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Total synthesis of Laulimalide

1: Laulimalide
(fijianolide B)
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1. Introduction

\
W

On exposure to acid

>

(within two hours)

1: Laulimalide : intrinsically unstable isolaulimalide
(fijianolide B) (fijlanolide A)
<Isolation>

-From | various marine sponges such as hyattela sp., Cacospongia mycofijiensis, fasciospongia rimosa
a marine sponge in the genus Dactylospongia
a nudibranch, Chromodoris lochi

with its tetrahydrofuran containing isomer isolaulimalide

<Structure>

-Determined NMR analysis and X-ray crystallographic analysis
Corley, D. G et al. J. Org. Chem. 1988, 53, 3644.
Quinoa, E et al. J. Org. Chem. 1988, 53, 3642.

-20-membered macrolide

<Biological activity>

-like Taxol® (paclitaxel), induces microtubule polymerization and stabilization
-unlike Taxol® (paclitaxel), retains activity in multidrug resistant cell lines
-binds to a different site than other known microtubule stabilzers

— suggesting new opportunities forchemotherapy ??

<Total synthesis>
-Hot topic for over a decade (more than 10 reports !)
due to | its significant clinical potential
its strict natural supply
unique and complex molecular architecture
Ghosh, A. K. et al. J. Am. Chem. Soc. 2000, 122, 11027.
Ghosh, A. K. et al. J. Org. Chem. 2001, 66, 8973.
Mulzer, J. et al. Angew. Chem., Int. Ed. 2001, 40, 3842.
Paterson, I. et al. Org. Lett. 2001, 3, 3149.
Enev, V. S. et al. J. Am. Chem. Soc. 2001, 123, 10764.
Wender, P. A. et al. J. Am. Chem. Soc. 2002, 124, 4956.
Crimmins, M. T. et al. J. Am. Chem. Soc. 2002, 124, 5958.
Williams, D. R. et al. Tetrahedron Lett. 2002, 43, 4841.
Nelson, S. G. et al. J. Am. Chem. Soc. 2002, 124, 13654.
Ahmed, A. et al. J. Org. Chem. 2003, 68, 3026.
Gallagher, B. M. et al. Med. Chem. Lett. 2004, 14, 475.
Uenishi, J. et al. Angew. Chem., Int. Ed. 2005, 44, 2756.
Gollner, A. et al. Chem.-Eur. J. 2009, 15, 5979.
Trost, B. M. et al. J. Am. Chem. Soc. 2009, 131, 17089.



2. Previous Total Synthesis
2-1. Retrosynthetic Analysis

Fragment union Fragment union
asymmetric by Julia-Kocienski olefination by allyl transfer
OH epoxidation OH Route4 Royte3

Route0

Macrocyclization
by Yamaguchi lactonaization

Route2
Route1

. . Macrocyclization 2
1: laulimalide by Still-Gennari reaction

Although more than 10 syntheses were reported, the retrosynthetic route was limited.
(route0 — the combination of route1-4)

3. Trost's Total Synthesis

3-1. What is "synthetic efficiency"?? Trost, B. M. et al. Science. 1991. 254, 1471,

> Efficienct synthetic methods require to
echemo-/regio-/diastereo-/enantio-selectivity
eatom economy = how much of the reactatns end up in the product

An process that is both selective ant atom economical remains a challenge.
Transition metal catalysis enable this ?7?

»Cycloisomerizations offer opportunities for enhancing efficiency
for construction of difficult medium and large rings

converted to

C§ a unsaturation > aring unsaturation
( y - .
N

H (with only a hydrogen shift)

Trost used 3 atom economic reactions in total synthesis of laulimalide, and 2 of these is cycloisomerization

1. synthesis of syn-diol 2. synthesis of dihydropyran 3. synthesis of 1.4-diol
o 2 Zn-cat. H O | OH catalyst o E
o Tt A , RS R H J Ru-cat. )
A HOHJ\ oH r b‘)n= n=12 - Q ; @ :




3-2. Retrosynthetic Analysis

Trost's retrosynthetic anlysis is based on the notion that laulimalide 1 could be formed from 1,4-diene 3.

asymmetric
?H _.—— epoxidation H ?PMB

1: laulimalide

allylic
transposition
Ru-catalyzed
alkene-alkyne

OPMB coupling

Still-Gennari =——"

olefination 4
JuIia-K_ocic_enski PMP
olefination
I OPMB ’ N-N
0 X o) . /MN,N
237 - 15 23 AU \
Oj/O OMOM — S~ O "0 pn
f
O°P 5 6
S\
F3CH.CO  OCH,CF4
' H
—> ‘ N

OBn OBn



3-3. Total Synthesis Trost, B. M. et al. J. Am. Chem. Soc. 2009, 131, 17087.

<Synthesis of 6>
o 1) DEAD, PPh,, . /I\i NG EtZn, 10 mol% Pd(OAc),,
L~_OH 1-phenyl-1H-tetrazole-5-thiol (82%) HO... SN 25 mol% PPhg, allyl acetate,
1 2) Cul, propenylmagnesium bromide, 12 Ph THF (62%, 76%brsm)

.

N

THF (99%)

MesN_ _NM E N-N N-N
es es ! \ N
! H I N 1) 15 mol% Mo7024(NH,)ge4H,0, o, /Q N
C";E i ° s N H,0,, EtOH (83%) AN SN
c|” —\ : o’ \\O . - Ph
PCyPh | N 6 N
ys o 2) 3 mol% G2, CH,Cl,(0.015 M) (95%)
______ G2 ____
<Synthesis of 5>
S 1) H,C=CHMgBr, Cul, THF (95%) H P —~  OH
2) MOMCI, i-ProEtN, Y Y \N
Qm CH2Cl, (97%) _ o omom T C
> Et O
3) Mel, CaCOs,
14 9:1 MeCN/H,0 (85%) 15 16
15 mol% (R,R)-, ! Et
THF (53%, 10:1 dr) } Ph L o Ph
 Ph \/Zn” Ph
i _Zn |
1) p-MeOPhCH(OMe),, ! N O N
10-CSA, CH,Cl, (81%) =\ OH !
2) NaBH,, THF (86%) N\ Z
3) Dess-Martin periodinate, ~ Et O OH OMOM
CH,Cl, ! Me
7 17 !
! (RR)

1) 6, LIHMDS, 3:1 DMF/HMPA 64% (64% over 2 steps)
2) DIBAL-H, CH,Cl, (61%)

OPMB

(CF3CH50),P(O)CH,CO,H,
2,4,6-trichlorobenzenoylchloride,
i-ProEtN, THF,

OH OMOM
18 then DMAP, PhH (99%)

F3CH,CO OCH,CF,

N



¢12 — 13: Pd-catalyzed allylic etherification using Zn(ll) alkoxides

-Generally, Wllliamson ether synthesis (Sy2 type O-alkylation) is impractical.

Kim, H. et al. Org. Lett. 2002, 4, 4369.

© ®
R-X+ RONa __ PMF__ O,
%A
J . .
E2 Other products < Due to the strong basicity of Nu J
-Also in this case, allylation under basic or acidic condition were ineffective.
N-N N-N
I N SN I ) O,
HO,, S/LN base O, /LN N SR ; -
Ph Ph

12

Alternative approach: Pd-catalyzed allylic etherification
The addition of O-nucleophile

OAc - . . to an n3-allylmetal intermediate
¢ 05eqEtzZn o

4 HOR e P -t ,
AR 5% Pd(0), 7.5% L rR l
Allylic Ether

Allylic Acetate THF,25°C, 2-6 h
(61-94%.d > 40°1)

Aliphatic Alcohol . .
P Mild & Stereoselective

MISMATCH !
modulating the apparent "hardness" of ROe

Hard ROe\\ aliphatic alcohols:
¥ xpoor nucleophilicity
Soft RWR' xstrong hardness

n-allylpalladium

1
Can the Zinc effect lead to 'M ?7?

—Zn(ll)-bound alkoxides possess weakened basicity
while reatining sufficient nucleophilicity !!

the zinc effect in biochemistry: the Zn enzyme LADH
Parkin, G. et al. Chem. Commun. 2000, 1971.

Zn"-containing
liver alcohol dehydogenases (LADH)

X,Y, 2

The pKa of alcohols(normally ~16)
can be reduced by about 9 units
upon coordination to Zn'" 2?

ANV J Nucleophilicity is reatined.
/ N, O, S donors of 1 . R e _
7 His, Asp, Glu & Cys Iu.:.r..1':|:|-|:: ©:Ee MorTls uowk oroTgra

residues. Pezmizmpas Penoxh Lol By

e (NADT)
pPKa=7.6
SHo b

Jmzaommzick rdcknarskowipimalb sk ot
NHy e A R ) N

Kimura, E. et al. J. Am. Chem. Soc. 1992, 114, 10134.

)

|
|
|
|
|
!
|
|
|
|
|
|
|
!
!
|
!
|
. 1 g FRIEIRETE T L LRI B TTI Al
LADH catalyze the hydride transfer ! o 20 A
from a|C0hO| to NAD+ : {cy/,“} 6 (Hiser) Ponad e W malgmnanal# 5 vrnh
e - . Y8i74) ERER
.-~ deprotonation~_ ! ADH
e s ' pKs=7.2 ~
, | pKy=8.0
- , R 2 N
\ P |-_\_\_l_4ﬂ e -'2"""*0,; H h HR k E ,Znﬁ
N N | I R s
et o e | 1 2
T - -7 hydr/de ' Zn"-[12]aneN, Zn"-[12]anaNy
4 1 n,
HEH,EH - .1 transfer | %Ly (zntLy) ol
HH O ! pKy=9.8 .
aH; It I ' Hy0 Pha-8.Q
[ ! /M H.0
M -— Pl i ' C ‘z:n'.?‘} Z: I grd Arza ek moCllis, CRS 2k S0 L
I-I:."" -\\_:':U.r: ' ™ | - \-'(;Cyu ! ! N~ N N agq ok sk bl e o ki sk zd woairn
Ly H"’:-" O e WA .--""'-.'_H : Hyw _/H okt gt DS e bawt ok a gad
LaDH - HADH | 3 4
|
Sehisr 12 [ Zn"-[14]aneN,
|
|

{Zn'Ly)



¢13 — 6: oxidation of the sulfide into the corresponding sulfone using H,O, and Mo(VI)catalyst

-Altough sulfoxides and sulfones are important in synthetic oranic chemistry,
only a few reports are available for selective oxidation of sulfides to sulfoxides and sulfones

The oxidation of sulfides to sulfoxides with H,O, Kaczorowska, K. et al. Tetrahedron. 2005, 61, 8315.

H,0, is the most attractive oxidant :

Oselectivesulfide oxidation

. : ! . Orelative mild conditions

xlnconvgnlent _reactlon conditions — » Oan ideal waste-avoiding oxidant: water is only byproduct !
xexpensive OX|da_nts Oonly a small excess of H,0O,

xunde§|red reactions at other FGs Ohigh yield

xlow yield Oliquid-phase reactions

Lgood solubility in water and many organic solvents

Several disadvantages of sulfide oxidation:
xlong reaction times

Moreover,aqueous H,0O, has further advantages:
Osafty in storage, operation, and transportion
Ocommercially available

Oreatively cheap

However, H,O, alone has possibility of an over-oxidation reaction.

The oxidation of sulfides to sulfoxides with H,O, & catalyst

Controlled oxidation of sulfides to sulfoxides and sulfones } . ible |

Chiral oxidation IS possible :

Mo(VI) catalyst/H,0, system at room temperature Jeyakumar, K. et al. Tetrahedron. Lett. 2006, 47, 4573.
Jeyakumar, K. et al. Catalysis. communications. 2009, 10, 1948.

MoO,Cly/H,05 system New system <«-used in this time
EY L _ i U - N
e, e A e, L wae b Ss o
R - e - D ——— R B Q,:I:I_.-.. i :I:I E:I, , "‘-L_
R i A R T,
Seelicre 1. C3pninn sl rsacnae onnd tans e 2 nenal ol siiaiats 1 HA, Solwees, |
aagenrs i condiions () Vol (13l 8 Mol commercially available
LS gt B o D I E S R [P P} L CUURCE LA E IR BT 1 Tty PR | M A
Hat e [= enuied, acxvirmils, 7, (NH4)6M07024.4H20 IS Cheap
air stable

Substrate Scope of (NH,4)gM070,424H,0/H,0, System

e =

nd Z.'i:_’ -Both systems provide excellent yield with short time.
.:].I.: -‘:h':l'l
. - : - -In both systems, various sensitive functional groups are tolerated
A vk such as alkyl, allyl, vinyl, propargyl, alcohol, ketone, ester,
praes s and remarkably oxime !
e o e Ea = o =
: J“ -..II.-\._..T ; T_.Jh":-
i 7
w U o L
| [ 5 »aval T A - :
h i T
|I I:E. % 7 'T:::I r:ﬁu.l':_. - w
‘._,T ::: L I:TI':' ."_:h‘_: : - -
|'.','1'-*- Ee : .I.‘ o
V o o



<Synthesis of 10>

OBn

[

v

o CO,Me
H methy.lpropllate, ' , Cul, MeLi, THF, Pd(OH),, Hy,
n-BuLli, BF3eEt,0, then AcOH, PhH (94%) EtOAC (97%)
- Y Ry
THF (93%) HO..
OBn
19 OBn 20 21

DIBAL-H,CH,Cl,,
then Dowex 50W x 82,
MeOH (99%)

\\\

o MeO

1) TEMPO, NaOCl,

AcOH, H,SOy, KBr, NaCOs,
H,0 (82%) CH,Cly/H,0 (97%)
- -

2) ethynylmagnesium bromide,
OBn THF (77%)

3) NaH, BnBr, DMF (96%)
24 23

dimethyl-1-diazo-2-
oxopropylphosphonate,
Ko,COg3, MeOH (57%, 69% brsm)

v ‘ ‘ a) Dowex:
s -One of the more common ion-exchange resins.
-A copolymer of styrene and 4-12% divinylbenzene
HO,, which has been sulfonated
to produce a strong-acid cation exchanger
OBn
10

_____________________________________________________________________________________________________

epreparation of 19

O NH, NaNO,, KBr, O Br BF3, THF, Br
H,S04, -5 °C, 2 h 0°Ctort,5h
OH  M25V ’ OH :
HOJ\/kH/ » HO - . HO/\/k/OH
o] o)

D-aspartic acid
PATG &d 1) NaH, THF, -10 °C, 0.5 h

2)BnBr, TBAI-10°Ctort, 1 h

BnO” "N



<Synthesis of 8>

{
?omrggf:’/ﬁ:v(-g%D)HCI)]]z PCH,CH,P[m-F(CoHy)] H = Monmerilonts K-10, ||
HO,,. DMF (55%) TR oM cHChew) o, H o)y
A\ > > 5 e
OBn OBn
10 o 8

<Synthesis of 3: Intramolecular Ru-Catalyzed Alkene-Alkyne Coupling>

5, KHMDS, 18-crown-6,
THF (E/Z = 1:5, 62%, 50% (isolated Z isomer))

.‘\\

5 mol% [CpRu(CH3CN)3]PFg,
acetone (0.001M),
50 °C, 15min (99%)

26 R=MOM
PPTS,
t-BuOH (66%) 3 R=H




<Two failures in the step 3 —»> 1>

1. 1.3-allylc transposition using [2.3]-sigmatropic shift
OPMB

under Mitsunobu-type condition
(Grieco elimination)

H

7 ' o

1,3-allylic transposition ?? oxidation

Y
OPMB

intramolecular
[2,3]-sigmatropic shift

1. Payne rearrangement under basic condition

OPMB

diastereoselective
epoxidation

Y

corresponding
ring-contracted lactone




<Synthesis of laulimalide and its analogue>

OPMB

0O3ReOSiPhs,
Et,0, 5min (78%, 97% brsm)

(+)-DET, Ti(i-PrO),, TBHP,
4 AMS, CH,Cl, (86%)

—— 28 R=PMB

> 29 R=H
DDQ, laulimalide analogue

CH,Cl,/pH 7 buffer/t-BuOH
(71%)

1) Dess-Martin periodinane,

2) (R)-Me-CBS, BH3eTHF,
THF (93% over 2 steps)

3) (+)-DET, Ti(i-PrO),, TBHP,
4 AMS, CH,Cl, (88%)

CH,Cl,

—— 27 R=PMB X

1 R=H
DDQ, laulimalide
CH,Cl,/pH 7 buffer/t-BuOH
(89%)

3 — 2: 1,3-allylic transposition utilizing Re oxo catalysis

Res{DSiR;1 (R = Mel Ph)

" ~-more active
aiyst 2
a) R \/\‘Z‘tz . cat; I =t
=2 A W
OH oH R

e

Proposed mechanism

These catalyst are very sensitive to presence of water.
i< MesSi< . SiM
2 Me3S| OH — e3ol o) ivies +

o form
inhibit
the catalytic process O, OH
Re
O ‘o

According to kinetic study,

O, _siR,
_Re~0
o7
H o/\,//\ Bt [ /
RT
(V
o. L0
Ay
A
RaSIOH oo
al
=
=y il
oH
HD/\/\ R

— o

| =ikstars

Some calculations confirm the involvement of
a cyclic transition state.

107.6
G

Re—0-—Cd
-

176.0

1.382

@)  rneium @  Cawon Oxygen

e wcseardizg fazslion s Foa dee allslee ccanugozod of de aslos
waalba [A] avd arges [ THF wazlii



3-4. Asymmetric Direct Aldol Reaction via a Dinuclear Zinc Catalyst

<A Dinuclear Zinc Catalyst Design>

two nitrogens
The strong coordinating elem

|

Trost, B. M. et al. J. Am. Chem. Soc. 2000. 122, 12003.

Trost, B. M. ef al.

nts for some metals

J. Am. Chem. Soc. 2001. 123, 3367.

a semi-crown cc')_|mpound eHigh binding affinity vs. Catalysis
PA_OH  HOL _Pn  ,.. P 0\% :_, ::/ Ph Too high binding affinity inhibit
PH |, J PP iCoHg)eZn  PH_L Z,%-,‘E _doef |HOAc P an exchange of products for others.
N Ho N T O VA \’; - t
CHy
] ) ‘5,&' 38 a semi-crown design meets
A o both requirement:
\ | \ i 074, O Ph -good chiral recognition
4 steps a phenoxide moiety(as a base) = E \:n -turnover at reasonable rates
OH 1.The alkoxide generated in the aldol reaction '
would be rapidly protonated by this.
2.The phenoxide might still be adequate X
to form the enolate. CH,
Me b
<Substrate scope and Proposed cataltic cycle>
+a-hydroxyketones as donors i
c.f. simple ketones as donors
5 mol% 2 5 mol% ligand 2
o o 4A MS H O )CL . j’\ 10 moi% Et,Zn eH 9
R) * HJ\Ar THF, -35° Ar R H At 15mol% PhoP=S R Ar
HO OH molecular sigves 4A
24h in THF
: A w | !
Lable & SusmmeTic Aol Beacinee E ?__I.Jr,:,.n . [: TN . E
i F TR Y by v -t | ::':,,E "'"*—f‘:‘ R BN E
.I.‘I I _._I l""_ = kil L5 E " . | T e .':' - :
— P s : TR N :
™ " i i * ' * ! ! Pl - Nt ! |
=; I oy al - ~ : noo ‘u,_.la-‘!udJ . K,_Ic 3 X
) - - . } . v ! ﬁ_.-’t_\-._‘ D}H--’L‘-'lr '-.‘_i;a- IIJ ?""'H .
PN R i B LA
N I : j_;H G "‘:h L’“ i( : - |
2 I R (&) w1 [H] : S A s S :
i (L "y e 5 : Ljr |:“L -ﬂ'f"‘-',-, I\I:d- :
i L EY : ' P\.-} e, l_:ﬂ.l::- M | E
Sy F . |"" n 4] ] aj I ! F~ J: -"Q ‘_.' . Fh ! h
b _ LT ow ! . E 'K“; L.rhl'.# ki 4 !
5 " e F:v | : | ER i E j_\_ _|-- ! ,I_-ab B :
T - = eyt J:' _:':,_ ki 1 = I-_ ----------------------------------------------- l
e esimple ketone . ea-hydroxyketone
S s Al ! ¥ | the enolate apporaches /‘\ R )
5 - to the re face Ar H_\<O to the si face
[ = - L] 5 - s
’ AR " - Ph._O %Ho Ph
PR T 0 | Ph?: i er] 20 f% [en
B | Ph .. %, ‘N0 N
tep Foging 4 B DT min o eyl e e N

was il
wverm ko e
s et omal s op TAT c

piloy € Bkt polior e ol =58

al” ey hanie I

a~hydroxyketone
serves as a bidentate ligand.



3-5. Rh(l)-Catalyzed Cycloisomerization
of Homo- and Bis-homopropargylic Alcohols

<Ru-Catalyzed Reconstitutive Condensation of Allylic Alcohols and Terminal Alkynes>

Trost, B. M. et al. J. Am. Chem. Soc. 1992, 114, 5579.

3 " Scheme 1. A Proposal for Addition of Allyl Alcohols to Terminal
[ ¥ gﬁ\rOH MLL R M 14y Acetylenes

B 20% WH PRy, 1007 | q

4-d,

& deprotonation )
c-acetylide complex

5

1% d 6 0%d

A H\)j\/\ 7 ne \( A=
A
o : i ??
The close examination of the mechanism C a e AN
. . . H
-Ligand subsitution )
-Kinetic and deuterium experiments ' "N
-ldentity of the reactive profile s
A~NOH
A. Vinylidene Formation
| Deutrium labeling |
1 1
 stoichiometric condition ! n-alkyne complex
! oD+ RN i:‘j:s ' on]
1 3-d, 1
! Ph
' Ph—CZ=C—D(H) + Cp(Pth]ﬁuE’:c:c:Pn © | CPIPI‘;F]?HU—ill p ;ﬂ:ﬂ.d d C‘J}:F“IJF':EH.JE]=1={
! . . seha, 2 e M | ' -hydri
| catalytic condition e " . L H -y 0 1} "
: 0 P ' .. migration ‘ {8
I c/¢ OH ! .‘1
1 cat1 "
" . /\r t1, NHPFg : g . . cath b *a
| J T : C-H insertion N CPRPLR —=pn + I
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

(1) the NMR spectrum of 2 in CDO3D containing of NDPF,

the absense of the vinylic hydrogen

&
the disappearance of 13C signal for the vinylidene carbon
(with all the other 13C siganls remaining)

(2) deutrium loss of 3ineq 6
— reversibility of vinylidene formation

(3) litte deutrium loss of 3 in eq7
— B-protonation of c-acetylide > reversal to n-alkyne complex
faster

' summary:
+ -Vinylidene complex is formed.
' -The equiliration of the vinylidene complex with starting alkyne is more slow then its further reaction.

B. Addition of Allylic Alcohols
(1) the extremely facile loss of PPhs from cat.1

(2) addition of PPh;
retardation or the rate of the condensation reaction

ddit ¢ PPh under identical conditions except the addition
# 1 addition o

LR e ol = T e e ey

5

o 8 63% 7 5  excess PPhy
within 1 h (1eq. /Ru)

4h

7
8



(3) comparison of the reactivity of 3-buten-2-ol 5 with other alcohols

5, starically equivalent to IPA, reacted much mroe rapidly than MaOH.

Ph
[Cp(Pn,p),ﬂu=.=-(H ]PFs

— precoordination of the olefinic group of 5

EtOH, IPA

NO addition (for steric reasons)

(4) placing Me directly on the double bond of the allylic alcohols
kOH or /\/\OH —#— condensation products

— steric inhibition of olefin coordination

(5) replacing PPhs with the chelating ligands dppe and dppb

inhibition of the condensation reaction

— preclusion of preccordination of the olefinic group of the allylic alcohols
(due to relactance of the ligands to dissociate a phosphine)

' summary:

i -Precoordination of the olefinic goup is required and actually takes place.

(0) precedents of Ru-catalyzed coupling

& @ o, %

\/\ /\/P @
5 ¢ 8
dppe dppb

— intrinsic preference for C-C bond formation to the more substituted allyl terminus

Q

Ph)Hf\

[Ru) (11

PHOR 4 /\[’(m

or Wﬁc

(1) regiochemical outcome from eq 12
retaining the positional identity of the allylic alcohol

D
o 2 /\r(\)\ 12!
= cat1 [ R Zp 12
NH,PFy <]
¢ 120 12p
o 2%
A
10,R = O
13a 13
nA= ﬁ 3% %

(2) geometrical outcome from eq 13
retaining olefin geometry

‘/ e

@ i
“ "H

_cattl 1
TNHPFe

@ I

Tsuji, Y. et al. J. Organomet. Chem. 1989, 369, C51.

-

a) Slower C-C bond rotation than reductive elimination

o) [e]
;"“"‘)L“ slower DEC”“’JL“ q o
H? _ P Lrpudg '-"T”‘)LH
O/ X 0.
168 160 iy ”’T
| faster faster L v 1
n-coordination
S 0

enhance the barrier

to rotation ... ??

NOT reasnable

o
0
0”7 "R

b) Slower 3 to n" allyl slippage than reductive elimination

Lnﬂuf slower .z,

- 'M' LnRu} LoRys P 1a
DU YT | R T — A =l
| H
158, 92% 15b, 8% .
L ) scramble the olefin geometry
— little intervention of c-complex
(See the right column.) ~

Esummary
. -Judging from almost no scramble of both regimochemistry and olefin geometry,




»This scheme accommodates all of the preceding observations.

HW cat 1
=
+ NH:PFs A

D OH o
20

H

1.R= 214, 55%

e}

19, R = nCyqHy 228, 42%

-Scrambling of olefin geometry — o-complex E as an obligatory intermediate or a species in dynamic equilibrium

R

A dramatic diffgrence with a substituted allylic alcohol
-

d

21b, 45%

22b, 58%

e e Coonanistic Rationale for Ru-Catalyzed If R=H (unsubstituted allyl alcohol),
A D should be sufficiently destabilized
p /“.; to ensure rapid reductive elimination
L Cp, p
et 0 Ty tva
A < oon (Due to the presence of the acyl group
H\i(\.j \faster than \_<: 3 on an already electron-poor Ru(lV) species)
7 4 /allyl rotation ) _
Y X — relatively slow n® to ' allyl slippage
Y |
/\3: o o But if R=H(substituted allyl alcohol),
R
endior D “““\"“‘Y\R o the competition between the rate
Cp, RN \/ o ©
¢ ug(\ﬁ R Y for reductive elimination and 1 to n' allyl slippage
. Q
B is changed ! (See below.)

D (15)

The high regioselectivity
&

The loss of olefin geometry

-The high regioselectivity — reminiscent of eq11 (the reaction of monosubstituted allyl organomethallics

at the more substituted allyl terminus)

Why C-C bond formation the more substituted allyl terminus is favored ??

Precedents: 6-membered transition state
1

/\\<@I\L

B2

Scheme 5. C1, C2=chair-like, Bl, B2=boat-like transition states.
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An allylic rearrangement is always observed in reactions
between allylmetal compounds such as 12 or 14 and alde-
hydes under kinetically controlled conditions (Scheme 2).
Thus, it is reasonable to propose a six-membered cyclic
transition state, especially when the metal can coordinate
to the carbonyl group of the aldehyde as a Lewis acid due

1
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Scheme 2. Y =alkyl or a heteroatom-bonded group, M =metal. !
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Trost, B. M. et al. J. Am. Chem. Soc. 2002, 124, 2528.

Like such a reaction, the metal itself prefers the less substituted allyl terminus
and cyclic transition state invokes allyl inversion ??



<Ru-Catalyzed Oxidative Cyclization vs Cycleisomerization
of Bis-homopropargylic Alcohols>

0.0 0}
paha _ AOH  pathb ; Trost, B. M. et al. J. Am. Chem. Soc. 2002, 124, 2528.
R— -— R_\/// —— R+ | (1)
Mechanistic Rationale <
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e g 4% ! |
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ﬂ X eyl
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*3 = (C4Hg)4sNPHg, 4 = N-hydroxysuccinimide

<Rh-Catalyzed Cycloisomerization of Homo- and Bis-homopropargylic Alcohols>
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Trost, B. M. et al. J. Am. Chem. Soc. 2003, 125, 7482.

Scheme 1. A\Working Mechanism
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3-6. Ru-Catalyzed Alkene-Alkyne Coupling
»To maximize the atom economy ... Trost, B. M. et al. J. Am. Chem. Soc. 1995. 117, 615.
A+B > C+D — A+B > C+ 0D Trost, B. M. et al. Chem. Rev. 2001. 101, 2067.
a was}gﬁproduct

»Diels-Alder type reactions are ideal: They incorporate all of the atoms of the reactants

eldeal catalysis of the Alder en reaction eAlternative catalytic concept
N : 5 2 . .
5“ _ H o )J'H——b-l_,M ——»C
H H —> S & Sy M
-the simplest form
-catalysis : only TS energy ¥ -catalysis : precoordination of two reactant partners
-one-step process -one or more steps

<Cross coupling of alkynes with alkenes>

. cat
= . AN — cat.
/u\/\z i ! + @
R ST S s Ru = {%\'?"‘m
"branched" "linear”
Tahle 2. Ruthenium-Catalyzed Alder-ene ReacHoan Table 3. Chemoselectivity® the same as the above
PR ma FI"| “:‘“ L s entry (. R — _Ei' ) f solvent conversion” isolated yield %  ratio® branched:linear
Ry ] 1 n-CiHr T T R-CHy 4:1 DMF-H.0 80 56(69) 521
- 2 n-CsHsy CH,CH,OH 1:1 DMF-H.0 95 ST(60) 401
u! T8 ;,::' eaply Hi'.: ¥ield 3 n‘CJH'.‘ COCH: 1:1 DMF—H;I,O 10()‘ 50(’_} 381
4 n-CiH; CHCHCH;CO:CH;  1:1 DMF-H:0 95 T1T5) 3.8:1
K AT HHOH, 1 SRl SRR 5 n-C3H; CH;CH;CH=CH, CH:OH* 99 52(—) 6.4:1
N s Vo aa sws 6  CHOC n-CyHy 3:1 DMF-H;0 100 90(—) 561
" |_-<_:|| 1 LEL % 7 TBDMSOCH;  n-CiHy 3:1 DMF-H,O 100 86(—) 5.0:1
: ~eh - 8 [ n-CsHy 3.1 DMF-H;0 100 85(—) 171 ]
1 B Bl et | 1 LEl Tl
CHTH, 4 MR, 1 a4l 2% 9 CHO:C (CHy 00 ITDMF-H0 5 2670} 530
[AHHE kil TH R Hy 1 LEA | i ¢
i H L, ioooab el “ All reactions were performed with 5 mol% 3 at 100 °C for 2 h unless otherwise stated.
UL E R TR R AL iR ¢ Determined by gas chromatography. ¢ Reaction performed for 16 h.
UHLICH L CHICE ) E KTRLOH, I fNumbers in parentheses represent isolated yields based upon unreacted starting material.
‘_\__lr-_ ] FKELCH, I
His, TGO, Lo >»Extremely high chemoselectivity & control of olefin geometry
FHUSILLH,- CHECHL- HCH 1 LB ) -l NNANNNNNNNNNNNNNNNNS
KETH " HH MO 1 Rl free OH, TBS ehters, ketones, and esters
PICHKMESCOH . T Tl R in either the alkene or alkyne
CH R H, H HN, z 5 SH¥ I I r r Yy
e LIELC H FrHaTOH, 1 el 5

»Generally, the major produt is the branched one.

SCHCTL I, qE
ERCRTRESE N G,
e, ey »Branching at propargylic position has significant effect

1
2
S e 1 e on regio selectivity. (the linear product 1)
NOEHE T ~CHay Dk 2 T
SRRy R, : b »Replacing an alkyl branch by an oxygen inverts the regioselectivity.
4 e

LB = T 1 ILH L HS

"Catalyal: 1 = CpllufCOmC], 2 — CpluCHCMN G = the more reactive cationic Comp|ex

Table 4. Reaction of Progargylic Ethers and Analogues with Terminal Alkenes®

R entry R! R* R} R* solvent ratio DMF—H,Q  conversion® iselated‘yield ratio branched:linear
/W\/R‘ > 1 mCsHy H PhCH; CH, 31 65 53(82, 1:2.0
R2 S = 2 nwCH, H TBDMS CH; 31 100 88(--) 1:2.4
R 3 nCHy H TIFS CH; 31 60 41(68) 1:3.7
4 —(CHps— H CH; 31 85 65(76) 199
RO 5 CH —O(CH:0—  CH; 31 60 41(68) 1:5.6
6 CH: ~O(CH:0~  CO:CH; 111 90 55(65) 1:5.6

4
Rb}\/\/v\/\’ﬂ @ All reactions were performed with 5 mol% 3 at 100 °C for 2 h unless stated otherwise.

® Reaction time = 16 h. °Determined by gas chromatography.
»As the size of R3 T’ then the linear T ¢ Numbers in parentheses represent isolated yields based upon unreacted starting material,



<Proposed catalytic cycle>

________________________________________

>»This model may explain the effect
of a propargylic oxygen substituent .
+*

;@w — %

Ru coordinates the oxygen.

N If the alkyne coordinates
41 ! | with the opposite orientation ...
(possible in principle)

Syn-B-hydrogen elimination of Hy,

1@ T
T L - 3 T, A F
R e = Hu - - -
ur - -""\\il s i QH:'-\. _.-"-_ | ||
A. R LT m'::l'll
I W
i 1}
|+ == " o= ) w:ﬂ
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AL T
o e
Electronic effect vs. Steric effect
eElectronically, 35 is favored.
Carbametalations normally prefer to attach ~ Which effect is
the less substitued terminus of the alkyne. dominant ??
——

oSterically, 36 is favored.

When B-hydrogen elimination is inhibited ...

Normally,electronic rather than steric effects
dominate leading via 35 to the branched 39.

On the other hand, as R increases in size,
steric effects bacome more important:
17 — 19 should be disfavored relative to 16 — 18.

CO,CHg o CO,CH, CH30,C = 10% CpRU(CH;CN);PFy  CH40,C. WH
Co.Ch. 1% CORU(CHLCN)PFs CO,CHg 4 :
i o7 CH{0,C N acetone, rt CHZ0,C B
MeOH, 0°C 5 H
% on (98%) o i 8% 12
[5+2] cycloaddition
,; 6:1, 87:88 CO,CHy
86 CO,CH
Cp'= GOt = Scheme 7
sa p——— -+
R e
Scheme 3 e ~ Ru g —— q
GOE <_]: ::"_"\. / ! \\\ T
- - g I Hix, T ez Yy e
4 'WE:E - i W
% ’ﬂ-\fx -]-.. 7 Fu 1 ‘\\ o W 'F'j'-\ ne ' 1
T \nl-' i | e —l " el I
! ..I' l% Au
| | =
COEr oL . ‘\_)
l ' = 1w an insertion ] 07
Bl Ll into the C-C bond |

B-hydroxy 74

con E1e//m/nat/on " 3_hydrogen
" H;m Y elimination
- g 'FM?' < T ‘ .
) anti-Bredt olefin

B2
eThe ruthecycle 81 cannot achieve the required
geometry.
¢B-hydrogen elimination would generate anti-Bredt olefin.
—Then, if even B-hydroxy elimination is impssible,
what occurs ??

2

CO,CH,

p-hydrogen
elimination

methylenecyclopropane

2% RuH(PPhg),
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<How the reaction mechanism was confirmed ??>

>»This Ru-catalyzed reaction proceeds without complications arising from self-condensation of either partner.
—How does this practical reaction occurs ?7?

Path 1: allyl mechanism . Path 2: Ruthenacycle mechanism
| T4
= eely : R N
RYNANA R Ru S ! Wt 1 T, i
or | n.‘_‘___.-_:"\-\.___.-"‘:tb_.-'p :_. "'-]_‘\I
INF : | i)
\R‘(\/\H ! ~ P 1!
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| e e ! =
X N T oar A n
— =<7 | - - R ST
= Ru ' @y - it
N ! LR -
=N ! L]

»Initially, path 1 seemed more possible than path 2 due to absence of homo-coupling product.

-If Path 2 operates, the formation of a ruthenacyclopentadiene should be preferred to that of a ruthenacyclopentene.
lead to homo-coupling products lead to cross-coupling products

»However, the validity of path 1 was questioned, because the regioselectivity about alkene was disrurbing.

-In light of other work, the formation of a n-allylruthenium complex should undergo reductive elimination
with formation of the new C-C bond to the more substitued allyl terminus.

Ru complex (1~3 mol*) GH
R
Ei3n , CO A

R-CHO + _A~~0Ac

Ruthenium complex catalyzed allylation of aldehydes with allylic compounds *

Run _ Aldchyde “Allylic Product Yicld
compound & 4 R‘/\N\W
T C.H.CHO CH,=CHCH,0Ac C.H,CH(OH)CH,CH=CH, &7 NH,PFs
2 CHy(CH,)sCHO  CH,=CHCH;OAc CH,(CH,)sCH(OH)CH,CH=CH, 57 100°, 1h 12 0
3 C¢H:CH=CHCHQ CH,=CHCH,OAc CyH;CH=CHCH(OH)CH,CH=CH, 48 !
@ CH,CHO CH,=CHCH(CH,)0As  (GH ,rmm—ﬁ‘(ﬁﬁiﬁlﬁ
i CsH;CHO CH,CH=CHCH,O0Ac CgH; CH{OHYCH(CH,)CH=CH , 64
6  CeH,CHO CH,=CHCH,;0C0;CH, C4H;CH(OH)CH,CH=CH, 39
7 cancio CH,=CHCH, Br CoH, CHOH)CH ,CH-CH 2 A= (CHOCH-  DIR=CHOCO-  c)R=CHCO- € R=CHCH(OH)(CHy
8, GH,CHO CH,=CHCH,0H - 0 0.75h, 63% 1.5, 66% 15, 56% 0.75h, 65%
9  C4HyCHO CH,=CHCH ,0Ac CyH;CH(OH)CH,,CH=CH, 9

= Aldehyde (10 mmol), allylic compound (3.3 mmol), triethylamine (10 mmol), Ru3(CO),, (0.033 mmoly
and THF (8.0 ml) at 120°C for 24 h under 10 kg cm™? of initial carbon monoxide pressure.
» Determined by GLC based on the amount of allylic acetatc charged. © At 140°C. 4 RuCl, nH,0
(0.10 mmol) in place of Ruy(CO),,.

Left: Tsuji, Y. et al. J. Organomet. Chem. 1989. 369, C51.
Reight: Trost, B. M. et al. J. Am. Chem. Soc. 1990. 112, 7809.
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>»Path 1 was abondoned by the experimental support.
-To probe the involvment of a r-allylruthenium chemistry, the reaction of (E)-2 butene was explored.

s 3
If path 1 operates, this reaction should result in _ CHOH, 80°
the same regioisomer as a 1-alkene: obtaining 15 as the product. AT T sealeduibe
Spectral data clearly show the adduct is 14 and not 15. = (J—/=C<\)
J 18 15

This experiment suggests NOT involving r-allylruthenium mechanism
and supports path 2, which, furthermore, more consistently rationalizes the regioselectivity.



<Why self-coupling of alkyne does not dominate ??>

If the ruthenacyclopentene and ruthenacyclopentadiene are in dynamic equilibrium,
the products then depend upon the rate of further reactions.

Fsst reversible formation

+ A \‘\

ol = P

A _ G 1 L

R'@J = Ru ‘\\R—U—R/

+ \/\R 1 S~o_-7
The unimolecular The bimoledcular paths
B-hydrogen elimination l l for the further reaction
NOT observed )
the Alder ene type product numerous side product

such as arenes of cyclopentadienes
(formed via the same mechanism as "scheme 10")

Scheme 1)
The unimolecula reaction rmay dominate over . 14 e
the bimoledcular reaction. CT e, Au” N
128 ¥ “ -1. —
So, although the rethenacyclopendadiene spiecies was formed, ' % L
only the cross-coupling product was obtained. P : “/l“E'
L u R R
27 I._-\H 125 |
. ST
.
\H_JR’.L” -
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<the unique ability of a remote olefin>

»The reaction of 1,7-octadiene proceeds with the enhanced selectivity for branched product.

If the reaction followed paths a and b exclusively...

The branched to linear ration should be the same as for 1-octene, which is not the case.

—Other paths should be involved !

+ +
c -l 1 +
T e A . T
U pal ™ 1 o
branched —e— "L - \\/ . - > ¢ — branched
R P AL Ve N f Y :
2 R
20

J \qa_

path d

Ru. R
o path b Ru.,
linear <s—— L - \\/ b — linoar

2

I \("\ the symmetric
| ! bidentate coordination

If 22 was formed, steric factors arising from interaction of R and the olefin are eliminated from consideration.

The bias for branched vs linear product may simply reflect the intrinsic steric and electronic factors
associated with the tautomerization to the metallacycle (paths ¢ and d)



