Development of Practical Catalytic C-C Bond Forming
Reactions & Applications to Organic Synthesis

Amir H. Hoveyda

Catalysis for Organic Synthesis: Challenges & Goals 2002

Allow scientists to prepare any chiral molecule with:
B 100% effiency and selectivity

B Minimum production of waste (including solvents)
Through reactions promoted by catalysts that are:
M Readily accessible

B Can be easily handled

B Afford high TON and TOF

B Can be applied to various method in chemical synthesis
(e.g., large scale synthesis, library synthesis)

I Sophisticated Enantioselective Synthesis Practiced by Non-Specialists'




Ti-Catalyzed CN Addition to Meso Epoxides

6 20 mol % ligand
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Ti-Catalyzed CN Addition to Meso Epoxides
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Different substrate; Different ligands

86% ee
83% ee
20 mol % ligand,
20 mol % TI(QFOPr)
TMSCN, 22 °C, 24 h
84% ee
80% eo

Angew. Chern. Inf. Ed. 1997, 1704



Ti-Catalyzed CN Addition to Imines: Asymmetric Strecker

N H RCN N H,r'q ON Hydrolysis — HN._COH

Asymmetric Catalyst /?\ Deprotection /]\

Hin

Ph HCN ﬁ 1. HCN, 2 mof % cat. i
% #  toluene, ~78 °C, 2 aa
N’[\Ph 2 mol % cat Hr_q Ph N~ uene. C A: FoC ?
P
ph)I MeOH, -75°C Ph” "CN Ph 2. TFAA Ph"CN
87%, »89% ce 78%, 91% ee

)\\NH EN—
HN N Q\/N
MH‘,NH \\(\H OCH3

Lipton JACS 1996 Jacobsen JACS 1998

Later developments by Corey, Kobayashi and Shibasaki

Ti-Catalyzed CN Addition to Imines: Asymmetric Strecker

Opticafly pure amino nitrite readily available

10 mol % THOHPr), 10 mal % TIQHPr)4

Ph\l/Ph 10mol%\’t"\)\ Ph.__Ph ph Ph 1|:|mol% t‘,ﬂ h
: HN,_CN "Wroma HchN

N OH 0/“orﬁ [}
g H /"orSu H
- B s - H
TMSCN. iPrOH, toluene, 4 °C, 20 b; TMSCN, iPrOH, tolisens, 4 °C, 22 h; Q

hexanes hexanes

93% yield, >99% es Mo 95% yield, >09% ce M

AP

i ﬁ
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|
\ with 5.0 moi % catalyst (22 h) 98% conv,, 84% ee
i
I
I

|

b with 2.5 mol % catalyst (42 h)  99% conv., 94% ee

L]

[l
L'LJ_L -" . y \__ (Without added i-PrOH: 15% conv, 84% ee in 22§
Racemic From Catalytic Reaction From Fittration

CN F'h
Ph m—— . e HN ﬁCN ClHgM,,,
EN HCI
>98% ea; B0% yleld ?B ‘C,12h
>98% eg >98% ee, 0%

MeO. N\/Jk
m Heon B:\@/ JACS 1999, 4284



Mechanism of Ti-Catalyzed Cyanide Addition to Imines

Ph._.Ph 10 mol % chiral ligand Ph._-Ph ; )
10 mol % THOI+Pr)y  HN._.CN AH* = 8.98 1 1.5 kcalmol

Ny H
5 TMSCN, iPrOH ; AS* =456 £ 4.1 caleK 'smor”
tol, 4 *C, 10 h Q
Slow Addition of HCN: Identical ee and conv
Rate = Kgps [Tisk]" {imine]® [TMSCNI® [-PrOH]° K/ kp=1.0%0.08
o ¢
AN \)LNHBu AN NHBu AN N\)LNHBU AN NHBU
O Aoy or Bu © ©
>98% conv, 95% ee 10% conv, <10% ee 449% conv, -15% @ <5% conv, <5% ea

'\ JACS 2001, 11594

Catalytic Asymmetric Cyanide Addition to Ketones:
Enantioselective Synthesis of Tertiary Cyanohydrins

chiral catalyst
Rz

cyanide

N
i
t-Bu +Bu Ph (ili O |
0 N 2 MeD
T(”: “"”\'TI o o O
’!N 0 "'O“ N hlllr o N Et
ey el
O
M=Al and Gd O DHQD
+Bu +Bu
with TMSCN with TMSCN with ethylcyanoformate

with aryl ketones: up to 72% ee aryl ketones: up to 95% ee  with sterically differentiated
10-50 mol % loading, >1 day atkyl ketones: up to 91% ee aliphatic: up to 97% ee

Belokon, TL 1989, 8147 Shibasaki, JACS 2000, 7412  Deng, JACS 2001 6185
Shibasaki, JACS 2001, 9908



Al-Catalyzed Asymmetric Cyanide Addition to Ketones

H\/?\ Ligand can be recycled
M N
N
o] 1 c N
. AHE H 10 mol % 2 3{1:”5
' 10 mol % AOFPr), OF “NHTY 1
TMSCN; 20 mol % MeCH, 3 A MS, tol, -78 °C
NG, OTMS QTMS NC LOTMs DTMS
Me
@5\&19 /@5\ Omj:[r N’\ﬂ/o
QN Mey
e, v
91% oe, B4% 80% ae; 32% 91‘% es; 67% 88% oe; 58% 10% conv, 4% ee WHTr
NG OTMS NG, OTMS NG, OTMS
Cé Ph’&i:ds &w /;\Me " Mo e
Mea r-hex on o
I} . B . .
88% e8; 87% 85% ee; 67% 95% ea; 77% 95% ee; 77% <5% conv
HCN as reagent TMSCN as reagent
NHBu
; "’"-o/\rNHTr Me =N
‘A|'| Rs H o]
OR

Low conversion {~B80%) in the absence of MeOH and MS

Addition of HCN instead of MeCH gives same ee and conv as in reaction without either MeOH or HCN

Angew. Chem. Inl, Ed, 2002, 1009

Catalytic Alkylation of Imines: Asymmetric Amine Synthesis

HN

P P
Ny, -H H,NVH _ HoN.. R
Chiral Catalyst i Hydrolysis i
—————- ————
R-metal Deprolection
e Mo
B
Ll b!lﬁ Megh
MeQ. Y M MeaO, Mo,
20 mol % 50 mal %
—_——————

HNj Me

Ny, -H
Y Meli, =78 °C
Ph

82% ee, 81%

Denmark, JACS 1994, 8797 (range: 51-82% ee)

PPhy

02 O 3.9 mol %

Q/‘NMS

E122r|

~NSous
& mol % Cu(OTi)p, 0 °C H

\| aMe
Ph
62% ea, 96%

{range: 25-62% ee)

N H D———— =
Y Mel., —42 °C
Ph

Tomioka, 7L 1991, 3085

Et

T O

93% e8, 98%

Tomioka, JACS 2000, 12055



Zr-Catalyzed Alkylation of Imines: Asymmetric Amine Synthesis

H 0
vanges
on O “pn = it
g\‘@ Ofmol% @AQQ 30 mal % AgNO;, @/\NHZ
OMe 20 mol % Zr(FQPr)*HOMPr OMa

7 8quiv (NH,),5,05
EtzZn, tolusre, 0 to 22 °C 4% ee, 82%  MeCN/H,0,60°C  95% ee, 70%
!El ?Et !Et
o) OMe Ho Ome H ome
97% ee, 87% 92% ee, 69% 91% ee, 86%

_Et Me Me\/‘\/\/\\i
1 B ¥
H Y N
OMe Y Ho Ome OMe
FoC

80% ee, 71% 84% ee, 98% 96% ee, 87%
<10% conv with Schiff base ligand JACS 2001, 984
Et
N d
ik _LZ"P;P}—NHBu
@ N F 2N

‘N =N

e )

Similar ligand structure requiremenis as in the Ti~catalyzed Strecker

Zr-Catalyzed Alkylation of Aliphatic Imines: Asymmetric Amine Synthesis
In situ Three-Component EnantioselectiveSynthesis

(Y

H O
H NYLLNHBU
F 1
0 O Np, 10mol% 3

N
OMe 10 mal % Zr(O+Pr)HO-Pr N OMe
Et,Zn, toluene, 0 to 22 °C 85% ee, >98%
e e e
MGM : H
N P NN N
Ho Ome A Ome V\H OMe
97% ee, 69% 94% ee, >98% 98% oe, B3%
Me
J'\.ﬂe;/l\/\E Me CsHqy Et
7 : 3
PR ™S"N v/\N WH
H o Ome o OMe OMe
97% eo, 80% 58% ee, 54% >98% ee, 60%

Deprotection defivers derived aming in 65-75% yieid

Et
N
Br. OMe

>98% ee, 60%



Development of Effective Methods for Catalytic
Enantioselective Conjugate Additions to Enones

B Reactions of "Hard Nucleophiles"

B Reaction of Cyclic and Acyclic Enones

B Reactivity

Additions to Trisubstituted Enones
Additions to Unsaturated Ketones, Esters,
Amides, eic

B Enantioselectivity

B Practicality

Minimal Waste

Readily Available Catalyst
Modular Catalyst

Recyclable Catalyst
Applicable to Library Synthesis

1. Background
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Peptidic Ligands in Reactions of Alkylmetals
Optimal ligand Schiff base

10 mol % chiral ligand 0
& 6 mol % {CuOTH)*PhH
Et,Zn, -30 C, toluens ;'Et
no ligand : 84% yield

Cons e

<10% ee, 93% conv

0]
H
m“j;'h‘f)\ﬁ/\/\”e
N O g

<10% ee, 39% conv

O»Cﬁ(\)km

<10% ee, 78% conv

Cu salts examined:

CuCN, CuClI, CuBreMe,S, Cul,
Cu{OAc), Cu(OTH,, Cu(OTf)z2PhH

@:\I,(”\)LN/\/\MB

PPh,

95% ee, >98% conv

N N\a)l\H/\/\Me
X 8] “~Ph

o9
\r“k’r“\)km’\/\nﬂe
o

i R
“Ph

X = CH, <10% g8, 34% conv
X=N <10% eg, 65% conv



Peptidic Ligands in Reactions of Alkylmetals

Can same ligand be used for cyclopentenones?

G
2.4 mol % chiral ligand, 2.0 mol %
— _ (CuOTf)#PhH, RgZn, -30 C, toluene, 12 h

JACS 2001, 755

N
ligand: j;f \)l\N/\/\MQ

PPh,
O 0] Q Q
QOAc
Et B MO /\)
H Ho hL R
Me
97% ee, 78% 28% ee, 82% 85% ee, 75% 99% ee, 56%
Q Q
Me, Meﬁ Q
Me "ty Ma " "“sp
) Et k Bu Mo T H Et
>98% ee, 72% »>98% ee, 64% 87% ee, 56%

Cu-Catalyzed Asymmetric Conjugate Addition to Acyclic Enones

\’t(“\)LNHBu 2.4 mol % chiral figand, 1.0 mol %

O catalyst
z - fl\/lk',x (I:,hz mﬁ {CuOThH.+PhH, RzZn, toluene
-Bu

t t 0
t O Et © Ma O
hMa Me i/“\ ME\H\/“\ /\/\/‘\/u\
Me Me e Me Me
MeQ FiC Me

91% ee, 70% 95% ee, 85%

94% ve, 93% 90% ee, 86% 90% ee, 87%
—20°C,3h -20°C,3h 22°C, 1h 22°C, 1h 22°C,5h
Sequential Ru-Catalyzed Cross Metathesis/Asymmetric Cu-Catalyzed Conjugate Addition

Al
O_Hu;{rj JACS 2000, 8168

C\OTS \iue O) 2.5 mol % (’j

t{ 95% ee, »88% anti, 75%
NHBu
F’Ph2 \G\
5mol % O-Bu JACS 2002, 779

3 equiv Me,Zn, toluene




Cu-Catalyzed Asymmetric Conjugate Addition to Trisubstituted Enones

0
1
catalys t( \)\NHBU I,( NHBu
z or

Ran H PPhg PPh2
O-Bu
o PPh; 12moi% o
@/L 5 mol % (CuOTH»CeHg O)k
+Pr - +Pr
EtpZn, toluens, 4 °C, 24 b et r
optimal ligand:
AA1  AAZ  conv (%) ee (%) x/
NHBu
L-t-leu L-Phe 93 85
l-val LPhe 82 76 P"“Z
L-tLeu  Gly 87 93
L-Val Gly 92 91 Evidence of cooperativity
betweon AAT and AAZ2 residues
L-+lLeu - »98 83
[Lva - 97 96

Cu-Catalyzed Asymmetric Conjugate Addition to Trisubstituted Enones

Cacopiegieedy @5@ oL
“iPr
96% pe, 77% 5% ee, 72% 98% es, 69% 95% ee, 84% >88% ee, 75% 97% ee, 85%
(16:1) (13:1) (>25:1) (>25:1) (16:1) (3:1)
j:!\/ 2.4-12 mol % chiral ligand, 1.0-5 mol %
(CuOTH),#PhH, R.Zn, toluene ” NHB“
PPhg Pth \Q\
Six-membered rings are unreactive
OtBu
Ease of Operation: Me. Me
+ MgSO o .
PPhy HZNJ,\(NHE"'l —T977¢ . chiral ligand in toluene
o) toluens, 22 °C,
Aldrich, - 12h
unpurified unpurified

O 0]
@/ILMQ 2.4 mol % chiral ligand in loluerf_ "“‘U\Me

1.0 mol % (CuOTH)PhMe (Aldrich) "

; Et Aldrich}, 4 °C, toluene

Aldrich, 22N { ) en 94% o6,

ungurified >98% conv, 62%



Cu-Catalyzed Asymmetric Conjugate Addition to Nitroalkenes

Catalytic Asymmetric Synthesis of a-Substituted Ketones

t‘/ NHBLI

NO, F'Ph-‘, NO,
1 mal % OBn (‘J; A #Et
0.5 mol % (CuOTf)*CgHg, 3 equiv Et,Zn, EtaO 22°C
toluene, 0 °C, 12 h; ag. NH,CI 92% yleld, 96% ee, 94% yleld, 96% ee,
85% syn 92% trans

NO; 02
Me 93% trans, 84% trans, 94% trans,
U 92% yreld 95% yield, 86% yleld,
93% ea 95% ee

aavl

Workup with 20% H»80, leads to in situ Nef:
0 o o
of o of
93% ee, 90% 92% ee, 58% 83% ee, 42%

97% ee, 86%

JACS 2002, in press

New Catalysts for Efficient, Selective and Practical
Organic and Combinatorial Synthesis

Development of New Catalysts for Olefin Metathesis

AI’1
R R, :I
I_—a——FiLI
a* ¥ K
FIO““'MOVRQ R AI’Q

93% trans,
61% yield,
93% ece

1} Reactivity Recyclable

2) Selectivity:
Regio- and Enantioselectivity

3) Practicality:

Minimal Use of Solvents
Minimal Product Purification
Applicable to Library Format




Catalytic Enantioselective Desymmetrization by ARCM
Enantioselective C-C Bond Formation Without Solvent Waste

\\/\O
Me Ma 2 mol % cat
1 ”""[
Me Me no solvent Me

22 °C, 5 min
>98% ee, 93%

Alexander & La

Zhu & Cefalo

Mes Me;
N Si, SI"O
0 2 mol % cat
Me Mg — N Me
no solvent, H
Me
60°C,4h

>08% ee, 98%

20% monomer, 30% dimer
JACS 1999, 8251 with biphen catalysts (in CsHg), 65-87% ee

Enantioselective Synthesis of Medium Rings By Catalytic
Asymmetric Ring-Closing Metathesis

[Heactfons can be run in the absence of solvent I

Merg
O’Si
Me—" 1. m-CPBA W
2. TBAF Me
Ma M
93% ee, 92% 93% oe, B6%, >20:1

JACS 2002, 2868 Jarnelius & Keily

Ms e
Ph
N
PhN
Ma Me
Ma
>98% ee, 90% 85% ee, 90%

JACS 2002, 6991 Dolman & Saftely



Catalytic Asymmetric Synthesis of Pyrans Bearing a Tertiary Ether Site
Application to Tipranavir Synthesis

0
~ 7 mol % cat O‘w.
CgHg, 50 °C

95% ee, 76%

JACS 2001, 3139

NG 49% overall

P
91% ee, 95% t.rpranawr {HiV protease inhibitor)

Catalytic Enantioselective Synthesis of Spirocycles

Me
T e
O 5 mol % cat %
CeHe, 50°C

83% ea, 80%

Teng & Cefalo JACS 2002, In Press

Catalytic Asymmetric Rearrangement Through Metathesis
Unexpected Effect of THF as Additive

Cl
Me
“*Ph
Me /
N
MOMO . Smol % MOMO,
Pr _
CgHg, 4 °C
no additive 78% ee; >98% conv
~60% ee with (i-Pr), catalyst for 2 equiv THF 85% ee; »98% conv
which no change was observed
10 equiv THF 92% ee, 86% yield
4 /
TBSO.,, no additive 58% ee; »98% conv MeQ,, no additive 80% ee; »98% conv
10 equiv THF 96% ee, 94% yield 10 equiv THF 90% ee, 88% yield

JACS 2002, In Press Teng & Cefalo



Collection of Chiral Catalysts: Variations in Diolate and Imido Sites

R=iPrR'=FPh
R=Cl R'=Me

New Chiral Mo Catalyst: Alkylimido Ligand

28R

5 mol % chiral
Mo catalyst

Mg Ong™
1

Ma)s<o mi Mo A
»>98% ee, ~20:1 trans:cis, 88%

Mo Ma

22 °C, CEHGI 6 h OBn
Me O-pg~
Msﬁ(b Atviion:
Ylimigo
Me B Mo Complexag
Catalyst Cat.

Ma
Bn
5 C Tsang & Jemelius

% conversion



A Hybrid Mo-Based Chiral Catalyst for Asymmetric Metathesis

i-Pr i-Pr
XN e
Q/{"""Ph

B Can be prepared from optically
pure Binaphthol
H May represent a hybrid catalyst

Me

OH 16 mol % PtQ, OH Mg>-= 1 atm
- - - e _
=5OH 100 psi H, ~OH 91 HOAC:H,S0,
HOAC 70°C;
f
>98% then KH, THF, [MGJJT/NN Mo
Can be run on 20 g scale, 22°C 0| *L—(w.ph
catalyst recycled in 5 subsequent runs 85% Me OTt
) THF, 30 °C
i-Pr 55%
N Ma
I
\/{“""Ph
Ma

Agiits & Cefalo

Angew. Chem. Int. Ed. 2001, 1452

A Readily Available and Generai Class of Chiral Metathesis Catalysts

= 5 maol % in situ
Memﬁj‘,hﬂa cat {THF) Me%
22 °C, CgHg

Me
THF, 88% ee, 80% yield
-50-22°C with 5 mal % isolated cat: 93% es, 86% yield
inhoed |catalyst o
Th ~linTaF P OBn 5 mol % in situ Bn
' cat (THF) o
# ™Ph

22 °C, CgHg
>98% ae, >98% lrans, 86% yield
with 5 mol % isolated cat; >98% ee, »98% trans, 87% yield

direct from
Strem bottte

Ar
o0 K®
THF, 5 mol % in situ
Ar —40—22 °C MOM cat (THF)
— e~ MOMO™

in hood
catalyst 4°C, CaHg
24 h in THF
on 90% e, 85% yield
, 'N

with 5 mol % isolated cat: 90% ee, 93% yield

ey
Me OTf M°

M Stock solutions active for at least two weeks B Use of divbox not required

Angew. Chem. Inf. Ed. 2001, 1452




Recyclable Solid-Supported Mo-Based Chiral Metathesis Catalysts

0Bn
OBn
Ph. M i ~

100% styrene/ 0% DVB 45 mot % styrene/ 55 mot % DVB

Cyclel: Cyclel:

30 min, 97% ee, ~98% 30 min, 98% ee, B0% conv.,

product contains 3% of product contains 3% of

tot. Mo (5 mol % loading) tot. Mo (5 mol % loading)

Cycie 2: Cycle 2:

30 min, 98% ee, 98% 30 min, 98% ee, >98% conv

product contains 10% of product contains 7% of

tot. Mo (5 mof % loading) tot. Mo (5 mol % loading)

Cycie 3: Cycle 3:

16h, B9%es, 55% 16h, 88% ee, 55% conv

product contains 16% of product contains 11% of

tot. Mo (5 mol % loading) tot. Mo (5 mol % loading) Hultzsch & Jernellus

Supported vs Solution Phase: Higher Purity Products

Me Mo Me_ Mo
S5 -
O 5 mol % cat o
MGWMG Me.
CgHg, 22°C, 2h Yo
Unpurified mixture
Millipore
Filter
91% Mo In product
Me Ma Me Mo
.5 LB
0"~ 5 mol % supported cat o™ cotton plug
Me Ma = Mo —  w 9% Mo in product
CgHg, 22 °C, 2h
Me
Unpurified mixture
Millipore
Filter
5% Mo in product

Angew. Chem. Int. Ed. 2002, 589 Hultzsch & Jernelius



Complementarity of Mo— and Ru—Based Systems

O8n 5 mol % an
IE y\Q chiral Mo catalyst M
+ <10 min

22 °C, CgHg

>98% ee, >98% lrans, 86% vield
with 5 mot % isolated cat: >98% ee, >58% trans, 87% vield

<5% reaction with the following Ru catalysts
(100 mol % at 70 °C)

Me Ma

Mei Ma Mi Me
Me
Cl 1 N C{ |

CATNSS

Ms Me Mesl O
Grubbs, Org. Letl. 1999, 953 Hoveyda, JACS 2000, 8168

5

Recyclable Ru-Based Metathesis Catalysts

Me
Cys
Chmf Me
- Ct |
Y Me* v
5 - B{~—PCyq o Gl g
e : N
AN~/
0
I NR
53, HN-{N £l
SiMes RU*C
Mﬂz M92 \OWMG
Mo O Sl Sl s Bl o O Me

JACS, 2000, 8168
Kingsbury & Garber

JACS 1989, 7N
Harrity & Kingsbury




Not Just a Recyclable Metathesis Catalyst!
Superior Catalyst for CM with Electron Deficient Olefins

OH
Me

5 mol % cat

Me

CH,Cly, 22 °C, 2 h

/

o’_‘o

-]
% . gy L Bmol%cat

CH,Cl,, 45 °C, 2 h

e,

CO,Me

75%, 95% cat recovery

OH

Blechert Syniett 2001, 430

<10% conv with PCy; catalyst

o

1. 2.5 mol % cat
22°C, 1h; 96%

2 Cu catalyzed

JACS 2002, 779
mixture of products with PCy; calalyst

Me
A\
o)
NC Me Me
=, Me C| C!
{ 0—-—Fm——(( j
COzMG
83%, 90% 2 Me Me
Aldrich Me

O

ooy
Mo

95% ee, >98% anltl, 75%

An Alternative Strategy for Catalyst Recycling

Selecting a suitable solid support

S,
BN S
wi;r

ko

Advantages of Sol-Gel as Solid Support:

1) Rigid, highly exposed surface area
{typically 300-1000 m2fg)

2) No shrinking or swelling in solvents

3) Bulk sample eliminates filtration

4) Mold chosen for processing determines

size and shape




Recyclable Ru Catalyst on Glass: Efficient & Practical

&

c?NgJF‘ OH OH OH OH OH
M Me | CHHu= "(T"o’%?"o'?"o’ o ;\,,-’
}’ )/ 0 O [)
Cy;,P—H (j
Me—" © SiMe,Cl ——
1.0 I |
LoV pe >98% conv
WS‘MB;Cl
CH,Cly, 22°C, 1 h CH,Cly, 40 °C, 3 d
£
?——N(__ R
oR oR on oR eé’ A
Y?"o’i‘o’ o ?"US'Y

Angew. Chem. Int. Ed. 2001, 4251

Kingsbury

Recyclable Ru Catalysts on Glass: Efficient & Practical

B 1-2 x10° mmol Fu / mg glass
W 200 A pores

u'%__ “NO ONF{
FIN May! | Hu “N'—{ & O\ro
\c o
Y
calalyst 1 catalyst 2 catalyst 3
MesS!
Me.
\ﬂig‘ll\[ & mail % cat ™ Te é
CH,Cly, 22 °C
catalyst cycle 1 {3 h} cycle 2 (3 h) cycle 3 (3 h) cycle 4 (3 h)
1 >98% ¢, 99% v  >898% ¢, 99%y >98%c, 99%y >S8%c, 99%y
2  >98%c, 9%y >98%0,99%y >08%c, 99%y >88%c, 99%y
3  >98%c, 99%y »0B%C,09%y »98%c, 99%y ~98%c, 99%y
H
%+ g ST |
CHyClp, 22 °C
styreng 1-octone vinyiferrocens
catalyst cycla 5 (1 h} cycle & {1 h) cycle 7 (1 h)
1 >88% ¢, 99% y »08% ¢, 99% ¥ »98% ¢, 99% ¥
2 >88% ¢, 99% ¥ >88% c, 99% y >98% ¢, 99% ¥
3 »98% c, 99% ¥ >88% ¢, 3% y »98% ¢, 99% ¥




Recyclable Ru Catalyst on Glass: Efficient & Practical

O
5 mal % cat M‘*\é
Ts

CH,Cly, 22 °C

Lo
Me.
N
'S

catalyst

cycle 1 (3 h) cycle 3 (3 h) cycle 4 (4 h) cycle 5 (5 h) cycle 6 (6 h)

>08% ¢, >08% y >98%c, >98% y >98% ¢, >08%y >98%c, >98%Yy >98%¢, >98% Yy >98% C, >98%y

cycle 2 (3 h)

cycle 7 (6 h) cycle 8 (7 h) cycle 9 (8 h} cycle 10 (8 h) cycle 11 (9h) cycle 12(10h)

>08% C, >98% y »U8% ¢, >08%y >98%c, »>98%y >98%c, »98%y >B8%c,>98%y »>08%c, >98%y

cycle 13(12h)  cycle 14 (14h) cycle 15(14h) cycie 16 (16 h)  cycle 17 (18h)  cycle 18 {20 h)

»08% ¢, >98% y »98%c, >98% y >98% ¢, »98% y »98% ¢, >98%y »98%c, >98% y >08%c, »98%y

cycle 19 (22 h) cycle 20 {24 h)

>98%¢c, »98% y »88%c, >98%y

Remove glass, evaporate solvent: analytically pure product,

1 - ©, y .
no coloring (0.04-0.05% Ru residue) Kingsbury & Giftos
1 2 3 4 5
OH GH OH oH oH
o
Me Me M Me Me” "Me Ma” " Me
>80% conv, 0% conv. >98% cormy. »88% colty, 26% oorr.
MS: 85.0B53 [95.0653) MS: B5.0653 (85,0653} ME: 85,0653 (85,0653} WS BS.0648 (85,0653} MS: 90,0729 {99.0732)
OTES ores oTes OTES oTBS
2
B i
Me Ma™ T Me Ma T Ma Me” "Me Me
5% conv, 0% conv. BB% conv. =50% conv, >38% cony.
MS: 18,1440 {198.1440) MS: 199.1526 (199.1518) MS: 211.1514 {211.1518) MS: 212.1587 {212.1506} MS: 214.1522 (211.1518)
C, 66,83 {57.95)
H. 1092 {11.38)
e OFMB o188 P onc o GH
C ]/l\/\ﬁ ’")\/\/ Mg\"/’\/\/ Me TI\/V Jl/K/\A
e Me M
Fa% cony. >BE% v, 43% conv. 50% cony, *BE% ot
MS: 218,1301 [218.1307) MS: 189.1520 (199,1518) MS. No M+ far High Res MS: 97 3356 [97.0653) MS: 98,0732 (88,0732}
C, 56.95 (B6.60) G, 71.21 (73.43}
M. 10:99 (11.18) H, 5.68 (10.27}
Fu imputity: 0.13% R Impurity: 0.03% A impurity: 0.68% Ruimpurity: 1.2%
TES oTes OH
Ma Ma
D I ])\/\/ OTBS ]/l\/\"’
Me™ Ma Me e
91% conv, »98% cony. Me - BE% conv.
MS: 199.1526 (1591518 ME: 2111621 (211.1518) MS: 94.0730 (98.0732)
G, B7.74 (B7.86) |
H, 10.86 {11.39)
Ao Impurity: 0.44% Fu impurity: 0.07% Mo Auimpurity: 1.2%
ores OH oH
E Mej)\/w KM >98% conv. I)\/\’?
" - MS: 211.1521 (211.1518) b e
»88% cony, >86% COM. >B5% Cony.
MS; 205,1672 (225.1675} MS: 980730 (88.0732) C, 67.74 (67.86) MS: 970852 (57.0653)
©,'69.21 (88.76) G, 88,80 (73.43) H, 10.86 (11.39) ©. 71.53 (73.43}
H, 1131 {11.57} H, 8.63 {10.27) ! ] o H,9.25 (10.27)
Fru kmpurity: 0.13% Ru impurity: 0.07%




Chiral Ru Catalyst for Olefin Metathesis?

Can Complement Mo Catalysts and Enhance Practicality

Me Me

Mef Me
CI &

Cng-—-Hu—<(_:|
/

Me Mono- or bidentate chiral ligand?
Replacement of Ci can reduce activity

Cl
\/
n %j
@J Chiral bidentate ligand: stereogenic Ru certer

M
Me

u,,o 3

Me Mo & problem of diastersoselsctivity PH w16 Mo

Me Me

.'-Pr . oPh

CyaF'—Hu—<Cl Grubbs Org. Lett. 2001, 3225
} Ph
FPh _aiPr
O/\/ | o
Me Me 5Smol% Mg wq @ R=H 39% ee, 22% conv
| | - .. b R=Me 90% ee, 82% conv
P R THF, 38 °C, 1 equiv Nal Mé h

Chiral Bidentate IMES: Chiral Ru Catalyst for Olefin Metathesis

Diastereoselective Synthesis of Air~Stable Chiral Catalyst

BooN"~7C
Me. Me
CO O o
HoN Me 1. HoL MeOH AN
HQ%_ - - — HOy,,.
OO Na(OAc)zBH 2. HC{OEt),
CICH,GH,CI 83%
22°C Ar = 2.4 6-trimethyiphenyl
>98% r=<4.0-nmetylpheny
¢l i
iPrO—=FRf—PPhy|  A92C0s
' CeHg/THF
52%

o [\ =
;':.:.‘f; .

-
OF-Pr

Formed as single diastereomer (chiral HPLC) Van Veldhuizen
ified i h
Purified by Silica Gel Chromatography JACS 2002, 4954




Chiral Ru Catalyst for Olefin Metathesis

Reactive & Recyclable

. _F;U“"O ]
O .
OLPr
Me d 7T 10mol % Me >98% conv., 98% yield
N | NTs

91% recovered catalyst

; OTE
| otEs | OFPT 10 mol % S 598% conv., 97% yield
| o > C‘:; 90% recovered catalyst
|| toluene, 80 °C, 24 h

Dienyne Tandem RCM Cannot be Promoted by Mo Catalysts
JACS 2002, 4954



