

74%

Trost, B;'M.; et al. J. Am. Chem. Soc. 1997, 11“9, 836.



Enolate Mechanism

+
A [Ru] R—=
o — W ,
step
H+
R—==

I
R \ [Rul*

H>O
step 2 +
step 5 H
o [, Q H
. '\{ 3__ R” N



. R
X"+ == + /\[rR ﬂ—---—- )(L\/[RU]
1ib

0]
/\/\/\ + \/u\ + NHCI

o

25

Vinylchioride

A
X R’

E-2

]
-R
%/ l‘LCI
\/\/M /\/\/\n/\/\n/
DMF-H,0 CI X o o
CO-cataﬁ/st

3
4

Table 1. Selected Optimization Experiments for Equation 22

entry [Ru] cocatalyst (mol %) NR4Cl (eq) DMF—H;O0 ratio [Alkyne] (M)  temp °C isol. yield 3 isol. yield 4
1 5.0 InCl3(15) 1.1 (R=H) 9:1 0.25 100 14 24
2 5.0 AICI;-6H,0(15) LTR=H) 9.1 0.25 100 34 19
3 10.0 AlCl3-6H,0(15) 1.1 (R=H) 9:1 0.25 100 25 42
4 10.0 AICl3-6H,0(30) I.L1(R=H) 9:1 0.25 100 39 52
5 10.0 AICl3-6H,0(15) 22(R=H) 9:1 0.25 100 44 28
6 10.0 AICI;-6H,0(15) 33(R=H) 20:1 0.25 100 45 16
7 10.0 SnCls-5H,0(15) 33(R=H) 20:1 0.25 100 48 2
8 10.0 SnCls-5SH,O(15) 33(R=H) 20:1 0.50 100 56 4
9 10.0 SnCly-SH20(15) 33(R=H) 20:1 1.00 100 45% 17
10 10.0 SnCls*5H,0(15) 33(R=H) 20:1 0.50 60 72¢ 5
11 10.0 SnCly-5H,0(15) 3.0 (R = CH3) NA¢ 0.50 60 72 trace
12 10.0 none 33(R=H) 9:1 0.25 100 11 10

@ All reactions were run according to eq 2 with 1:2 ratio of alkyne to MVK. ¢ E:Z ratio of 6.2. ¢ E:Z ratio of 6.0.  NA = not applicable since
only was DMF employed.

Trost, B. M.; et al. J. Am. Chem. Soc. 1999, 121, 1988.



Vin ylbromide

26

Br
10% [CpRu(CH3CN),JPF, Br o}
/\/\/\\ AI/ I W * \/\/\/K/\/u\
R + Co-catalyst S
0 Bromide Source 23
MVK Solvent, 60 °C, 2h :
E-3

Table 1. Selected optimization experiments for (Z)-vinyl bromide forma-
tion [Eq. (2)].[4

Entry Co-catalyst Bromide source Solvent Yield Z/EM
(mol %) (equiv) of 3[%]
1 SnBr,(15) NH,Br(3) DMF 13 1/3.3
2 SnBr,(15) NH,Br(3) DMF 54 1/2.1
3 SnBr, (15) NH,Br (3) acetone/DMF 1/1 71 1723
4  SnBry(15) N(CH,)Br(3) acetone/DMF1/1 54 4.0/1
5 SnBr, (15) N(CH,)Br (3) acetone 35 1511
6 SnBr, (15) NH,Br (3) acetone 40 10/1
7 SnBr, (15) NH,Br (3) acetone/DMF 2/1 62 122
8  SnBr,(15) NH,Br(3) acetone/DMF 4/1 56 1.4/1
9 SnBr, (15) LiBr (3) acetone 81 4.0/1
10 snbr, (15) LiBr (1.5) acetone 88 6.6/1
11 SnBr, (5) LiBr (1.5) acetone 54 6.7/1
12 none LiBr (1.5) acetone 22 4.2/1

[a] All reactions run according to Equation (2) with a 1:1.5 ratio of alkyne
to MVK and a concentration of 0.5M in alkyne. [b] Determined by 'TH NMR
spectroscopy or GC.

Sl el oo~ Cic

[Ru1X" 1a

8
Scheme 1. Proposed mechanism for the ruthenium-catalyzed, stereoselective synthesis of vinyl
bromides: Selection of cycle A or B is dependent upon the nature of the solvent and the concentration
of halide in solution.

8 more ionic -> external addition
7 more covalent -> internal addition

Trost, B. M.; et al. Angew. Cher., Int. Ed. 2000, 39, 360.
Trost, B.Mx et al. J. Am. Chem. Soc. 2002, 124, 7376.



Synthesis of Cyciopentanoids -

R r [Ru]
&/ :;> S p —> HBr+ R—:.,.dw

R
CrCl R
r __._2_’ .m_._—.» R
\ Hl NiCIz R' CHzclz
DMF, 1t OH 0°C R

CrCl,, NiCl,, DMF, rt

= %\ 10% [CpRU(CHCN)IPF; T 0 80% O
W/, * >
g sch., 15% SnBu O @ O .

Il

A 4
I
N

® 1.5eq.LiBr SCH;,
Acetone, 6(° C - F
64%

SCH,

PDC, CH,CI,, 0°C

80% Oxone, acetone 92% I

> > o\ _Selective COX-2 inhibitor
O SO,CHs
Vioxx®
- R Trost, B. M,; et al. Org. Lett. 2000, 2, 1601

ram e ne 2eTrost, B. M'; 6t al. J. Org. Chem. 2001, 66, 7714



Four-Component Reaction

patha

[Ru}

R!
n:+Hx+/ + R2CHO

path b

R [RuCp]
ﬂ&f’\/}h R‘ ?k )

R! X
Ar 2 R

o]
co CYCLE A ( CYCLE B
R
S
R1
1 X
CpRu R?
[CpRu] 4
R—=
. } H*
X" [‘Fp ' R
™ R
2
HO g R

DA : "~ ree 0~ o Trost) BYML; ef al. J. Am. Chem. Soc. 2000, 122, 8081.

28



d

Four-Component Reaction

/\/\/\\\+/Y+cho*mx
o)

1 2 3

& R= cu,o—@—i
b: R= O—%

c R= MZ

reaction condition

3.0 equiv aldehyde (3a)
(CH3)4NCI (3.0 equiv), SnCl4/5H,0 (15 mol%), 10 mol% Ru,
Et,NCI (3.0 equiv), SnCl4/5H,0 (15 mol%), 10 mol% Ru,
(CH3)4NCI! (3.0 equiv), SnCl4 (15 mol%), 10 mol% Ru,

(CH3)4NCI (3.0 equiv), SnCl,/5H,0 (15 mol%), 10 mol% Ru,
molecule sieve

6.0 equiv aldehyde (3a)
(CH3)4NCI (3.0 equiv), SnCl/5H,0 (15 mol%), 10 mol% Ru,

3.0 equiv aldehyde (3b)
(CH3)4NC! (3.0 equiv), SnCly/5H,0 (15 mol%), 10 mol% Ru,

. R
G-nu(nccm)] PFg” oH
- (o]
DMF W
80° 7 /0 &
Cl
5 [}

5 6 Structure of 5b
54% 19%
E/Z = 8.6/1
dr > 10/1

5/6 = 2/1

39%
ElZ=1/36 15%

15% 10% )

'y sot R}‘\/\">—n'
. B
- [Ru] [Ry] g ®
62% 13% 20
H o1 # H 1
o Lon 2

0 0 X o — xH 0 = R Y R
51% 23% =
E/Z = 8/1 o . T~
dr>10/1 2

Trost, B. M.; et al. J. Am. Chem. Soc. 2000, 122, 8081.



Summary: the “Invention” of Reactions

vinylidine mechanism

/\( OH Ra
R—== P
Phs P R, R‘l/\n/\/
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T R e
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R, branch
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The Application in Synthesis d

R CH,
R1/\”)\/ —_ cm\/\/&/—}
O CH,

Rosefuran CHy  OH OCH,
Calyculin
(@) ‘., O OCH3
o 0 U
(_\f/o g 1 @ - , 00"
' Ci2H2s U
OH HO\\‘
muricatacin

Narbosine B

Deschlorocallipeltoside A

Parviflorin
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R, X-Re —_— M . Rq R2 Q £
branch ' ; O

L SO,CH
Alternaric acid 3
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