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Importance of organometallics
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Organometallic reagents and catalysts for the organic synthesis

organometallic reagents:

COzMe
ZnCl
BuLi
MgBr O~ Me
organometallic catalysts:
PA(PPhs), CpCo(CO), | RhCI(CO), |

2

Q

Cp

CH, _
szTi/ /AIMe2

N
cl

Tebbe reagent

CIRh(PPhs),

Wilkinson's catalyst

H(Cl)zrCp,

Schwarz reagent

N B N
Mes— ~Mes
a

Ru—
cl- = ph
PCy3

Grubbs Il catalyst



Historic point of view

1757 - Louis Cadet de Gassicourt (parisian apothecary)

As,0; + CH3;CO,H > MeyAs—AsMe, + MezAs/O\AsMez
cacodyl cacodyl-oxide
56% 40%

E. Frankland (1848), University of Marburg, initial goal: synthesis of an ethyl radical

Zn
Et- <—>¢—  Et—l s Etn
-Zn|2
ethyl radical pyrophoric
Universitat Marburg (1848)
2/3TI 2 Na
2/3Et;TI = Et,Zn > 2 Et—Na
3 -Zn(0) : -Zn(0)

o .



Organometallic chemistry of the XIX century

Frankland 1848, 1863
O

Et-l + Zn —»[ Et—Zn—Et] + Et\OJ\WO\Et >

O
Beilstein 1862, Saytzeff 1870, Wagner 1875
O OH
Et O.
Etl o+ zZn Et\o)%(o\gt — Et
O O

Barbier 1899

O OH
+ Med + Mg ——
)\/\)J\ MMe

O\
Et” Et

Ph. Barbier Comptes Rendus de I'Académie des Sciences, 1899, 128, 110

Et

OH

O.



Organometallic chemistry of the XIX century

H Mg Hoo )
H W | —_— H \\\>— Mg .,,”O, Et
H 0 H \O \Et
Et” Et I
Et Et

Mg Ph-CHO OH
)\/Br — /kMgBr —_— )\/kph

ether

reactif de Grignard

V. Grignard

Comptes Rendus de I'Académie des Sciences, 1900, 130, 1322

Pl. X. Victor Grignard dans son laboratoire de Nancy 9
1912



Reactivity of the Grignard reagents

10



Historic point of view

Victor Grignard (1900)

Et—B Mg Et—MgB
—_— r > —_—
ether, 40 °C 95T

Karl Ziegler (1919)

pentane

BuCl + 2Li > Buli + LiCl
under Argon

11



Historic point of view

first transition metal organometallics:

HoH |

Zeise's Salz (1827) :[—PtClg, K"
H O H

Hein (1919)

-25°C
3PhMgCI  + CrCl, THE > Ph3Cr—O<j

red crystals

Ti';pti

al .

ca K

&

10%

12



Historic point of view
1951 : synthesis of ferrocene

Pauson (Scotland) 7. August 1951

Miller 11. June 1951
_I— H H AT P
@ MgBr* _FeCl (CsHg)oFe <320°C @ . Fe N
Smp.: 172 °C { \'

1952 @1 B@ G. Wilkinso
structural proposal by Pauson Fe

correct structure by G. Wilkinson and R. B. Woodward

@ G. Wilkinson, R. B. Woodward J. Am. Chem. Soc. 1952, 74, 2125
Fe R.B. Woodward J. Am. Chem. Soc. 1952, 74, 3458

ferrocene
|

1 -

H. Sitzmann J. Am. Chem. Soc. 1993, 115, 12003 radical formation

R. B. Woodward 13



Goal of the lecture

main goal of this course: applications of organometallic compounds in modern organic synthesis

|
N
In, LiCl H O
25 °C, 2h - PCy;
| ’ INX, 4% Pd(OAc),

THF
8% S-Phos
THF:NMP
reflux, 27 h

N\ MeO OMe
q g
H

71%

Y.-H. Chen, Angew. Chem. Int. Ed. 2008, 47, 7648.

14



General synthetic methods for preparing organometallic reagents

classification according to starting materials

direct synthesis via an oxidative addition and halogen-metal exchange

2 Met 1
/ > R'-Met + Met—X

\ » R-Met + R2-x

15



Classification according to starting materials

transmetalation

2
/ Met R'-Met? + Met’

2_ 2
[R1—Met1] RT-Met” R'-Met? + R?-Met’

\ >

Met?—X

R-Met?2 + Met'—X

16



Classification according to starting materials

metalation
/ Met R'-Met + "2H,
2_
R'-H R™Met R'-Met + R2-H
\ » R-Met + R2X-H
R2X-Met

17



Classification according to starting materials

carbometalation and hydrometalation

Hydrometalation

Carbometalation

18



Synthesis starting from organic halides

direct synthesis - oxidative addition

R-X + 2Met — R-Met | + Met—X

driving force of the reaction:

/\ H= AHMet—X| + AH[C—Met] - AH[C-X]| - lattice energy

4EtCI + 3Pb — Et{4Pb + 2PbCl, endothermic

4 NaPb + 4EtCI ——— Et,Pb + 3Pb + 3 NaCl exothermic

19



Direct Synthesis - Oxidative Addition

examples:
2 Li : :
BuCl — BuLi + LIiCl
@) @) S
BuBr & BuMgBr — Bu,Mg + Br,Mg-O @) l
ether __/
Pbl, + Mel —> MePbl;
B f e —— o~ InX;
H

)\/\Br + 2 CrCI2 Me/\/\Cer + CrC|3

E/Z-mixture pure E-isomer 20



Direct Synthesis - Oxidative Addition

mechanism:
RBr + CrCl, — R- + BrCrCl,
R + CrCl, —> RCrCl,
RBr + 2CrCl, —>= RCrX, + CrX;
SO,Ph
SO,Ph crcl, H B OH SO,Ph
— —
BT 2 equiv. AR Ph
Ph
Me syn-Produkt

P. Knochel Tetrahedron Lett. 1986, 27, 5091 01



Activation of the metal: the Rieke-approach

activation of the metal: R. D. Rieke, Science 1989, 246, 1260

MqCl Iy PhCl . b Cl
o g vem g
M Y
PhO” >""Br 5 °C,95min= [Phg/\/\MgBr} — /\ + PhOH
. CO

-78°C, 1h
70%

Activation of lithium: formation of soluble Li-sources:

Li N
' Li

P.P. Freeman, L.L. Hutchinson J. Org. Chem. 1983, 48, 4705

22



Mechanism of the metal insertion

Li-DBB
t-BuBr (2 equiv.) .

t-

BuLi

Br Li Li
Li-DBB
LE/ ; (2 equiv.) /:E / * E/ ;
80 : 20

loss stereochemical information

Ph AMe 1) Mg
Ph Br

2) CO,
90% ee

H.M. Walborsky: J. Am. Chem. Soc. 1989, 11, 1896

M i
RX —> RXIM§ —= R

radical mechanism

Ph, Me

Ph

CO5H
12% ee

il

*MgX — RMgX

23



Preparation of functionalized organometallics

Mg Zn

NC/\/\Mgl - NC/\/\I - NC/\/\ZnI
THE THF, 60 °C >90%
unstable

O @)
Zn, THF N
25 °C, 6h

O @)

O @)

P. Knochel, J. Org. Chem. 1988, 53, 2390
P. Knochel, Org. React. 2001, 58, 417.

Znl X
25°C,24h AT
Zn, LiCl CuCN-2L(Cl
CO,Et Co,et (cat) CO,Et
94%

A. Krasovskiy, V. Malakhov, A. Gavryushin, P. Knochel, Angew. Chem. Int. Ed. 2006, 45, 6040.

24



Preparation of functionalized organometallics

Br MgBr SMe

Mg, LiCl o~ MeSO,SMe
THF, -10 °C, 20 min

OBoc OBoc OBoc
91% 92%

@ECOZMG Mg, LiCl, ZnCl, ©:COZMG
o
y THF, 25 °C. 3h .

CO,Me |
| . @ e
MgBr ZnCl,

Mg, LiCl

F. Piller, P. Knochel Chem. Eur. J. 2009, 15, 7192 25



Preparation of functionalized organometallics

activation of Al using LiCl and TiCl,, BiCl;, PbCI, or InCl,

1) Zn(OAc), (1.5 equiv. F
O: F Al, TiCl, (3 mol%) @[F ) Zn(OAc), (1.5 equiv )=
LiCl, THF, 30 °C, 35 h 2) PEPPSI (1.4 mol%) O
Br H AlysX 30 °C, 2h O
MeOZCO—Br CO,Me

(0.7 equiv.)

93%

T. Bliumke, Y.-H. Chen, P. Knochel Nature Chemistry, 2010, 2, 313

Zn, LiCl

THF, 25 °C, 3.5h
9) Me @) Me

68%
life time (t/2) = 2 days at 25 °C

A. Metzger, P. Knochel Org. Lett. 2008, 10, 1107 26



Extension to insertion reactions to C-S bonds

THF, -78 °C

T O
0~ >sPh NMQ Li
@ o

G I e = e
J s 80°C w w
PhS ve s P @

kinetic Li-reagent

e 2= e e

thermodynamic
Li-reagent

S. Rychnosvsky J. Org. Chem. 1989, 54, 4982; J. Org. Chem. 1990, 95, 5550 27



The Halogen-Metal-Exchange

R'-X + R2-Met ——— > R?-X + | R-Met

driving force: the most stable carbanion is always formed

28



The Halogen-Metal-Exchange

1939: the Wittig-Gilman reaction

Br THF Li
©/ +  Buli > ©/ + BuBr
.78 °C

BU\/\

tBuLi
—_— Bu._ =~ .
Br ZGQUiV. \/\LI * )J\-l- tBuH

tBulLi
- Bu )
> \/\LI + %
/'H
il
tBuLi NN
NN+ 2MeOH — ~ Li

MeOH

—_—

/JL\\ + //L<ﬁ + LIBr

WH
93%

29



The Halogen-Metal-Exchange

HO@Br m» LiO@Br | >> Br >> Cl

rate of the halogen/metal

exchange
mechanism:
©
1 ., < REl-RE
R—I + R*-Li = ® ~——~ RML + R%-
Li

S
@I@ has been isolated
F5 ® F5
Li

H. J. Reich, A. W. Sanders, A. T. Fiedler, M. J. Bevan J. Am. Chem. Soc. 2002, 124, 13386

30



The Halogen-Metal-Exchange : tolerance of functional groups

CN CN

Buli Stable only
THF, -100 °C at -100 °C

Br Li

. J

W. E. Parham, L. D. Jones, Y. Sayed J. Org. Chem. 1975, 40, 2394

CO.Et CO,Et
iPrMgClI
'

THF, -40 °C
I MqgCI

> 90 %

M. Rottlander, P. Knochel, Angew. Chem. Int. Ed. 1998, 40, 1801

NC iPrMgCl  NC_

» THF, -80 °C » > 90 %
NT N~ “MgCl

H. Ren, P. Knochel, Chem.Comm. 2006, 726 31



The iodine- magnesium-exchange: compatibility with a nitro group

O~__Ph O.__Ph O~__Ph
PhMgCl PhCHO _
-40 °C, 10 min 40°C,1h
O,N O.N OoN
|
MgCl HO” “Ph
93%

|. Sapountzis, P. Knochel Angew. Chem. Int. Ed. 2003, 42, 4438

32



A secondary iodine/lithium exchange on cyclohexyl iodides

I t-BuLi
H (2.2 equiv)

see W.F. Bailey, J.D. Brubaker, K.P. Jordan, J. Organomet. Chem. 2003, 681, 210

Stephanie SEEL

33



A secondary iodine/lithium exchange on cyclohexyl iodides

t-BulLi

(2.2 equiv; 0.2 M)

t-BuLi

(2.2 equiv; 0.1 M)

Stephanie SEEL

PBU\M\H (stable 1 min at -100 °C |

H

Li

1.0 equiv, 1.0 M
10 ), t—Bu\N\H

-100 °C, 1 min

3:2 hexane : ether

H

t—Bu\m\l

H

1.0 equiv, 1.0 M ]
( d )= t—Bu\N\Ll

-95 °C, 10 min
3:2 hexane : ether

MeS-SMe
4 .
Y (4 equiv)
retention
-100 °C
7h
H
MeS-SMe
4 .
Y (4 equiv)
retention

( stable >1 hat-100°C |

SMe

t—Bu\’m\H

H
>70 %:; cis : trans =90 :10

H

t-Bu\mLSMe

H
90 %; cis : trans =9 : 91

34



A secondary iodine/lithium exchange on cyclohexyl iodides

t—Bu\N\H

H
(1.0 equiv, 1.0 M)

Py

t-BulLi

-100 °C, 1 min

(2.2 equiv; 0.2 M) 3:2 hexane : ether

H

t-Bu\m\l

H

t-BulLi (1.0 equiv, 1.0 M)

-95 °C, 10 min

(2.2 equiv; 0.1 M) 3:2 hexane : ether

Guillaume Dagousset
Stephanie Seel
Annette Frischmuth

\ O
Ph—N=C=0
t-Bu\gH

Li BuS-SBu
4 equiv
t-BU\'m‘\H ( a )
H
retention
BuS-SBu
(4 equiv)
H
PBU\M\ L retention
H

SBu

t-Bu\N\H

H

59 %; cis : trans =90 :10

NHPh

H
60 %; cis : trans =90 : 10
H
t-Bu\m\SBu

85 %; cis : trans =0:100

\ H
NHPh
t-Bu\m

Ph—N=C=0

87 %; cis : trans =0: 100

35



Acyclic systems: stereospecific I/Li exchange reaction

BulLi
OTBS 2.2 equiv; 0.2 M OTBS MeS-SMe OTBS
added slowly in 10 min (2.5 equiv)
| -100 oC, Li 240, SMe
3:2 hexane/Et,0 ° SYN : dr=96:4
(dr = 98:2)
‘BuLi
2.2 equiv; 0.2 M
OTBS MeS-SMe OTBS
OTBS _ _ )
added slowly in 10 min (2.5 equiv) _
: -100 °C, i o SMe
3:2 hexane/Et,0O ° ANTI : dr=94:6
(dr=97:3)
§TBS gTBs OTBS OTBS
S// PPh2 S// Pth Cl C:;l
E=PPhyCl, Sg  E=PPhyCl, Sg E = PhSO,CI E = PhSO,CI
81 % yield 82 % yield 61 % yield 58 % vyield
dr =96:4 dr =5:95 dr =96:4 dr=7:93

-

G. Dagousset, K. Moriya, R. Mose




Acyclic systems: stereospecific I/Li exchange and reactions with C-electrophiles

@)
‘BuLi _OMe
ANTI Bulli RJ\I}I
2.2 iv; 0.2 M Me
OTBS equv OTBS 25 equi OTBS O
added slowly in 10 min Lj O equiv
T - A/\i/ > - R
'\_/le -100 OC’ Me 74% Me
3:2 hexane/Et,0
X
: OMe
‘BuLi R™ >N’
SYN . . [\I/Ie
2.2 iv; 0.2 M
equv OTBS . OTBS @)
OTBS . . _ (2.5 equiv)
added slowly in 10 min Li > R
d -100 °C, Me 75% Me
e - J
3:2 hexane/Et,0
(dr = 3:97)
OTBS /C{B/S\/ OTBS OTBS OTBS OTBS
0™ H PN PN
0~ "H O™ 'Ph 0~ “Ph O~ 'CF; 0~ "CF;
80 % yield 70 % yield 66 % yield 68 % yield 67 % yield 65 % yield
dr =92:8 dr=9:91 dr =97:3 dr = 6:94 dr = 96:4 dr=595 |

G. Dagousset, K. Moriya, R. Mose, G. Berionni, K. Karaghiosoff, P. Knochel in press, 2013



Stereoconvergent synthesis of Li-reagents

1. 'BulLi, -50°C, 15 min 1. 'BuLi, -50°C, 15 min
hexane /Et,O=4:1 hexane /Et,O=4:1
TBSO | 2. Me,S, TBSO SMe  2.Me,S, TBSO |
Stereoretention S : :
dr=97:3 dr=96"4 tereoinversion dr=97:3
' syn
ant 58-60 % y
1. ‘Buli,
-50°C, 15 min
: TBSO | !
TB5Q L TBSO  Li hexane /ether=4:1 55§ E

dr=50:50 2.E"
SiPhj M

TBSQ  SBu  TBSO CHO TBSQO O\} Yo TBiOK/:\ TBi')\;Ei
-
E* = Bu,S, E* = DMF E* = DMF E*=C-COEt E'=_ A gpp, FE =Pin-OMe
60 % 74 % 67 % 67 % 63 % 73 %
dr=94:6 dr=92:8 dr=96:4 dr=96:4 dr=99:1 dr=97:3

D. Didier, K. Moriya, 2014



The iodine/zinc-exchange

catalysis of the halogen-metal exchange

iProZn

2 Ar—I| —_— AryZn
(0.55 equiv.)
NMP, 25 °C, 12h
Li(acac) (10 mol%)
iPryZn (-2 iPrl) -iPrl
Y
Li(acac) —
-
(0.55 equiv.) .0
Ar—Zn{—‘* IQr
S)
@
Li
OAc OAc OAc O
MeO | iPriZn  MeO Zn  25%Pd(dbay  Me0 o
NMP, 0 °C, 2h 2 5% (o-furyl)sP
. ‘ ’ -furyl)sP
0,
Li(acac) (10 mol%) c-HexCOC
CHO CHO CHO g0 9%

F. Kneisel, P. Knochel Angew. Chem. Int. Ed. 2004, 43, 1017 39



The Halogen-Metal-Exchange

indole-synthesis
NMe2 1) iprMgBr
NG THF, -20 °C,

I I 5 min N EtO,C
N Me
/J‘\/Br H

|

CO,Et CuCN-2LiCl 0
.20 °C, 30 min 90%
3) H*

D. M. Lindsay, W. Dohle, A. E. Jensen, F. Kopp, P. Knochel Org. Lett., 2002, 4 , 1819

CN CN
iPrMgCl - LiCl PhCHO nNC
> —_—
-7°C,3h 0°C oH
Br MgCl Ph
81%
. - © /CI Y @
iPrMgCI - LiCI = |—Pr—Mg\
Cl

A. Krasovskiy, P. Knochel Angew. Chem. Int. Ed. 2004, 43, 3333
40



R1-Met'

Transmetalation

+ R2-Met? -

R'-Met?

the most stable carbanion is linked to the most electropositive metal

SnBus Li
O s — [ ¢ s

A L op —— O

SnBus

Li

+ R2-Met'

CHyCHO _ /f

HO Me

41



Transmetalation

mechanism: —
Bu
R'-SnBu; + R?-Li —_——> R'—Sn—FR’ Li*t — R'-Li
- -
Bu Bu
the most stable Li-organometallic is formed
BusSn Et . Li Et configurational stable

BuLi

A n Ao
3h,0°C Li-reagent due to the ring strain

E. J. CoreyTetrahedron Lett. 1984, 25, 2415

Me Me Me
1)BusSnMgX 0~ “OEt separation of 0 BulLi O/'\OE’I
MeCHO =~ — . )\ . - )
z)jEt e SnBus  giasterecisomers Me! SnBus THF,-40°C i “Li
=
® chiral lithium reagent
H stabilized by chelation

W. C. Still, J. Am. Chem. Soc. 1980, 102, 1201 42



RLi

b)

+

Transmetalation

Met?-X
R'-Met' » R'-Met?
ZnCl
MgBr, — = RMgBr + LBr 2. RzZnX +
3/, Me,Zn 5 MeLi
Mes;TaCl, TaClg W TaMeg
- |

MgXs,

43



© @
Me-Cu-Me Li

HO Me

MelLi
-

Me,CuLi

Transmetalation

2Meli 2MeMgBr
<« Cul > MeCu-MgBr, + MeMgl
OSiMe; OSiMe;
MGzCULi
> —_—

Me;SiCl U Me
Clu Me
Me

E. Nakamura, I. Kuwajima J. Am. Chem. Soc. 1984, 106, 3368

44



Transmetalation
RMgX + CeCl; —> RCeCl, + CIMgX

T. Imamoto, Y. Sugiyura, N. Takiyama, Tetrahedron Lett. 1984, 25, 4233

“/OMQX RMgX RCeCI2 OCeCl,
OO == OO SON

@ QMgCI ij O*MQCI
LaClj - 2L|CI

0°C,05h 93%

OMe OMe
10% LaCls2LiCl
N + iPrMgCI-LiCl >
)| THF, 25 °C, 12 h HN
Ph)Y

84%
A. Krasovskiy, F. Kopp, P. Knochel Angew. Chem. Int. Ed. 2006, 45, 497 45

Ph



Transmetalation

R = R—Li > R-Ti(OiPr); =

M. Reetz, D. Seebach Angew. Chem. 1983, 95, 12

2
R-Met! —MeU_  Ri_mer + Met'

HgCl Li

AL ey
Me—( £,0.0C Mk
/

HgCl Li

A. Maercker, M. Theis, A. Kos, P. Schleyer, Angew. Chem. 1983, 95, 755 46



Transmetalation

boron / zinc-exchange

H H

/UOZ Et,BH NO, Et,Zn . NO,
BEt, BEts | zn

1) Et,BH
2) Et,Zn
3) CuCN-LiCI

4) /\/Br

F. Langer, L. Schwink, P. Knochel J. Org. Chem. 1996, 61, 8229

/\/BI’
_—

CuCN'LiCl

H

NO,
X

85%

47



Transmetalation

boron / zinc-exchange @
> Zn

94% ee

+BH Ipc -

2 p BH

®/ Ph é.\mPh 1) Et,BH «Ph
[
(-)-IpcBH, 2) EtZn
3) CuCN'LiCl _
99% ee 94% ee Cis: trans > 98:2

4) A 94% ee, 44%

L. Micouin, M. QOestreich, P. Knochel Angew. Chem. Int. Ed. 1997, 36, 245

48



Nature of the carbon-zinc bond

- — e = = = - - o = e = =

64+66+687 | 87nl 64+66+687 | ,04-06%687n|

A e s
+ = +
Me - Me |
_________ |

ZnX ZnX ZnX ZnX

—>
|u)\ + m)\ - n-)\ + |n)\

XZn' ZnX

\\\/\

Prof. Konrad Koszinowski, Dr. Tobias Thaler



Metalation (starting from a compound with an acid proton)

R'-Met
L

R2-H R2-Met

© ©
R2  mustbe more stablethan R! ——= pKa(R'-H) > pKa(R?-H) (thermodynamic criteria)

R'-Met : {BuOK, LDA, BuLi, ...

kinetic criteria (kinetic acidity)

|
< N

H Li N NC
BuLi » ]
@ Slgw' @ | [BUUI TMEDA o . Ph-H Ph.L ]
6 ~. fast >
~N

N N

| |

PhCH,Li reacts with benzene 104 times faster than with MeLi

PhCH,Li is a monomer in THF, MeLi a tetramer 50



Directed metalation

Li
OH o)

_Buli i o (4 Li /™
H (equv) O% LiO-----Li

ether

Directed metalation

@ BuLi

0 kcal/mol -10 kcal/mol

@\H - @\Li

O THF O.. s O
-20 °C "Li=—Bu
(o B ()

L,
OH

2 Buli Li
’ /
OLi

O—Li
Li

-13 kcal/mol

51



Metalation

i BuLi
[ ) [ ) L - BUIo_I°c-:rHF [ ) [ ) He>l<JarI1e Ll/< >__<>

O S O S

thermodynamic control )\ J\ kinetic control
Li
)\ o @ eq“'V) / \\ OH 2BuLi / \\ oLi
L™ ~g -78°C S THF S
O THF O -78 °C O

thermodynamic control kinetic control

rearrangement
S BuLi [ RCHO > [ S R
o_N ———> o _N ——> 0O0(CN, o — O_N —
Lowe 1 5 L=

“CH ~ - S\/\R ;\/\E/_e

S

52



Metalation

directed lithiation

DMG

DMG
Li
© R-Lj E*
R s S

DMG = directing metalating group

V. Snieckus, Chem Rev. 1990, 90, 879

>

O
J OM\\M :NRz J<
@) NR2 > > Ozs

e -

P. Beak, V. Snieckus, Angew. Chem. Int. Ed. 2004, 43, 2206

DMG

1

o. N
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Et,N

O

Metalation

EbN. O
1) s-BulLi, TMEDA _ _
THF, -78 °C
2) MgCl,
3) /\/Br
6M HCI

Etzm 6\7 Me
®

6M HCI

—_—

Et,N

P ro

O

Me

Me
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Metalation

%F\ Q
+  iPrMgCI - LiCl —>

N 25 °C ’7

|

) s Q

TMPMgCILiCl (1.2 M in THF)

A. Krasovskiy, P. Knochel Angew. Chem. Int. Ed. 2006, 45, 2958
R. E. Mulvey, Angew. Chem. Int. Ed. 2008, 47, 8079

MgCl CF3
eto_ J/ W\ OEt tMpmgcl-Lici  EtO [/ N0  1)zncl, . EtO_ / \\_ OEt
) g o o @) -
3 5 78 °C, 15 min o OFt 2) Pd(PPh3), @)
(1 mol%) O O

F3C\©/I 79%

F. M. Piller, P. Knochel Org. Lett. 2009, 11, 445 55



Metalation

O O

0 0 o) o)
TMPMgCI - LiCl |
EtO OEt » FEtO OEt 2
W THF, -30°C, 1h )D\)k - Eto)ii\;fkoa
Br Br MgCl Br I

80%

O. Baron, P. Knochel Angew. Chem. Int. Ed. 2006, 45, 2958

N_Mg< >Li % NFe -2 MgCl, - 4 LiCl
cl
Oy OEt O OEt CO,Et
Y Twere 2Fe I~ COzEt _ CO,Et
25°C, 3 h - . F
(10 mol%) 80%

25°C,12h

S. Wunderlich, P. Knochel Angew. Chem. Int. Ed. 2009, 48, 9717
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Frustrated Lewis Pairs

F F F
+ H,, 25 °C H
MGSzp B(C6F5)2 -< > MGSzP
- H,, 150 °C ®
F F F
D. Stefan, G. Erker Angew. Chem. Int. Ed. 2010, 49, 46
BMe3 | N BF3' OEt2

no reaction -= h P H
ether Me N Me ether

H. C. Brown J. Am. Chem. Soc. 1942, 64, 325

Y

S7



Frustrated Lewis Pairs

A BF3-OEt, AN LITMP AN PhCHO AN
| Z > Z > | = > | = Ph
N 0°C,025h ~N© -78°C,025h N7 L -78°C,1h N ;ﬂ/
| |
BF; BF OH
85 %
Kessar et al, J. Chem. Soc., Chem Commun. 1991, 570
|
Ph Ph \©\ Ph
l = > l = . > | = éfq
N 2) TMPMgCI-LiCl, N “MgclLicl  ZnCla N
-40 °C, 20 min BE Pd(dba), (5 mol %),
3 0 CO-Et
TFP (10 mol %) 2
Ph 84 %
AN
Ph
y |
BF5-OEt, N | AN
+ - "TMPMgCI-LiCl-BF3" —_—> /ﬁ
- -40 °C, 10 min N l
TMPMgCI-LiCl ’ 6%
0

tabl to -20 °C
sta euplo 21,
¢T°C>-20°C

TMPBF, + MgCI(F)

M. Jaric, B. Haag, A. Unsinn, K. Karaghiosoff, P. Knochel Angew. Chem. Int. Ed. 2010, 49, 5451
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B3LYP/6-31G**,def2-SVP

TMPMgCI(THF),

M. Jaric, B. Haag, A. Unsinn, K. Karaghiosoff, P. Knochel Angew. Chem. Int. Ed. 2010, 49, 5451

Frustrated Lewis Pairs

X
BF3- THF w
WN THF N N
— B Mg <— | | + TMPMgCI(THF),
/ \
4.8 kcal/mol F Cl -1.30 kcal/mol I}l
BF3
dEy* = 12.4 kcal/mol dEy* = 1.9 kcal/mol
— \/f? —_ i — — :l:
~NJ E = _N
S Ho XV - ~SF JTHF
_N_Cl B N NG Mg
N ;. F /
Mg—F PTFT N
/ F Cl
- THF - -
X AN X
| ] = o\ BFs — N* MgCI(THF)
Cl— §_F | -13.5 kcal/mol BF;
p 9@ MgCI(THF)
THF
59



Frustrated Lewis Pairs

TMP-MgCI © BF3

l F
~F |
W N,
N ‘\ Fue B
F 5 _"TMP-MgCI
avg—"MP @
CO,Et
T 1) TMPMgCI - LiCl .
| -78 °C, 30 min X 1) BFg" OEt, 0 °C
N B » 2) TMP-MgCl
2) Arl, Pd(0 X _ F
) © N -78 °C, 30 min | X
CO,Et 3) Arl, Pd(0) _
72% N
77%

Jaric, M.; Haag, B. A.; Unsinn, A.; Karaghiosoff, K.; Knochel, P Angew. Chem. Int. Ed. 2010, 49, 5451.
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Metalation

) ZnCI2 .
TMP-MgCI - LiCl >  TMPyZn - 2LiCl
THF, 25°C, 15 h

S. Wunderlich, P. Knochel Angew. Chem. Int. Ed. 2007, 46, 7685

©\/l TMP,Zn_ @[I CO,Et
05equw) 0 @ d(0) cat. -

P 10 mol%

\N N \N
@ TMPMgCI - LiCI__ f !
N THF, -55 °C z

- 2MgCl,

, Me. N
TMPZnCl - LiCl N
)\)t /> (1.1 equiv.) )\JEN)—ZnCI

THF 25°C 5min  © N
Me

M. Mosrin, P. Knochel Org. Lett. 2008, 10, 2497
M. Mosrin, P. Knochel Chem. Eur. J. 2009, 15, 1468
M. Mosrin, P. Knochel Org. Lett. 2009, 11, 1837
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Zincations in the presence of ester and nitro groups

\ 1) TMPZnCI.LiClI

ﬂ (1.1 equiv), THF,
Meozc o N02 25 OC, 30 min -~ / \
2) CuCN.2LiCl MeO,C™ ~g” "NO;

Br
3) O 80 %

1) TMPZnCI.LiCl
(1.1 equiv), THF,

cl Cl CE
N 25 °C, 15 min N 3
LD D
2) Pd(dba), (3 mol%),
kN/ N ) Pd( )2 ( 0) kN/ N

Y

\ P(o-furyl); (6 mol%) \
MOM ; y MOM 95%
CFs Marc Mosrin, P. Knochel, Org. Lett. 2009, 11, 1837-1840.
NO,  TMPZnCI-.LiCl NO, NO,
—( (1.1 equiv) —( CUCN-2LiCl (5 mol%) /:Q_\
R
R H THF,-50 °C. 1 h R ZnCl allyl bromide (1.2 equiv) \
-20°C, 2 h
R=Ph, Cy R= Ph: 69%
R= Cy: 70%

Tomke Bresser, P. Knochel, Angew. Chem. Int. Ed. 2011, 50, 1914 62



Trifunctionalization of the purine scaffold using Mg and Zn organometallics

1) TMPZnCI-LiCl, 25 °C, 30 min
2) Pd(dba)s, tfp,

| OMe |
Cl 40 °C, 12 h \©/ c OMe
N x—N
O )
T™™S” "N~ N

™S~ N~ N
\ome \ome
72%
CO,Et Pd/C, NH,HCO,
MeOH. 40 °C
1) TMPZnCl-MgCl,-LiCl, MW, 90 °C

2) Pd(dba)s, tfp,

o OMe
OMe orc e l—QCOZEt N™ N
\
N N: <_§ - '/j:
\ =
)I\ AN TMS)\N N
MS N

T L \oMe
OM
64% © 90%
I, CSF, MW
CO,Et | 100°C, 12 h CO,Et
1) iPrMgCl, -78 °C
2) ZnCl, -78 °C t0 0 °C
OMe 3) &) N/@ OMe
N CFCO, = N
feasy e
I~ >N N Me:N N© N
\—oMme \—oMe
60-80% 85% 63

S. Zimdars; X. Mollat du Jourdin; F. Crestey; T. Carell; P. Knochel. Org. Lett, 2011, 13, 792—-795



Lanthanations and manganation of heterocycles

Br | Br Br OH
TMP,Mn-2LiCl Mn
N (0.6 equiv) N= , tBuCHO  Nx tBu
S - S _ =S _
N7 THF,0°C, 2.5 h N 0°C,3h N
Br Br Br

S. Wunderlich, M. Kienle, P. Knochel, Angew. Chem. Int. Ed. 2009,48, 7256.

o)
TMP,La-5LiCl P O
EtO.C._ . (0.35 equiv) FOL N O
»w THE. -20 °C. 45 min W | D
74%
| La HO
NC.__ TMP3La-5LiCl NC 3 o)
| (0.35equiv) = NC
- - - | = e =
Cl N THF, -30°C, 45 min  C| N N |
cl” N

S. H. Wunderlich, P. Knochel, Chem. Eur. J. 2010, 16, 3304-3307. 64



Asymmetric metalation using (S)-(-)-spartein

Me._A~__O._N Buli_ ,  Me._~_O.__N TiOP)s _ Me._~_OCb
%, \ﬂ/ j/ (-)-spartein V\f \ﬂ/ j/ Inversion _ E
H H O Lie=—O (iPrO),Ti
%f—J
Cb
H
Me

N

H H
Me NEE)
o w\/\/\k'Ti(inr)“ RCHO
H CbO CbO Li
82-92% ee
D. Hoppe, et al. Pure Appl. Chem. 1994, 66, 1479.

@ 1) sBuLi- (-)-spartein
N

-78 °C

' @Illllsn8u3
v N
Boc 2) BusSnCl
(S)-(-)-spartein

\

Boc

P. Beak J. Org. Chem. 1997, 62, 7679

98% ee
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Asymmetric metalation using (S)-(-)-spartein

OH
be0\></Obe 1) sBuLi- (-)-Spartein | beoQ<rObe SNHCL \Z_L

2) CO, reflux o O
3) HCI CO,H 16 h
73%; > 95 %ee

Cby = E{OT?_\O
s

(S)-(-)-Spartein

D. Hoppe Tetrahedron Lett. 1992, 33, 5327
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Configurational stability

X ?

R/LLi = R/\Li

X=Br, SePh, SPh, OCH,0OMe, OCONIPr,

[\ 1eccC OM Me;SiCl O%
NI —— N Li > N SiMes

| |
Et Et I|Et

R. E. Gawley, J. Am. Chem. Soc. 2005, 127, 449
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Diastereoselective transmetal

ation

0
OMOM OMOM
BuLi _ )k
Ph SnBuz  THF, -78 °C Ph Li ’
Me Me
omom  ©
OMOM C e
: BuLi -
_ .
Ph" " SnBuz  THF, -78 °C PR
Me Me
s /Me N
Q/\Q
PR L
Me

W. C. Still 3. Am. Chem. Soc. 1980, 102, 1201

OMOM

Me OH

OMOM

Ph

i

Me OH
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O SPh

O)\/'\SnBu3

Me

Diastereoselective transmetalation

<\O_’Li
O)\H" y

“’SPh

BuLi ( O  SPh Me;SiCl
' _
THF, '78 OC O)\)\ L|
to -40 °C
Me
Me;SiCl
e

O

Me

P. G. McDougal, Tetrahedron Lett. 1988, 29, 2547

G

Me

SPh
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Carbometalation

syn-additon ~ R'  Met

R——H + R-Met —
R H
Negishi-reaction: carboalumination
MegAl R H
R—— H . >_< PhCHO
CHCl ME  AlMe,
Cp,ZrCl, cat.
E. Negishi J. Am. Chem. Soc. 1976, 98, 6729
CuBr, Me,S R2—H
R-MgBr > R!Cu- MgBr, —
syn-addition

Normant-reaction: carbocupration
Review: A. Alexakis, J. F. Normant, Synthesis 1981, 841.

Rl Cu-MgBr,

R® H
> 90%
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Carbometalation

Cu - MgBr,

+ MGSSIO
| \/\

1) ether, -10°C

+
y 2 HO

A. Alexakis, J. F. Normant, J. Organomet. Chem. 1975, 96, 471

Tamoxifen-Synthesis: Carbozincation

MezNNOO ~ e
1) PhyZn . _Ph mBr,

Ph—=——Ft . > )=
Ni(acac), cat. PH Et Pd(0) cat.
-35°C, 3 h

2) I

88%, Z:E > 99:1 Ph

Ph Et
75%, Z:E > 99:1

T. Stidemann, P. Knochel Angew. Chem. 1997, 109, 132
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Carbometalation, hydrometalation

ZnBr N
/N N o ZnBr
Hex MgX > Hex
THF Mgx
> 90%

P. Knochel, J. F. Normant Tetrahedron Lett. 1986, 27, 1039; 1043; 4427

HBH B(OBu); B(OH), "2 HgCl, + 2 OH " HgCl
BH, B(OH), In situ HgCl

D. Matteson, J. Org. Chem. 1964, 29, 2742

12



Hydrometalation and application of organoboranes in organic chemistry

hydroboration
3 R X
leHe
AcOH H0, 3 Vs
B 22 OH i R L O~
3 R/\/H - <R/\i —_— R/\/ via \/(S/B OH
lEtzzn
Zn
(R,

Me Me

BH
H - but e
. H-/ H —
H Me H | BH,

73



Hydroboration

selective hydroborating reagents

BoH
— —2 5, BH, Thexylborane
— %» BH Disiamylborane

H. C. Brown, E. Negishi J. Am. Chem. Soc. 1975, 97, 2799

ThexBH,

SiazBH

74



Hydroboration

catecholborane

A. Arase, et al., Synth. Comm. 1995, 25, 1957.

)

O\
/BH
"0
_—
Opcyz O._.0 Ph)\
B
“PCy, Ph )\ 90%; 93% ee

Rh* cat., -35 °C

Ph

S. Demay, M. Lotz, P. Knochel Tetrahedron: Asymmetry 2001, 12, 909
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Hydroboration

amination

®
cHex—N—N=N

Me Me //C

\

1) HBCl wBCl,
® O
N=N

2) cHex—N=N=

H. C. Brown, et al. Tetrahedron 1987, 43, 4079

CHeX (T\lz

Me
BCI
(’BCQ N 2
_— RO\
“cHex

Me

<fi7M“NHCHex

90%

76



Hydroboration

stereoselective synthesis of olefins

Z-olefins
@

- ; Bu, |‘>:\H

CHexoBH + Bu——=—H —— = — 2 - AR
NaOH OH

B(cHex), & S _aCHex

H B
|@
cHex

|> CHex | H ! H
| 5 H O ) g(CHex)(OH)Z OH" ) < B(cHex)(OH)
i/ Al Bu"" Bu""

(cHex)(OH), H cHex H cHex

G. Zweifel, et al. J. Am. Chem. Soc. 1972, 94, 6560.
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Hydroboration

stereoselective synthesis of olefins

E-olefins

cy,BH H  BCy2  NaoMe H BS
Bu———I Y2 > >:< > Cy — >:<
Bu I Bu I Bu B(Cy)(OMe)

J e

H. C. Brown, et al J. Org. Chem. 1989, 54, 6064.



Hydromagnesiation

EtMgBr
B MgBr
R™™S Tich cat.  RT
TiCly
EtMgBrﬁ CoHa
HY TiCl,
I_IH
__MgBr Cl,Ti—H
| T
EtMgBr

F. Sato, Chem. Rev. 2000, 100, 2835; Synlett 2000, 753
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Hydromagnesiation

OH EtMgBr QMg (o,
%‘\/ Cp2T|C|2 cat.
B“\i EtMgBr Buf H™ "OMgBr.
. Cp,TiCl, cat. -
b 2 Me MgBr
EtCN
then H30+

0
BUM Et

F. Sato, Chem. Rev. 2000, 100, 2835

Me

O
w
90%

Me

BU. .~ H OMgBr
N

ﬁ 43

MgBr

@)
BUMH

Me

80



Synthesis of aryl boronic acids

transition-metal catalyzed synthesis of aryl boronic acids

J.
J.

e

o)
/

© [IrOMe)(CcOD),
catalytic

FG FG

\
@)
@) of @)
B-E ?
@) @) ©/B\o

CO,Me
80%

) L

Ve

83%

F. Hartwig, N. Miyaura, Chem. Comm. 2003, 2924;
Am. Chem. Soc. 2002, 124, 390; Angew. Chem. Int. Ed. 2002, 45, 3056
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Synthesis of aryl boronic acids

B

0 0._.0
OTf H—Bi

:
Ph

PdCl,(dppf), Ph3As
Et;N, dioxane Ph
80 °C
83%

M. Murata Tetrahedron Lett. 2000, 41, 5877
M. Murata Synth. Comm. 2002, 32, 2513

Ne)

CuCl, LiCl
B—B >

O\
O O KOAc, DMF

P. V. Ramachandran Org. Lett. 2004, 6, 481

; Ph)\WCOMe o A\EU\
:B-{Cu] > O
0

82



Reactivity of unsaturated boronic derivatives

the Petasis-reaction - a short synthesis to 2H-chromenes

CHO HN o)
+ BU\/\B(OH)Z L
OH dioxane, 90 °C, 12 h

dibenzylamine (5 mol%)

()

So

6 lutidine
0 °C, 30 min

dioxane, 90 °C, 12 h

83



Reactivity of unsaturated boronic derivatives

The Petasis-reaction

mechanism
|
0" R H @OH
@ ©
N
DA '
c|) R
OH
B(OH) Bn. OB
N AT
7 7
RS HO),B
o 8oy O
OH

M. G. Finn, Org. Lett. 2000, 2, 4063
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UBUNG

1. Problem set
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First Problem Set for OC IV

1) Give a mechanism for the following reactions:

O
M
| 1) t-BuLi (2 equiv.)
I 2) THF
O
O
Me
e
O

CO,H

1) TSNHNH, £t

O

a) .
2) 2 BulLi
e 3) COZ, then H3O+ Me
H
b)
H
H Et
EtMgBI’ OH 1y
c) —_— How would you prepare ‘OH
d)

1) BuMgBr

—_—

2) H30" Me

el



First Problem Set for OC IV

2) Give the following reaction products:

@) Li . @ Ph-CN
3) then H,O"

e 5% t-But-Bu 3

Cl o
PhCHO

b) Me )J\CI [@]

2N 5%

Me

. H Bl g G,

THF, 0 °C ©§r0

s-BuLi Mel _
d) ‘ — - > stereochemie?

N TMEDA

Me™"
A

O

Ot-Bu

e) PhCH.Li + Me\\“)\Br ——
H

f)  BuMgBr + MH”}<(|) - = @
e



First Problem Set for OC IV

MgBr
THE HsO" HNEt
: O% veom, e @ M @ M g
25°C
MgBr S XN
O YD — 6

CO,Et
0—\ 1) t-BuLi, -100 °C

OMe  2)co,
6 - ®
3) H;O*
4) CH,N,
BulLi 1) TsCl
) o —— @ —
BF;OEt, 2) BuCuLi
-90 °C
1) BuLi, -100 °C
) NC@Br -~
2) zoé
O

o)
1) [ ]
o) 1) AICl5 SH SH

-

1) .

Hept Cl 2) Et,Zn 2) H,, Ni Raney

NaBH,

/[::ngBr
NC

L
L

CITi(OiPr)4

88



First Problem Set for OC IV

3. How you would prepare following organometallics:

P
o N—Mgcl /C')\ OMe
S Me™ Li
OEt
NO,
mZnCI S
I}I ZnCl
Boc

O CO.Et Ph. _N._ _Ph
i
Ph N\fN
CO,Et MgCl

MgCI-LiCl

CO,Me
ICH>ZnI
MgBr
N
N Cl—Mg—0O
| /7\' S |
EtO OEt
ZnCl

NO,

MgBr

|
@ MgCl

89



The Suzuki cross-coupling reaction

Pd(0) cat.

Ar'-B(OH), + Ar*-X > Ar-Ar?

base

N. Miyaura, A. Suzuki Chem. Rev. 1995, 95, 2457
Cross-Coupling Reactions. A practical guide. N. Miyaura (Ed.), Springer, 2002

Key step

: o
AM—B(OH), —2r=  Ar'—B(OH);

lArZ—PdX lArz—PdX
no reaction Arl—Ar?

S. Buchwald, J. Am. Chem. Soc. 2002, 124, 1162
C. Amatore, A. Jutand, G. Le Duc Chem. Eur. J. 2011, 17, 2492
B. P. Carrow, J. F. Hartwig J. Am. Chem. Soc. 2011, 133, 2116

90



The Suzuki cross-coupling reaction

Pd,(dba)s
Me Me KsPOg, 180 °C Me Me
Br toluene
+  (HO),B = Me
Me Me ‘
Me Cy,P O Me Me

Sae

R. E. Sammelson, M. J. Kurth, Chem. Rev. 2001, 101, 137

1 1
R Cu(OAcC), R
Ar-B(OH), + H-N - A

R2 Eth RZ
Pyr

D. A. Evans, Tetrahedron Lett. 1998, 39, 2937
S. Ley, Angew. Chem. Int. Ed. 2003, 42, 5400



Chemistry of allyl boranes

X -0 R H /L%/\ _0 P
\ — H_ "> 0o-B > H 0O
o) R\\]// \ R -~
@)
H H

R. W. Hoffmann, Tetrahedron 1984, 40, 2219

OR

OH
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Hydroalumination

LA

G. Zweifel, Org. React. 1984, 32, 375

. |
Bu/\/ Al(iBu), —2%» Bu/\/l

OH

| 1) BulLi /\)\
T BT YR

2) RCHO

93



Hydroalumination

Special Al-reagents

OH t-Bu
t-Bu t-Bu toluene
MesAl  + —_— <Me O}AI—Me =
2
t-Bu
Me

H MeLi By
H
99:1
AR

H. Yamamoto J. Am. Chem. Soc. 1988, 110, 3588
H. Yamamoto Chem. Comm. 1997, 1585

MAD

94



Hydroalumination

O
MeLi MelLl
MAD
Ph3SiO Ph,SiO
t-Bu
Me O—Al—Me
2
t-Bu
MAD

K. Maruoka, H. Yamamoto, Kagaku, Zokan (Kyoto, Japan) 1988, 115, 127
S. Nagahara, K. Maruoka, H. Yamamoto, Bull Chem Soc. 1993, 66, 3783
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Hydroalumination

Verley-Meerwein-Ponndorf reduction

activating a carbonyl group twice

Me,AlO OAIMe,
I PN
0. is possible using | |

-~
Q I¢

R! >7OH OH

=0 — K
R2 cat. 5 mol% R

B

K. Maruoka Angew. Chem. 1998, 110, 2524

R2
80 - 99%

cat. (5 mol%)
tBuCHO (3 equiv.)
25°C,5h o
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Other preparation of aluminium compounds

SnMe AlMe
3 heptane, 25 °C 2
+ MezAI-CI > +
SnMej AlMe,

K. Dimroth, Angew. Chem. Int. Ed. 1964, 3, 385

Direct synthesis of organoaluminium reagents

. Al powder, LiCl
©: cat. (1-5 mol%) @{F
Br THF, 30-50 °C Alyj5X

cat. = InCla, BiCls, PbCly, TiCl,

T. Blimke, Y.-H. Chen, Z. Peng, Nature Chem. 2010, 2, 313

2Me3SnCl

97



Reactivity

Hex/\/ Al(iBu),

Hydroalumination

R
R——Lij \@ L B VO(OEL)Cl,
L >
Hex/\/® (iBu) ether, -78 °C
Li

T. Ishikawa, A. Ogawa, T. Hirao J. Am. Chem. Soc. 1998, 120, 5124

Hex

~F

56 - 84%

R

98



The organic chemistry of main-group organometallics

Silicium
The effect of a Me;Si-substituent:

S
1) inductive effect: weak donor-effect Q O
I

2) retrodonation of 7-electrons (d-p bond)  S; stabilization of carbanions in « -position

>

empty filled
d-orbital p-orbital

3) hyperconjugation: interaction of o-framework with the m-system

stabilization of a cation in g-position

99



Silicium

Applications:

low yields
O

SiEt, SiEt,
+ %\{( |
OLi

OLi

Y

high yield: stabilized lithium enolate
(no polymerization)

G. Stork J. Am. Chem. Soc. 1973, 95, 6152; 1974, 96, 6181 100



Silicium

Peterson olefination

R2 | OH
| 1 2 1
Y _RCHO_ R%w . Ry
SiR3 SiRs H
D. J. Ager Synthesis 1984, 384
Stereochemistry of the Peterson-elimination
0] :
Pr,CulLi MesSi I_:I I:—l OH base —
: y { - . - :
MesSi  Pr of by syn elimination Pr Pr
HY anti elimination
Me3Si, O ProCuLi HSLMe3 Jon base 7
7\ syn elimination Pr

Pr Pr Pr

P. F. Hudrlik, D. Peterson, R. J. Rona J. Org. Chem. 1975, 40, 2263 101



Silicium

key steps:
H
A
. o N
basic acidic
media media .
) SiMes
syn elimination anti elimination

102



Reactivity of alkenylsilanes

R/\/SiMe?) E* R/%/Sil\/le3 - R/\/E

®
N Ph\CN\ Ph
[\\\\\‘Pp CF3C02H @5 H @
SiMe i N
3 SiMes H |
H

L. E. Overman, Tetrahedron Lett. 1984, 25, 5739
103



Reactivity of alkenylsilanes

Sila-Nazarov-reaction

O H O
FeCI3
>
| CH,Cl,, 0 °C
SIMe3 H
84%

S. E. Denmark J. Am. Chem. Soc. 1982, 104, 2642

Aromatic ipso-substitution

Me O Me O

SiMe3 Me)J\

AICI5

Cl Me

o

The reaction with ArSnMe; is 10# time faster
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Allylic silanes in organic synthesis

General reactivity

Acylation
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Allylic silanes in organic synthesis

Allylation
SiMe =
O/V 5 tBuCl, TiCl,
1,4-addition
O BF,OEt, O
© e e T

H
Me Me

T. Yanami, M. Miyashita, A. Yoshikoshi, J. Chem. Soc. Chem. Commun. 1979, 525.
T. Yanami, M. Miyashita, A. Yoshikoshi, J. Org. Chem. 1980, 45, 607.
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Element Costin Euro/Mol

In 167 Euro/Mol
Mg 1,5 Euro/Mol
n 3 Euro/Mol

Li 10 Euro/Mol

Key contributions:

Indium

strong oxophilicity

The first ionization potential of indium (5,8 eV)
Is close to lithium and sodium

S. Araki Main Group Metals in Organic Synthesis 2004, 1, 323
T.-P. Loh Acid Catalysis in Modern Organic Synthesis 2008, 1, 377
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Indium. Allylation reactions

Y
Y

InCls H,0 OH with H,O: 73%
A~ MgBr )\/\ without H,O: 98%
THF PhCHO Ph S i

S. Akira, J. Chem. Soc. Perkin Trans. |, 1991, 2395

OH

Br” N N n
+ > R X
PhCHO H20 CN
E:Z mixture

B. Manze, Synth. Commun. 1996, 26, 3179
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Indium

Br In P
_— / - M
R— + OctCHO Oct + Oct)\/x
R
1 2
R——— - R
Met Z?: R Conditions Yield Ratio
//// = = Met\ &H 12
H /' k\o:< MesSi  THF, InF5 (10 mol%) 93 99:1
R>:O = PrsSi THF:H,0 (1:5) 52 595
allenyl propargylic alcohol
alcohol

T. P. Loh, J. Am. Chem. Soc. 2003, 125, 13042
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Indium

B In/H,O OH
Z><" 4+ phcHO -
F7OF 100% Ph” >N
Sn, InCl5 oH Ph
Ph—==—CF,Br + PhCHO S PhM
2 F"OF
67%
In/H,0 OH
Et0,c~ "pr  + PhCHO T PR N
CO,Et

without La(OTf)3: 59% anti:syn = 86 : 14
with La(OTf)3: 99% anti:syn =90 : 10

L. A. Paquette, Tetrahedron Lett. 1999, 40, 4129
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Indium

O Me Me In/DMF Me Me
J > .-Boc T P<\-Boc
Br/\g/\o Me + O l\l A +
\_\ 88% -
H CHO
Garner Aldeyde

M. Lombardo, Pure Appl. Chem. 2004, 76, 657

|n/H20 _ Ph WCOZH
COH / OH

\ 1) INTHF/H;0 (1:1)

Ph—_O<_0
2) 6M HCI q

PhCHO + Br

T. H. Chan, J. Org. Chem. 1995, 60, 4228 1



Indium

OH B Me%o/—lr( Me  OH
- Mé A\ﬁ) Xl — Me OH

In, H,O 25°C, 1.5h Me
t-Bu H

OH

In OH
H O+ ~~UB o H Pz
Ph HOTHE PR3
o HO" “Ph
90%
> 98% ee

L. A. Paquette, Org. Lett. 2000, 2, 1263
112



Indium

Applications in nucleoside chemistry:

O OH

O
Me. CHO | Me.
N n N X
)\J]/ £ B e A e

H H
62%
> 99:1 ee

S. Kumar, Tetrahedron Lett. 2001, 42, 7039

O 0O
1) /\/lnzBrs /

-
L

S. Akiva, J. Organomet. Chem. 1991, 415, 7 113



Indium

99%
99% de
T. P. Loh, Tetrahedron Lett. 1997, 38, 865
//
1) AcOH C
N Me N M
C \ 2) In g ©

P. Mosset Tetrahedron Lett. 1995, 36, 6055
P. Mosset Chem. Eur. J. 1997, 3, 1064

I-Pr

Br In Ph
H Pr DMF /\/'\H/'\/OH
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Indium

Applications in natural product syntheses:

CO,t-Bu CO,t-Bu

O

| N — /\/ n > ),,

AcO O :?—/ H Pd(PPhs), cat. '(
HO

Pd X Inl |
/\/OAC — > ‘ > /\/ln\OAC
Pd-OAc \,
Pd(0)
Pd In OH
Arl  + — Ar4<<—PdX - =
RCHO Ar R

S-K. Kang S-W. Lee J. Jung Y. Lim J. Org. Chem. 2002, 67, 4376 115



Indium

Pd(0) cat. (3 mol%) 60%

U. Lehmann, Org. Lett. 2003, 5, 2405

radical reaction

@[ONMG InCl5 (0,15 mol%) _ i-BupAl-H (1 equiv.) _ O

| Me Et;B (0,2 mol%) slow addition

THF Me
Me

K. Oshima, Tetrahedron, 2003, 59, 6627 116



Early transition metal organometallics:

Titanium
CH,
Cp,TiCl | - | Ticpy ~_AMe;
P2 2 + 2A Me3 i M62A|C| TIsz\ /
- CH, Cl
Tebbe-reagent

. J

>
o O O

84%
S. H. Pine Org. React. 1993, 43, 1 117



Titanium

Lombardo-reagent

o) CH,
PR CH,l, zn Ph
TiCl,
88%
K. Takai, J. Org. Chem. 1994, 59, 2668
Pent
Me O Pent-CHBr, Me |
Me/K)LOMe Zn, TiCl, Me OMe
TMEDA 88%
o)
1
TiCp,Cl, R, AlMe; (j
R'——AIM > — —
®2 " AMe, =

Me TiCp,(Cl)

S. Buchwald, R. H. Grubbs J. Am. Chem. Soc. 1983, 105, 5490

O
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Titanium

___ Ph >7CN
< ——Ph Cp(Me), TiCl _ </\':( _ Ph
NH, N—';'le

Cl
~
N

T. Livinghouse, J. Am. Chem. Soc. 1992, 114, 5459
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Titanium

Hydrotitanation

O
O/Sph TiCl, EtsSiH C[Sph NLOC’( SPh
> >
CH,ClI, -78 °C TiCl, Oct

Me O
70%

T. Takeda, Tetrahedron Lett. 1985, 26, 5313
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Titanium

Reductive coupling: The McMurry Reaction

S)

0 Ti o QR Ti R R?
> 2 —_— > >—<
1 2 (low valent) 1)°\ 2 1HR1 (low valent) 2 1
R R R R R R R
R? R?
TiCly
O —— —
Zn-Cu
25%

Review:
A. Furstner, Ed. M. Beller, C. Bolm, Transition Metals for Organic Synthesis (2nd Edition) 2004, 1, 449.

121



Titanium

T|C|3
Zn-Cu

X X _CHO TIC|3 M
Zn-Cu

] -Caroten: 94%

J. E. McMurry et al. J. Am. Chem. Soc. 1984, 106, 5018.
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Titanium

Kulinkovich-reaction

0]

Ti(OPr), OH
PN
Me” S0 “Me T Me” MgBr I><CH3
jmo,-pm It
Me O/\Me
(ProyTi{ ~——  (PrO)Ti|

O. G. Kulinkovich, S. V. Sviridov, D. A. Vasilevskii, T. S. Pritytskaya, Zh. Org. Khim. 1989, 25, 2244.
O. Kulinkovich, S.V. Sviridov, D.A. Vasilevski, Synthesis, 1991, 234.
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— SiMeg
Me

CO,Et

Me

Titanium

SiM63 SiMeg
EtMgBr, Ti(OiPr), _ Ti(OiPr), _—

T > Me Ti(OiPr), ——— > Me O Ti(QiPr),
(iPrO),Ti COEL OH
SiMes SiMe; PiMes

H,O*
O = Me o)

F. Sato J. Org. Chem. 1988, 53, 5590.

4<:|j>7 : — Me4<:|f\<Ti(OiPr)3
Ti(OiPr)3 \
(‘c‘>
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Early transition metal organometallics:

Zirconium
Schwartz’s reagent:
LiAI(H)(OtBu),
ZrCp,Cl, THE >  CpyZr(H)CI

90%

Inorg. Synth. 1979, 19, 223
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Zirconium

O
ZHex of - H* 0
CpoZr(H)CI > szzlr_\_ - ZrCp5 Hex H Hex
:C=0 ﬁ)l Hex Cl
O®
O O
NEt, CpoZr(H)CI H
THF, 15 min
99%

G. I. Georg J. Am. Chem. Soc. 2007, 129, 3408

126



Zirconium

A Negishi reaction is involved:

CpoZr— pQZr H
Y P I
— ZrCp, — > |
X
H
2 BuLi
Cp,ZrCl, > ZGC/Z\r_:H — CpZZr<L

Et Et

127



Early transition metal organometallics:

Chromium
Me\/\/Br 0 -CrCl, (2 equiv.) )Oi/\
+ >
Me
l -CrCl, (2 equiv.) ') y
Me CrCl
RJ\H AN
Me\/\/chIZ —_—> =J \/“7/
| R RN H
Me - CrCl,
o
R
OH Z "
)\/\ H,0 OCrCl,
R : N R TN
Me Me

Hiyama reaction Bull. Soc. Chem. Jpn 1982, 55, 567; J. Am. Chem. Soc. 1977, 99, 3175 128



Chromium

K. Belyk, M. J. Rozema, P. Knochel J. Org. Chem. 1992, 57, 4070.
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Chromium

Hiyama-Kishi-reaction

| 0 .
P NICI, (1 mol%) /J\(Ph
Ph™ H 2 Crcl, OH
DME
l Ni(O) CrCl,
Ni%*

A I
Ni— Ph)LH
)\CrCIZ

CrCl3

-

/ | GHO NiCl, (1 mol%)

2 CrCl,, DMS, DMSO

56%

Y. Kishi J. Am. Chem. Soc. 1989, 111, 2735. 130



Chromium

CrC|2

CHI;, + RCHO —
THF

CrC|2 !
% H-C-cral,

ICrCl,  ¢rel,

K. Takai J. Am. Chem. Soc. 1986, 108, 7408

RCHO

95
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Early transition metal organometallics:

Copper
R__S,,_\_—Li--/._s\R cl cl
Me
_ /,’ \\/ 2 CHO 1) Me,Culi CHO
R,CuLi = Cu Cu " >
VAR 2)H 73%
R~ 3" R
s~ s

1) Zn, THF, 60 °C

_ 0
Et0,C7 > ™ EtO,C
2) CUCN- 2 LiCl 94%
3
(o

Me3SiCl (2 equiv.)

1) Zn, THF, 60 °C
2) CuCN - 2 LiCl Et0,C~ > “Cu(CN)ZnX

P. Knochel, et al. J. Org. Chem. 1988, 53, 2390.
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Copper

2 Li cul M Y COE SiMe,Ph
2 PhMe,SiCl ——> [2 PhMeZSiLi] —  (PhMe,Si),CulLi > Me CO,Et
81%

l. Fleming et al. J. Chem. Soc., Perkin Trans. 1998, 1, 1209.

O O

ij\ 1) Bu,CulLi @
Me  2)H' Me

Bu

without additives: 28%
Me3SiCl (2 equiv.): 99%

E. Nakamura et al. Tetrahedron Lett. 1986, 27, 4029.
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Copper-mediated 1,4-addition

@)
Me3S|C|
Pr———~Cu >
@)
é N
O @)
M@CU'BF3
g N
N Me
Me Me
77%

Y. Yamamoto, Angew. Chem. 1986, 98, 945.
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Copper-mediated reactions

Michael-addition

Me Me 7 O
Me,CulLi e
CO,Et - Me COMe
Me,CuLi ~
’ ‘ Me
CO,Me 45%

Substitution reactions

Br Me,CulLi Me
- [
Br Me

G. Posner, Org. React. 1975, 22, 253.

80%

R. J. K. Taylor (Ed.), Organocopper reagents, Oxford University Press, Oxford, 1994.
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Copper; substitution reactions

Me Oct,Culli Me
A ~_-0Bn >~ OBn
TsO S\2 inversion OC'[)\/\/ 73%
H
Me
5 j/\}c:uu OH
A Me ’ Me
CO,Et . = CO,Et
Me 90%

Li,CuCl,

tBuMgCl + PhCH,CI >  PhCH,tBu
0.25 mol%

M. Larcheveque, Y. Petit, Bull. Soc. Chim. Fr. 1989, 1, 130.
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Copper: allylic and propargylic substitution

OSiMeg OSII\/|63
@} MeCu(CN)Li ~ Me.,
O >
OH
75%

OAc H
/V\Me HexMgBr _ Hex,,,/\Me
é 10% CuBr o

70%

A. Alexakis, Pure Appl. Chem. 1992, 64, 387.

137



Copper: Prostaglandin synthesis

1 B
& ) OTHP  _
CUl, BU3P

O
Z)k

H”™ ™(CH,)sCO,Me OTHP HO

e (CH2)6COZMG

W\ —_—

H (CH5)sCO,Me =

—

Pent

Prostaglandin E1

F. Sato J. Org. Chem. 1988, 53, 5590
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Palladium

Price of Pd: 1.0
Pt: 3.3
Au: 1.9
Ru: 0.2
Rh: 2.8

Wacker-Reaction:

______

H,C=CH, + | H,0! + ——= CH;CHO + 2HCI) +
. - G +foouwo

2CuCl| + (2HCI >+  Y,0, — (2CuCly) + {H,O |

______

(@)
R/\ + 1/2 02 — > R)J\

J. Schmidt, W. Hafner, R. Jira, R. Sieber, J. Sedlmeier, J. Sabel, Angew. Chem. Int. Ed. 1962, 1, 80.
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Palladium

— PdClI, CuCl NaOEt

t _

H,O, DMF 0

68% 85%

J. Tsuji, I. Shimizu, K. Yamamoto, Tetrahedron Lett. 1976, 34, 2975.
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Palladium

C-H activation

PdOACc
© + Pd(OAc), —> — > Ph=Ph + Pd(0)
- HOAC
Ph
Pd(OAc)
o~ CHO (1 equiv.) o~ CHO

T. Itahara, J. Org. Chem. 1985, 50, 5272.
O

HN)k

5% Pd(OAC),
+ ZCco,Bu -

o= o

AcOH

J. G. de Vries J. Am. Chem. Soc. 2002, 124, 1586.

48%

0O
HNJ\

NN COzBU

85%
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Palladium

Heck Reaction

Br IMes, HCI, Pd(OAc), X _-CO,BuU
Me MeCONMe,, 120 °C Me

— ~N

©
—\@ CI

/NVN\Mes

The method of T. Jeffery uses BuyNBr at 25 °C. Mes

IMes

J

T. Jeffery Chem. Comm. 1984, 1287
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Palladium-catalyzed cross-coupling

Cross-coupling using Pd(0)-catalysts

Ri-X + R,-Met —> R4-R;
Pd(0) or Ni(0)
Rl"F‘)dLn
R;-X X R2-Met  gyzuki-coupling Met = B(OH),
Stille-coupling Met = SnR,
— Negishi-coupling Met = ZnX
:PdLn Rl—l\l/leth
\—/ R, Kumada-coupling cat = Ni; Met = MgX

'/ Sonogashira-coupling Csp-Csp?
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Palladium

H,0 H PdCI,(COD) Gl OH
t-Bu,PCl ———— -Bu,P=0 > -BuP-Pd Pd—P(t-Bu),
I
air stable OH Cl

Pd,dbas / t-Bu,P(O)H (0.5 - 2.5 mol%)
+  PhB(OH), - 91%
CsF, 100 °C, 12 h Ph
OMe OMe

G. Y. Li, Angew. Chem. Int. Ed. 2001, 40, 1513.
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Palladium

Ni(COD), / t-Bu,P(OH)
Cl (0.5 - 2.5 mol%) Ph

PhMgCIl + ©i > ©:
Me 25°C, 12 h Me

NaOt-Bu, 25 °C, 24 h

PhBr + HS-t-Bu > Ph—S—t-Bu
szdbag’ t-BUzPCI, Hzo
(0.5 - 2.5 mol%)

G. Y. Li, Angew. Chem. Int. Ed. 2001, 40, 1513.
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Palladium

Y

0, 3% PdCl,(dppf) 0
BH + |©—Me B@—Me
o) dioxane, 80 °C, 1h o

79 %
M. Murata, J. Org. Chem. 2000, 65, 164.
1. 9-BBN-H, THF
2. 3N NaOH
Z>NHCbz -~ pp A NHCbz
Phl, 10% PdCl,(dppf) 86 %
25 °C, 1h

L. E. Overman, J. Org. Chem. 1999, 64, 8743.
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Palladium

Stille cross-coupling

Bu,Sn (1.05 equiv)
/©/C' 1.5% Pd,(dba)s /@B“
>
MeO 6% t-BuzP MeO

CsF, dioxane, 100 °C, 48 h 8204

G. C. Fu, Angew. Chem. Int. Ed. 1999, 38, 2411.

On the mechanism of the Stille cross-coupling:

P. Espinet J. Am. Chem. Soc. 1998, 120, 8978.
J. Am. Chem. Soc. 2000, 122, 1771.
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Palladium

Cu-accelerated Stille-reaction

ONf Pent Pd(PPh3)4 cat Pent
SeutEs - O

DMSO, 60 °C, 40 h

E. J. Corey, J. Am Chem. Soc. 1999, 121, 7600.
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Negishi reactions

Synthesis of carotenoids via Zr-catalyzed carboalumination and Pd /Zn-catalyzed cross-couplings:

HBr gy  MesSi—==—2ZnBr o

HC=CH N = MesSI——=——"\
IBr 2% Pd(PPhjy), Br
0°C, 48 h 76%  0-23°C, 14 h 1:81 %

1) MezAl (2 equiv)

A\

. X
| N0 1) LDA, THF _ N = Cp,ZrCl, (1 equiv) g | X
2) CIP(O)(OEY), | CICH,CH,CI, 23°C, 4 h
3) LDA (2.2 equiv) 2) ZnCl, 5% Pd,dbas 2: 70 %
85 % 5% (o-furyl)sP, 1
DMF, 23 °C, 6 h

3) K,CO3, MeOH, 23 °C, 3 h

1) Me3AI-CI22GC2

N
Y

N X
2) ZnCl,, Pd(0)

X B" DMF
23°C. 8 h

E. Negishi, Org. Lett. 2001, 3, 719. 149



Palladium

Example of an indole synthesis via an intramolecular cyclization of alkynes and imines using a Pd-catalyst:

Et Et
CHO =
(O
Pd(OAc), BugP N 52%
NH, THF, 100 °C N
Et Et Et
Pr H
g
ZZ | 0 ORC | R, /
N---Pd N/ N H N/ R1
\ \ - H-PdOAc
| Ohe I PdOAC
R1 R‘l
Et

H. Yamamoto, J. Am. Chem. Soc. 2000, 122, 5662.
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Palladium

Regioselective Pd-catalyzed arylation of 2-furaldehyde using a C-H activation

5% PdC|2, Cy3P FG

FG S
.\ CHO . O._CHO
©\Br @/ \ /

BuyNBr, KOAC 60 - 80%

_ DMF
FG = Cl, OMe, CN, NO, CHz CF4 -Pd(0)
o @\CHO Hﬁwo /D\
Ar—Pd OJ ArPd™ o) T o APdTNo” TCHO
O @ -H®

Q &

M. S. McClure, Org. Lett. 2001, 3, 1677
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Palladium

Pd - catalyzed hydroamination of vinylarenes

2% Pd(OCOCFs),

20% dppf Ry-A
A Xy + Ar-NHR - )\/H
TfOH, 100 °C Ar
2% Pd(OCOCF3), o
dppf (20 %) “NH
PhNH, + ph/\ >
TfOH, 100 °C, 7 h Ph 00
(0]
X R)-BINAP Pd(OTf
PhNH, + J@/\ (R) (OTf NHPH
FsC 25°C, 72 h -
3 80 %; 81 %ee

H. Hartwig J. Am. Chem. Soc. 2000, 122, 9546 15



Palladium
Pd -catalyzed heterocycle synthesis
Ph
OMe
@prh MeQ 5% Pd(OAC), O N
+ -
| <\ > — BU i-Pr,NEt (2 equiv) % O

BuyNCI (1 equiv) B
DMF, 100 °C, 36 h u 78 0%

Mechanism

N~ _Ph
N

SO e L
_— » _

I Pdl R Ph

Ph———R

—RdH Ph\ﬁpd'
N " PO N
O / T
R

R.C. Larock, J. Org. Chem. 2001, 66, 412 153




State of the art

)\” P
N

'0 :

catalyst (2.5 mol%)

X/OBU +

)

Ph

benzene, 22 °C

A. H. Hoveyda, Nature 2011, 471, 461
A. H. Hoveyda, Nature 2008, 456, 933

Ph OBu

\—/

73%: Z:E > 98:2
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Olefin metathesis

R, R, Mo or Ru-catalyst Sy
ﬂ + [ —> +
Ry R /TN
3 R, R;
Reviews:

R.H. Grubbs, Tetrahedron 1998, 54, 4413.

A.S.K. Hashmi, J. Prakt. Chemie 1997, 339, 1954.

M.E. Maier, Angew. Chem. Int. Ed. 2000, 39, 2073.
S.Blechert, Angew. Chem. 1997, 109, 2124.

A.Furstner, (Ed.) Alkene Metathesis in Organic Synthesis
in Top. Curr. Chem., Springer Verlag, Berlin, 1998.

E.M. Carreira, Synthesis 2000, 857.

Mechanistic study: R.H. Grubbs, J. Am. Chem. Soc. 2001, 123, 749. -



Olefin metathesis mechanism

: R R
Mo or Ru-catalyst ™1 |

Rl R2
ﬂ + [ —_— +
R —\
A
5% catalyst
R
R R [
! Ru ]-\:Ru R3 RU
Al ; N
R A =
R4 A R,
R4j R3
/T \ - \—Ru
R4 R3

156



PCy3
Cl |

Ru=
Cl” |u\Ph

PCy3

1: Grubbs-catalyst
first generation

J. Am. Chem. Soc.

1995, 117, 2108.

Olefin metathesis

: Grubbs-catalyst

second generation
US Patent No. 6,111,121
and 7,329,758

iPr iPr
F.C
> a\O MOXPh

F3C
O7<CH3
FC O3

3: Schrock-catalyst
J. Am. Chem. Soc.
1998, 120, 4041.
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Olefin metathesis

PCy3
Cl Ph
Tos \
Tos 3 (5 mol%) N ci JL
/}'\/N\/K >
CH,ClI,, 40 °C, 16 h —
80 %

A. Furstner, W.A. Herrmann, Tetrahedron Lett. 1999, 40, 4787
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Olefin metathesis

Synthesis of @, f -unsaturated amides by olefin cross-metathesis

( N\

O cat. O cat.

Ph. O
| 7 | SNTNF"Ph

Ph Ph

/\H;\OTHP Ph |

100 % CH,Cly, 40 °C, 15 h CH,Cl, 40 °C, 15 h 87 %

R. H. Grubbs, Angew. Chem. Int. Ed. 2001, 40, 1277
159



Olefin metathesis

New phosphine-free metathesis catalyst

7CYs PCy \o(
3 CHCI
~ | 3
C'ZR“\ catalyst ClL,RU 25°C, 2 h Y/
5 t-BUOK Mes.  { g ClaRux

"N
THF / toluene N—Mes O Mes - )\ _Mes
)\ 80°C,1h I\/ \( NN

/
catalyst
Ts TS -
I
N catalyst (5 mol%) @
15 min, rt __
100 %

S. Blechert, Tetrahedron Lett. 2000, 41, 9973 160



Application to the synthesis of natural products

Synthesis of aza sugars

OTBDMS
d OTBDMS OH
CHZC'Z, 25 C m‘\\\\ HO,,, B ::
' —_— 4 =
ClLRU(PCy3),=CHPh N - @.....OH
N—Ns (1 mol%) Ns

Ns = (0-NO,)CgH4SO,-

S. Blechert, Org. Lett. 2000, 2, 3971
161



Olefin metathesis

Synthesis of complex ring-systems via metathesis

1) /—\ BusSn
BusST  OMe  ° N

H OH MgBr,
H N o)
> o) — >
%o CSA, CH,Cly, t % MS 4A .
H'72 2) DIBAL, -78 °C REVAWA ¥
3) Ac,0, Pyr
73 %
PCysh ds>95:5
|
PCy3
(20 mol%)

q

Y. Yamamoto, J. Am. Chem. Soc. 2001, 123, 6702 162

91 %



Olefin metathesis

Cross-/ self-metathesis with allylsilanes

MesSi” >
/@ 3 Schrock-cat. 2 (2 mol%) /@MSiM e
+ or -
DMF, 4h (or tBu)
tBu” N7

S. Blechert, Chem. Eur. J. 1997, 3, 441.

Cross-metathesis with allylic silyl ethers:
A.G.M. Barrett, Chem. Commun. 1996, 2229 and 2231

Cross-metathesis with fluorinated olefins:
S. Blechert, Chem. Commun. 2001, 1692 163



Olefin metathesis

Synthesis of jasmonic acid derivatives

o__0 [
/\/OAC o_ O
N - N OAC
Grubbs-cat. 1 (5 mol%) 73 %
CO,Me 20 h, 25 °C CO,Me
_ CbzHN.___CO,Me
CbzHN.__CO,Me _~-SiMe; :
: > S
Schrock-cat. 2 \L

SiMe

95 %, 95 %ee

S. Blechert, Chem. Eur. J. 1997, 3, 441
S.E. Gibson, Chem. Commun. 1997, 1107

S. Blechert, Chem. Commun. 1997, 1949
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Olefin metathesis

Cross-metathesis of alkynes with ethylene

OAc OAc

ethylene (60 psi)
 _
7
)\\\ 25°C, 22 h
Grubbs-cat. 1 (5 mol%) A

80 %

S.T. Diver, J. Org. Chem. 2000, 2, 1788 165



Olefin metathesis

Ru-catalyzed Ring-Opening and —Closing Enyne Metathesis

TS TS
/@/N Cl,Ru(PCy3),=CHPh cat. QN
TBDMSO ﬂ| H,C=CH, TBDMSO |
CHyCly, rt, 5h 95 %
Ts Ts
/
N N
()’ Cl,RU(PCys),=CHPh cat.
o - o =~ 90 %
TBDMSO' Il TBDMSO °
H,C=CH, | y
CH2C|2, rt, 5 h

RU=CH, l

Ts
@8
RO\\\ %Ru

Ts
N N
\ @
\ W
RO" Ru | RO 25

M. Mori, Org. Lett. 2001, 3, 1161 166



Olefin metathesis

A double ring closing metathesis for the synthesis of NK-1 receptor antagonists

=
co,Me 1) TsCl EtN _ OH\ NaH, THF - DMPU of
@ @),,, > >
S . /j/\
3 S P "
/\M 5 = \/\I}l ,Ph
g=r ca. 50 % Ts

C|2RU(PCY3)2 = CHPh

3 steps

mn O

I/,//

“Ph OCF, N

Iz

Merck-team Org. Lett. 2001, 3, 671 167



New C-H activation reactions

Book: S. Murai, (Ed.) Activation of Unreactive C-H Bonds in Organic Synthesis,
Topics in Organometallic Chemistry, Springer, 1999. 168



The Murai-reaction

O
Q Me
RUHz(CO)(PPhg)Z cat. \
Si(OEt);  * .
N toluene N Si(OEt)5
| Me
Me
76 %
O @) Si(OEt);
RuH,(CO)(PPhj), cat.
7 2 3)2 =
/\Si(OE% ' X | toluene g X |
N N

R. Grigg, Tetrahedron Lett. 1997, 38, 5737
S. Murai, Nature, 1993, 366, 529
S. Murai, J. Organomet. Chem. 1995, 504, 151 169



The Murai-reaction

Ru-mediated synthesis of 4-acylated imidazoles via C-H-activation

Me

RU3(CO)12 (4 mOl%)

160 °C, 20 h

Ph

g
Me N
+ O O
AW,

S. Murai, J. Am. Chem. Soc. 1996, 118, 493

I\,/Ie Me
I N l{l
N - Me
Me N > Me
\«J * R toluene, CO 20 atm \« / * \« /
N N N Me
o R Jd R

Ph

¢

N /[
Me/<\ W
N

O
2%

N OMe

o

N OMe
@)

90 %
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Annulation of heterocycles via a Rh-catalyzed C-H-activation

R. G. Bergman, J. Ellman, A. J. Am.

[RhCI(coe)], (10 mol%) N;j\
. o
N

PCy; (30 mol%)

160 °C, 3.5 h 86 %
[RhCI(coe)], (10 mol%) N;Ij
- L
PCys (15 mol%) N
180 °C, 3 d 75 %

Chem. Soc. 2001, 123, 2685
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The catalytic hydroacylation of alkenes

o RhCI(PPhs); 0
Cp,ZrCl, as promoter
ZJ\ + R1/\ » RZJK/\R1
R® H toluene, 130 °C, 24 h
SN NH,
Mechanism:
_ | CHs ~ | CHs
R2CHO -L CIRh L
R2 Lﬁ ¥ R? _ | CHg
CH SNTON
= | ° LsRhCI CIRh—
~ / \ R?
N" NH; K ‘ H
Ve
L ) R
_~_CHs _~_CHs
) ] ]
NN - N” N
A A~ erh—I_,
/ R
L5 \_\Rl

Review: C.-H. Jun, Synlett, 1999, 1
C.-H. Jun, Org. Lett. 1999, 1, 887; Tetrahedron Lett.

172
1997, 38, 6673; J. Org. Chem. 1997, 62, 1200



Gold-catalyzed organic reactions

Nucleophilic addition to C-C multiple bonds

Aud* R Auv?* R"  Au*
Au’* | Nu-H o >—<
1 — P2 — 1_— p2 ® /= —
R—R R—R Ny R -Au¥*  Nu R?
H
R2 [ R2 ] R2
5 mol% Na[AuCly]
HoN > HN —_—> N
RI— MeCN, 79 °C N
R1 / R1
64-92%

For a review see: A. S. Hashmi, Chem. Rev. 2007, 107, 3180 173



Gold-catalyzed organic reactions

Nucleophilic addition to C-C multiple bonds:

Au3t-catalyzed cyclization followed by a Prins type cyclization

R1

(}H 2 mol% AuCls
HO X -

= / R20H, 25 °C

R'=R? = alkyl
X=CH, O 88-96%

For a review see: A. S. Hashmi, Chem. Rev. 2007, 107, 3180
174



Gold-catalyzed organic reactions

Gold(ll)-triggered rearrangements

. Au3+
e

2 mol% AuBr;
'

toluene, 50 °C

C

. Au2+ R
5 R~ - Au¥ ==
1
R1 \» R
7\ [AY] —
Au N N
R’ %
RT R? R*"°H
_H"'
H+
-
-Audt

175



Gold-catalyzed organic reactions

Au3t-initiated cycloadditions

H R
7 C ). AR
il 3 mol% AuCI3> . O= R2—— R3> . /o
DCE, 80 °C A_% R
[Au] [Au]

57-96%

Y. Yamamoto, J. Am. Chem. Soc. 2003, 125, 10921 176



Gold-catalyzed organic reactions

Use of electrophilic Gold(l)-complexes: Ph;P-Au-OTf

:<t-Bu B ] B 7
o) t-Bu t-Bu
0 5 mol% PhgP[Au]OTf /<
_ - O™\ + O~ "0
— - O, —
Bu MeCN, 25 °C 25 N
(' h
( [Au] Bu Au -
t-Bu i t-Bu

O

% HSO - +
-«
-Au E Aul
Bu Bu

85%

F. D. Toste J. Am. Chem. Soc. 2005, 127, 5802 177



Gold-catalyzed organic reactions

Intramolecular phenol synthesis

Q—\ 2% AuCly o
O -
Me” — MeCN, 25 °C Me

OH
69%
D—\ > =
M~ O O —> o) — | o
© = 0
\ \
[Au] i i [Au] |

-0
O = O @)
Me/©i/\ <O©:/\ (o NP~

OH

2.5 mol% Na[AuCl] /—QOMe
O + ~< >70Me > S
HS MeCN, 25 °C
o o

98%

A. S. Hashmi, J. Am. Chem. Soc. 2000, 122, 11553 178



Gold-catalyzed organic reactions

Asymmetric aldol reaction

O
o 1 mol% Au(CN-Cy),BF,4 N
=0 2L L* X \
S xk N > Ly
CH,Cl,, 25 °C &0
R
86-97%
trans . cisupto 93 :7
H up to 94% ee
\\\\“‘O\t<
R
_.OH
X

T. Hayashi J. Am. Chem. Soc. 1986, 108, 6405 179



