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Importance of organometallics
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Organometallic reagents and catalysts for the organic synthesis

organometallic reagents:

COZMG
ZnCl
BuLi
MgBr O~ Me
organometallic catalysts:
Pd(PPhs), CpCo(CO), [ RhCI(CO), ]

2

Cp

Q

CHy_
szTi/ /A|M62

X
Cl

Tebbe reagent

CIRh(PPhs),

Wilkinson's catalyst

H(C1)zrCp,

Schwarz reagent
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Ru—
clIr o ph
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Historic point of view

1757 - Louis Cadet de Gassicourt (parisian apothecary)

As,0; + CHyCO,H ~ MeAs—AsMe, + Meas O asMe,
cacody!l cacodyl-oxide
56% 40%

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

Zn
Et- =<—X—  Et—I _4n,  EtyZn
-Zn|2
ethyl radical pyrophoric
University of Marburg (1848)
2N
2I3ELTI <2l Et,Zn 2~ 2FEt—Na
-Zn(0) -Zn(0)

v N



Organometallic chemistry of the XIX century

Frankland 1848, 1863

0 OH
Et O.
Etl + Zn —»[ Et—Zn—Et} + Et\o)kﬂ/o\Et - Eﬁ\[( Et
') O
Beilstein 1862, Saytzeff 1870, Wagner 1875
0O OH
Et O.
Et-| + Zn + Et\o)g(o\Et — Et Et
O O
Barbier 1899
9 OH
Me- Mg —
M+ el + M9 X Me

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



Organometallic chemistry of the XIX century

H Mg Hoo
H W | —_— H \\\>—Mg ,,,”O/ Et
H H \O “Et
7N Et ~
Et Et/ Et

Mg Ph-CHO OH
)\/Br — JVMgBr — )\/Lph

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


//upload.wikimedia.org/wikipedia/commons/5/53/Grignard_with_carbonyl.png

Historic point of view

Victor Grignard (1900)

Mg
Et—Br > Et—MgBr
ether, 40 °C

Karl Ziegler (1919)

pentane
BuCl + 2Li > BuLi + LiCl

under argon

11



Historic point of view

first transition metal organometallics:

P
Zeise's Salz (1827) I PtCl, K — ~p @

i [
Hein (1919)
-25 °C H-,0, 25 °C
3 PhMgCl + CrCly THE > Ph3Cr—O<:’ 2 oY Z

red crystals

=

Cr

C

10%
12



Historic point of view

1951: synthesis of ferrocene

Pauson (Scotland) 7. August 1951
Miller 11. June 1951

- H H
_‘ FeCl, 300 °C
MgBr+ — (C5H5)2Fe « + Fe

mp.: 172 °C

~a
1952 @ B@ L
structural proposal by Pauson: Fo G. Wilkinso

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

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,
Lo X, 4% Pd(OAc), MeO OMe
8% S-Phos O

THF:NMP
S-Phos

Iz _

flux, 27 h
reflux 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 ’
/ > R'-Met + Met—X

R-Met + R2-x

15



Classification according to starting materials

transmetalation
Met?
/  R'Met2 + Met'
R%—Met?
[R1-Met1]  R'"Met?® + RZ%Met’
\  Met*-X

>  R-Met? + Met!-X

16



metalation

Classification according to starting materials

Met
/ - R-Met + 72H,
R2-Met 1
R1-H > RMet + RZ2H
\ R°X-Met

17



Classification according to starting materials

carbometalation and hydrometalation

H
\ R
> S MetLn
R2-Met-Ln R)\\(
H

Hydrometalation

Carbometalation

18



Synthesis starting from organic halides

direct synthesis - oxidative addition

R—X + 2 Met R—Met + Met—X

driving force of the reaction:

A H = AH’Met—Xl * AHlC—MetI - AH’C—XI - lattice energy

4ECI + 3Pb — E{4Pb + 2PbCl, endothermic

4 NaPpb + 4ECI —— Et,Pb + 3Pb + 3 NaCl exothermic

19



Direct Synthesis - Oxidative Addition

examples:

BuCl — BulLi + LiCl

/s\/\BIr + 20, —  Me” "crel,

E/Z-mixture pure E-isomer

+

CrC|3

20



Direct Synthesis - Oxidative Addition

mechanism:
R-Br + CrCI2 — > R + BrCrCI2
R- + CrCl, — RCrCl,
RBr + 2CrCl, —= RCrX, + CrXs
SO,Ph
SO,Ph CrCl, H S
Br . » ~— f—
= 2 equiv. <
Me PhCHO H OH
Ph
Me

P. Knochel Tetrahedron Lett. 1986, 27, 5091

OH SO,Ph

Ph
Me

syn-Produkt

21



Activation of the metal: the Rieke-approach

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

Li . Ph-Cl
MgCl, II II > Mg 0°C. 1h >  Ph-MgCl
M N N
PhO” >""Br —’2000,%“” [Pho/\/\MgBr] —— )\ + PhOH
. co
| Mg* PhO” " MgBr —2 > pRo” " COH

-78°C, 1h
70%

Activation of lithium: formation of soluble Li-sources:

H Ht Bu Li

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

22



Mechanism of the metal insertion

Li-DBB

t-BuBr —(2€quiv.) _

t-BuLi

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

loss stereochemical information

PhAMe Mg Ph,}&Me
Ph Br

2) CO, Ph CO,H

90% ee 12% ee

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

M N

_
RX —m RX|Mg — = R:'"Mgx —>= RMgX

radical mechanism
23



Preparation of functionalized organometallics

Mg Zn
NC™ >""Mgl = NC™ > -  NC” "zl
THF THF, 60 °C >90%
unstable
(@) @)
Zn, THF
25°C, 6h
O O
Y O
O (@)

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

| Znl A
25°C, 24 h ANABT
Zn, LiCI CuCN-2LiCl
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
Mg, LiCl _
THF, -10 °C, 20 min

OBoc

MgBr

OBoc

91%

SMe
MeSO,SMe
'

OBoc
92%

COMe  mg. Licl, zncl,
THF, 25 °C, 3h
Br

|
Mg, LiCl

CO,Me |

MgBr

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

COzMe
- X
ZnCl

ZnC|2

25



Preparation of functionalized organometallics

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

1) Zn(OAc), (1.5 equiv.
©iF Al, TiCly (3 mol%) ©i': ) Zn( )2 ( q )‘
LiCl, THF, 30 °C, 35 h 2) PEPPSI (1.4 mol%) O
Br I A|2/3X 30 OC, 2h O
MeOZC@Br CO,Me
93%

(0.7 equiv.)

F

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

Zn, LiCl

THF, 25 °C, 3.5h
®) Me @) Me

68%
life time (t2) = 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
(L — L=
T O
0~ >sPh NM;l Li
@ o

o%\ LiDBB,_ %\ Li-DBB 3 E* E
PhS
kinetic Li-reagent

e e Spe

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 —— > R2-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
0" v e (T e
.78 °C

tBulLi
B
B Gequ, B+ s men

Y

tBuLi
Bu (il + % — )J\ + )<H + LiBr
('H
“>K

tBulLi
W| + 2 MeOH — WU Me—OH> WH
2 equiv.

93%



The Halogen-Metal-Exchange

HO@—Br Buli LiO@Br | >> Br >> Cl

rate of the halogen/metal

exchange
mechanism:
©
1 2| -—— R1—I—R* - 105
R'-l + R*-Li T—— @ ~—— R-Li + R%-
Li

©
/@—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
iPrMgCl

THF, -40 °C
I MgCl

> 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
PhMgCI PhCHO _
-40 °C, 10 min 40 °C, 1 h
O,N O,N O2N
MgCl HO” >Ph
93%

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

32



A secondary iodine/lithium exchange on cyclohexyl iodides

-
-«

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

FBU\NH (stable 1 min at -100 °C |

H

Li

1.0 equiv, 1.0 M
(1.0¢q ), t-Bu\m\H

-100 °C, 1 min

3:2 hexane : ether

H

t-Bu\N\I

H
(1.0 equiv, 1.0 M)

-95 °C, 10 min
3:2 hexane : ether

[ stable >1 h at-100 °C ]

MeS-SMe
4 .
o (4 equiv)
retention
-100 °C
7h
H
MeS-SMe
- t-Bu\m\Li -~
4 .
H (4 equiv)
retention

SMe

t-Bu\N\H

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

H

t-Bu\m\SMe

H
90 %; cis : trans = 9 : 91

34



Stereoselective I/Li -exchange and acylations

ANTI ‘BulLi o
2.2 equiv; 0.2 M _.OMe
OTBS equiv; 0 OTBS RJ\N OTBS O
added slowly in 10 min Li Me
/k/\;/| _ )\/\_/ . R
Me '100 OC, '\_/Ie . Me
3:2 hexane/Et,0 (2.5 equiv)
(dr=98:2) > dr=96:4
‘BuLi 0 74%
. ( ) M om
2.2 equiv; 0.2 M _.OMe
eauy OTBS R™ N TBS O
OTBS .
added slowly in 10 min Li Me
| _ R
Ve -100 °C, \ Me |  (2:5equiv) Me > dr = 6:94
3:2 hexane/Et,0
(dr = 3:97) 75%
OTBS OTBS OTBS OTBS OTBS OTBS
oA A~ A
0~ "H O~ Ph 0~ "~Ph 0~ “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 = 5:95
Dagousset, G.; Moriya, K.; Berionni, G.; Karaghiosoff, K.; Knochel, P. Angew. Chem., Int. Ed. 2014, 53, 1425.

35



Enantiomerically enriched secondary alkyllithium reagents

[\ ‘BuLi, -100 °C
/(')\H PPh; Iy Ny NMe | inverse addition Li E* E
R OR?  CHyCly - r1” R2 Et,O:hexane rR1” R2 R'” R2
0 °C, 30 min .
95-99% ee (37-86% yield)
inversion retention retention
CO,Et CO,Et Me©
56% yield, 96% ee 54% yield, 92% ee 60% yield, 90% ee  CF3
(from 98% ee) (from 95% ee) (from 98% ee)
CO,Et CO,Et
. Me BY MeO
TBSO
Me OTBDPS
70% yield, 99% ee, 62% yield, 99% ee, 51% vyield, 94% ee
d.r.=95:5 d.r.=99:1 (from 98% ee)

(from 99% ee and d.r.=98:2)  (from 99% ee and d.r.=99:1)

Varvara Morozova, Kohei Moriya, Paul Knochel, 2016 36



Enantiomerically enriched secondary alkylcopper reagents

‘BuLi, -100 °C
/C')\H PPhs. I, | inverse addition Li CuBr-P(OEt); Cull) E* E
" CH.CL : g SN NP
RI"OR2  CHyCl R'OR2 . R!"OR2 R'"OR2 R'"OR2
0 °C, 30 min Et,O:hexane
99% ee (37-86% yield)
inversion retention retention retention
Meo@\/\/\/\ Meo@\/\/_\\/L
X CO,Et / OH
47% yield, 92% ee 56% vyield, 99% ee, d.r. =90:10
. O Me
E*= ==—CO,Et E*= A\

Varvara Morozova, Kohei Moriya, Paul Knochel, 2016

37



Sp2- and Sy2’-substitutions with secondary alkylcoppers

1) ‘BuLi (inv. add.) 1 ZnCl
Me Me ether/hexane, —100 °C Me Me )_30 °c 18 min Me I\:/Ie
< > z ’ . - 4 . _Me
NS ] NS Me 3,
Me 27 2) CuBr-P(OEt);, 1 min Me 2 Cu 2) Bu OP(O)(OE)
-100 °C 2 Bu
28 3) solvent switch to 28 X
(S) Me 35,48
THF at-50 °C stable in THF (99% ee) 53%, dr = 95:5, 99% ee
Retention at-50 °C anti-Sy2'
t - -
Me 1)thBu/Ir_]| (inv. ad1do.g) QC Ve 1) zncl, Me
ether/mexane, ~ -30 °C, 10 min (8 Me
F’h/\/z\l . /\)2\ _ Ph/\/vaY\/
2) CuBr«P(OEt); 1 min Ph Cu )
° ' ) Bu OP(O)(OEt), Bu
2R -100 °C 2R
3) solvent switch to A S Me . 3R,4S .
THF at -50 °C 56 A), dr= 1090, 99% ee
(99% ee)
Me 1) tBULi (inV. add.) . I\_/Ie 1) chlz I\_/Ie
= ether/hexane, —100 °C - -30°C, 10 min "4 _Me
) CuBr-P(OEt)3 1 min 2) Bu OP(O)(OEt), B
2S -100 °C 28 u
3) solvent switch to . - DS S"Me 3S,4S
THF at-50 °C %, dr = 90: o
(99% ee) 54%, dr = 90:10, 99% ee

Skotnitzki, J.; Spessert, L.;

Knochel, P. Angew. Chem., Int. Ed.

2019, 58, 1509-1514.

38




Negishi cross-coupling reactions of secondary alkylzinc reagents

1) iBulLi (inv. add.)
(2.2 equiv), -100 °C

Me Me pentane:ether = 3:2
Ph b2 s> znBrLiBr
dr = 99:1 (1.2 equiv)
-100 °C, 1 min
catalyst

R /—\ R
L
EIT szlz(PtBu:;)z
c” | cl
N

-

X Pd-PEPPSI-iPent

Pd-PEPPSI-iPent
(R = i-Pent)
(M. Organ, Angew. Chem.

Int. Ed. 2015, 54, 9507) Pd(OAc),/ CPhos

catalyst
Me Me (5 mol%) Me Me
Ph X
Ph zn” >TMS NN ’ ex
, 43% vyield,
(2.0 equiv) dr = 98:2
-50 °C to -25 °C,
12 h
t |/|\ I_pyt
( Bu)3P—Pd\7Pd -P(‘Bu)s
time GC-yield (%) dr .
Pd(l)-dimer
_ (F. Schoenebeck, ACIE
5 min 37 98:2 2017, 56, 7078)
60 min 54 98:2
12h 58 98:2 O
. PCy,
5 min 4 99:1 Me,N NMe,
60 min 15 99:1 O
12 h 60 96:4
CPhos
5 mi 8 99:1 (S. L. Buchwald,
min Org. Lett. 2014, 16, 4638)
60 min 43 92:8
12 h 51 92:8

Alkylzinc reagents are configurationally stable at room temperature in ether/pentane

temp (°C) time (min) GC-yield (%) dr
—50 10 61 96:4
-30 10 58 96:4
10 10 50 95:5
J. Skotnitzki, A. Kremsmair 2019 [« 60 51 95:5 |

39



Negishi cross-coupling reactions of secondary alkylzinc reagents

|
RN
(tBu)3P—Pd'\—/Pd'—P(tBu)3
1) BBuLi (inv. add.) |

(2.2 equiv), -100 °C Pd(l)-dimer
Me Me pentane:ether = 3:2 Me Me (5 mol%) Me Me
> P % R
R NN
Ph I 2) T™™S” > ZnBr-LiBr Ph Zn TMS l\./\:./ Ph :k :,:
dr = 99:1 (1.2 equiv) stable at b\i\v/u v
-100 °C, 1 min room temperature (2.0 equiv) Retention
-100°Ctort,1h
Me Me Me Me Me Me Me Me
§ . § £ Cl )\/l\/\
PhWHex PhWHex Ph K Ph X ph,
43% vyield, dr = 98:2 39% yield, dr = 5:95 44% vyield, dr = 98:2 52% yield, dr = 98:2
Me Me
Ph e
CO,Et CO,Et
19% vyield, dr = 98:2 22% vyield, dr = 5:95

J. Skotnitzki, A. Kremsmair, P. Knochel, 2019

40



Synthesis of (-)-lardolure using enantiomerically enriched Li- and Cu-reagents

1) ‘BuLi (2.5 equiv), —100 °C
)OJ\/I\'/I\e 4 steps Jﬂi/l\'/lf inverse addition = = 3 steps =
EtO

% OH —— | OTBS 2)-50 °C, 30 min

HO OTBS —  » BnO~ > "
0, 1 0,
70% y|e|d dr. = 5050 “/?écuBr P(OEt)3 (30 mol. /0), d.r. =99:1:0:0 70% d.r. = 1:99:0:0
(R) 99% ee 99% ee =z . . (99% ee) (99% ee)
(99% ee) H*{é (3.0 equiv), -50 °C, 3 days 60% yield

Cu-catalyzed epoxide opening

1) ‘BuLi (2.5 equiv), —100 °C
inverse addition

2) CuBr P(OEt)3 (2.0 equiv),
dr. =1:99:0.0 Me

(99% ee)

BnO |

Me
N
PPhs, I N\/) ERE R

BnO OH " ch,cl, 10°C

BnO I

d.r. > 1:99, (99% ee) d.r. > 1:99,(99% ee)

H-5<(|) (3.0 equiv), —100 °C 57% yield 78% yield

1) BuLi (2.5 equiv), —100 °C
inverse addition

2) CuBr P(OEt)3 (2.0 equiv),

X" Br (3.0 equiv), ~100 °C

\
0] = = = = 1) |_|2, Pd/C - - = =
)]\ : : : : EtOAc, rt : : : :

Bno/\/\/\/\/\

2) HCOOH, 65°C
(-)-Lardolure d.r. > 3:97,(99% ee)
o
d.r. > 3:97,(99% ee) 55% yield
80% yield
OVERALL YIELD
5% (13 steps)

Varvara Morozova, Kohei Moriya, Paul Knochel, 2017
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The iodine/zinc-exchange

catalysis of the halogen-metal exchange

iProZn

2 Ar—l| —_— AroZn
(0.55 equiv.)
NMP, 25 °C, 12h
Li(acac) (10 mol%)
iPr,Zn (-2 iPrl) -iPrl
Y
Li(acac) >:>7
ArZn E—— (\)
(0.55 equiv.) o)
Ar—Zn‘{_‘ I—CRr
S)
®
Li
OAc OAc OAc O
MeO | iPr,Zn MeO Zn  25%Pd(dba),  \eo oy
L_(NMF’), (01;Q 22/) ? 5% (o-furyl)sP
i(acac mo
° ¢-HexCOCI
CHO CHO CHO 80 %

F. Kneisel, P. Knochel Angew. Chem. Int. Ed. 2004, 43, 1017 42



The Halogen-Metal-Exchange

indole-synthesis

NMe2 1) iPrMgBr
N7 THF, -20 °C,
5 min

| | EtO,C
OMe |
2) /J\/Br N™ "Me

|

CO,Et CuCN-2LiCl O
-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 NG
.7°C,3h
0°C
Br MgCl Ph
81%
) /CI ®
PrMgCl-LiCl =  i-Pr-Mg
N\
o

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



lodine-zinc exchange using zinc alkoxides

I/Zn-exchange on aryl and heteroaryl iodides

sBu,Zn-2LiOR’ Me
TN ! (0.6 equiv.) X Zn EX T E RT= X /\/I{L
FG—r FG— 2 — FG— ITI Me
= toluene, 25 °C, 10 min = = Me
Aryl lodides
OMe oN CO,Et O EtO,C
7 oY OO
NC O O Br OTIPS
88%3 88%3 67%P 83%° 68%"
Me O Et0,C = 0
Cl N,
F3CO ()N N
Me F cl TBSO
80%° 67%° 89%° 72%° 61%°
Heteroaryl lodides F |
o
© Cl oM
S N © N MeO F
L/ = NI N | z -
| f N~ F F P
X, N
Cl” "N” ~cl OMe
71%?P 89%° 94%° 96%° 92%°

[a] Obtained by Negishi cross-coupling using 4% Pd(OAc), and 8% SPhos. [b] 20% Cul was added. [c] 0.6 equiv Cul were added.

44
M. Balkenhohl, D. S. Ziegler, A. Desaintjean, P. Knochel, 2019



R1-Met’

Transmetalation

+ R2?-Met? -—

R'-Met?

the most stable carbanion is linked to the most electropositive metal

SnBuj Li
©/ +  BuLi —> ©/ +  Bu,Sn

+ R?2-Met’

CH,CHO
A — O SO Y
Li

SnBu3

HO Me

45



Transmetalation

mechanism: —
Bu —‘
R'-SnBuz + R*Li —_——~ R1—§|n—R2 Lt —_— R
ad By
the most stable Li-organometallic is formed
SnBus Et BuLi Li Et configurational stable

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

E. J. Corey Tetrahedron Lett. 1984, 25, 2415.

1) BusSnMgX ;M\e e Me
uszonivig . .
MeCHO - 0~ Sogt  Separation of _ o0~ DOEt Buli O/'\OEt
2) EtO . , , 0
\ H H diastereoisomers \)\ THF, -40 °C o ¥
3 me’ SnBus i/ snBus H7S

chiral lithium reagent
stabilized by chelation

W. C. Still, . Am. Chem. Soc. 1980, 102, 1201. 46



RLi

b)

+

Transmetalation

R'-Met'

Met?-X

» R1—Met2

MgBr, —— RMgBr

+

LiBr

ZnCl,

— RZnX +

MgX5

a7



Transmetalation

) o) 2Meli 2MeMgBr
Me-Cu-Me Li = Me,CuLi =<—— Cul > MeCu-MgBr, + MeMgl
HO Me O OSiMej OSiMe,
MelLi Me,CulLi
- > .

Me,SiCl (I Me

Cu Me
Me

E. Nakamura, I. Kuwajima J. Am. Chem. Soc. 1984, 106, 3368
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Transmetalation
RMgX + CeCl; — RCeCl, + CIMgX

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

OMgX RMgX RCeCI2 OCeCl,
Q0 == QY Sex

i E>7MgCI f O—MgCl
LaCl3 - 2 L|CI

0°C,0.5h 93%

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

84%
A. Krasovskiy, F. Kopp, P. Knochel Angew. Chem. Int. Ed. 2006, 45, 497 49

Ph



Transmetalation

R = R-Li > R-Ti(OiPr); =

OH HO |, H)k©)k H)KQ)‘\ OH o)
R)\©)< CI-Ti(OiPr); RK@)\

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

2
R-Met! —Met R-Met2 + Met'
HgCl il Lig
Me —> Me—{¢
Hget ~ F0O.0°C _<LiZ9

A. Maercker, M. Theis, A. Kos, P. Schleyer, Angew. Chem. 1983, 95, 755 50



Transmetalation

boron / zinc-exchange

H H

/I)Noz Et,BH NO, Et,Zn NO
- > > 2 2
BEt, -BEt; | zp,

Etzzn

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

/\/Br
—_—

CuCN-LiCl

H

NO,
X

85%

51



Transmetalation

boron / zinc-exchange

BH Ipc
o 2 pC BH
®/ Ph é.m\Ph
f
(-)-lpcBH,
99% ee 94% ee

94% ee
1) Et,BH «Ph
'
2) EtoZn
3) CuCN'LiCl .
Br Cis: trans > 98:2
4) >~ 94% ee, 44%

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

52



Metalation (starting from a compound with an acid proton)

R1-Met
r

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)

H . -
BuLi . N Ph-H N
@( _Buli C [eu] TMEDA g FY EEH L E
slow 6 ~. fast >
N NT

PhCH,Li reacts with benzene 10 times faster than with MeLi

PhCH,Li is a monomer in THF, MeLi a tetramer 53



Directed metalation

OH Li
: O~ |
BulLi ' Oy Li
H (2 equiv.) H O% i
ether 0 kcal/mol
Directed metalation
[y _Bui o [ Y
0 THF ol ¥
-20 °C "Li=Bu

O

—_—
OH

O

-10 kcal/mol

O

O, = [y
e
H BulLi Li- tBuOK

e

O—Li
Li

-13 kcal/mol

54



Metalation

[O/\\ /CSXU BULI THF [ /\ i ) %» Li /O\ /S\

thermodynamic control )\ J\
h

Li
]\ OLj - (2 equiv.) ]\ OH

Li— >g -78 °C S
THF

thermodynamic control

A rearrangement may occur :

/A( _ Buli _ Fl( RCHO FA(

THF
\( -78 °C \(

S< S Li
CH, ~ S Mg

kinetic control

Li

2 BulLi / \ OLi

THF S
78 °C o)

kinetic control

55



Metalation

directed lithiation

DMG

DMG
Li
© R-Li E*
—_— —_—

DMG = directing metalating group

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

>

@)
J oj :NRz J<
O NR2 > > 028

e e

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

DMG

1

Oo__N

56



Metalation

Et,;N__O Et,N__O
1) s-BuLi, TMEDA . _
THF, -78 °C
2) MgCl,
3) /\/BI’
6M HCI

Etzm ﬂ Me
@

6M HCI

—_—

Me

57



Metalation

%\ Q
+ iPrMgCl - LiCl — >

N 25 °C ”/

I

) Q

TMPMgCI-LICI (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

MgClI CF;
EtO /O\ OEt TMPMgCI- Licl _ EtO /o\ O 1) ZnCly . EtO_ J/ \\  OFEt
S S -78 °C, 15 min O OFt 2) Pd(PPh3), O
(1 mol%) O O

F3C\©/I 79%

F. M. Piller, P. Knochel Org. Lett. 2009, 11, 445 58



Metalation

O O

0 0 0 0
TMPMgCI - LiCl |
EtO OEt » EtO OEt 2
)D)J\ THF, -30 °C, 1 h )D\)J\ —> Eto)ﬂkoa
Br Br MgCl Br |

80%

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

Cl
7N\ FeCl,- LiCl
N—M i @ ——— N)-Fe - 4L
g\ i 25°C. 3h 7; e -2 MgCl, - 4 LiCl
Cl
O.__OFEt
O.__OEt CO,E
_— >
25°C, 3 h
F F \ F
(10 mol%) 80%

25°C,12h

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

59



Frustrated Lewis Pairs

F

Y

F F
+ H,, 25 °C H
M632P B(C6F5)2 -< > M882P
- H,, 150 °C ®
FF
D. Stefan, G. Erker Angew. Chem. Int. Ed. 2010, 49, 46
BMe; | A BF;* OEt,

no reaction ==

~
ether Me N Me ether

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

F

H

|
B(CeFs)
3 65)2

60



BF;-triggered selective metalations

compatible
BF3OEt2 < >
up to - 30 °C

TMPMgCI-LiCl

Et0,C

72 %

N

1)

TMPMgCI-LiCl,

-78 °C, 30 min
-

TMPMgCI-LiCl

(

H

N

=

H
o
F ~

N
\"B
{ F

F

2) ZnCly, Ar-l
5% Pd(dba),,
10% P(o-furyl)s; ,
25°C,12h

1) BF;-OEt,,
0°C, 15 min

2) TMPMgCI-LiCl,
-78 °C, 30 min

CO,Et

>

3) ZnCl,, Ar-l F
5% Pd(dba), , |
10% P(o-furyl)s , N
25°C,12h

\

74 %

M. Jaric, B. Haag, A. Unsinn, K. Karaghiosoff, P. Knochel Angew. Chem. Int. Ed. 2010, 49, 5451-5455

61



Metalation

) ZnC|2
TMP-MgCI - LiCl >  TMPyZn * 2LiCl
THF, 25 °C, 15 h

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

©j\l _TMPyZn @EI @COzEt
0 0 (0.5 equw) Pd(O) cat.

P (10 mol%)
@\1 TMPMgCI - LiCl f)N
— o

- 2MgCl,

O Me
, Me. N
TMPZnCI - LiCl N s
%\)t /> 1 1 equ|v) }\)ﬁzN/ ZnCl

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

62



Zincations in the presence of ester and nitro groups

\ 1) TMPZnCI.LiCl

/@\ (1.1 equiv), THF,
Me0,C NO, 25 °C, 30 min . N\
2) CuCN.2LiCl MeO,C™ g~ ~NO;

3 Br
) @ 80 %

1) TMPZnCI.LiCl

Cl (1.1 equiv), THF, cl CF,
25 °C, 15 min
NN - NN
L N> 2) Pd(dba), (3 mol%), L N
N \ P(o-furyl); (6 mol%) N !
MOM | MOM 95%
CFs Marc Mosrin, P. Knochel, Org. Lett. 2009, 11, 1837-1840.
NO, TMPZnCI-LiClI NO, NO,
—( (1.1 equiv) —( CUCN-2LiCI (5 mol%) /:Q_\
- > - > R
R H THF.-50 °C. 1 h R ZnCl allyl bromide (1.2 equiv) \
20°C,2h
R=Ph. Cy R= Ph: 69%
R=Cy: 70%

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

63



Metalations under batch and flow conditions using TMPMgCI-LiCl

H
R FGJ =xH

I i~

i \

FG T /J or <S)

N
0.68-0.88 M in THF
0.25 - 0.75 mL/min Q (2.0 mL)

dry THF @ -

0.25 - 0.75 mL/min @
dry THF @

TMPMgCI-LiCl
0.93-1.25Min THF

(2.0 mL) electrophile E

(neat or as solution in THF)
0.10 - 2.45 mL/min

T.P. Peterson, M. R. Becker, P. Knochel, Angew. Chem. Int. Ed. 2014, 53, 7933.

see pionnier contributions of
Mike Organ, Jun-ichi Yoshida, Steven V. Ley

Batch conditions: Complete metalation of 3-chloropyridine after 45 min at -78 °C

Flow conditions: Complete metalation of 3-halogeno-bromopyridine after 60 s at 25 °C

N/ | N/ | N/ CHO N/ CHO N/ X N/ X

Electrophile I, (1.1 equiv.)

Metalation time 60 s 60 s

Isolated yield 66% 71%

DMF (6.0 equiv.)

Allyl bromide (1.2 equiv.)
with 3 mol% CuCN-2LiCl

60 s 60 s 60 SG 4
84% 74% 78%



Compatibility of the TMPLI with ZnCl, or MgCl,

(" N\

_ fast MgCl,
Ar-H + TMPLI @ Ar-MgX
| unstable stable
slow | MgCl,
i
slow
Ar-H + TMPMgX ----------- - ArMgX
CO,Et 1) ZnCl; (1.3 equiv) CO5Et 1) MgCl, (1.3 equiv) CO,Et
| o - 2) TMPLI (1.1 equiv) | N 2) TMPLi (1.1 equiv) | !
N -378I °C, 5 min NG -78 °C, 5 min N
65 % ) —J Ik 50 %

A. Frischmuth, H. Zipse, N. Barl, H. Mayr, P. Knochel Angew.Chem.Int. Ed. 2014, 53,
7928

65



Selectivity switch with (TMPLi and ZnCl,) or TMPZnClI-LiCl

CN
kinetic deprotonation oKa = 30.2 Cl thermodyn_amic
deprotonation
pKa = 30.1 pKa = 21.1
Cl

1) TMPZnCI -LiCl
(1.1 equiv.)
60 °C, 12 h

1) ZnCl, - 2LiCl (1.1 equiv)
2) TMPLi (1.5 equiv)
-78 °C, 5 min

e ) |
I Cl crude selectivity crude selectivity Cl
95:5 1:99
I
Cl Cl
(0]
74 % 8%

A. Frischmuth, H. Zipse, N. Barl, H. Mayr, P. Knochel Angew.Chem.Int. Ed. 2014, 53, 7928
66



“in situ”-Trapping Metalations with Metal Salts in Flow Mode

{ usual } CO, Et new flow-triggered

|

metalation site metalation site
ﬁ/@ &

CO,Et
+ 0.5 equiv ZnCl,-2LiCl <>— ZnCI-LiCl
1.80 mL/min
workup
0°C,40 s batch reactor
TMPLi
(1.5 equiv) @
PhCOCI (0.8 equiv)
1.80 mL/min

+ 1.0 equiv CuCN-2LiCl

M. R. Becker, P. Knochel, Angew.Chem.Int. Ed. 2015, 54, in press

>

Et0,C O
Ph

70%
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“In situ”- metalation procedures scope - further developments

Barbier-type conditions

68



Flow generation of carbamoyllithiums using an extended in situ quench

-10 °C; 10 min

i-Pr,N-H Q—

0.50 mL/min o
workup R
worn e I
meuti (O ) 1.00 mLimin
0.50 mL/min sat. aq. NH,Cl,
0.4-0.5 mmol/min
E®= ketones, aldehydes allylic bromides, disulfides, morpholino- and Weinreb-amides
O o] o o o OMe
~ MeO
o} ) ! Lo ]
OH o) OMe o} O B
</O \) H o MeO Ph) r
OTBDS 76% 81%
72% 60% 89%
(0] (0] (0]
(6]
Bu.
ohas, A K . e
O
Bu ) OH ) o 0
Ph o)
Ganiek, M.; 2016 88% 91%  Scaleable (1 to 35 mmol) 76% 61%

(a) B. Banhidai, U. Schollkopf Angew. Chem. 1973, 19, 861. (b) D. Seebach, D. Enders Angew. Chem. 1973, 24, 1104.
Recent flow protocol based on Li-insertion to carbamoyl chlorides: A.Nagaki, Y. Takahashi, J.-i.Yoshida Angew. Chem. Int. Ed. 2016, 55, 5327 69
Jonathan T. Reeves, Boehringer Ingelheim Pharmaceuticals, Ridgefield, CT, J.Am.Chem.Soc. 2013, 135, 5565



Halogen/Lithium Exchange in Continuous Flow

nBuLi or PhLi 3.0-9.0 mL/min

-60 °Cto 0 °C

(1.5 equiv)

Y
+ MX (0.5 equiv)

MX = ZnCl,, MgCl,-LiCl, CuCN-2LiCl

Y=1Br

3.0-9.0 mL/min

g/

NO
N YO
MeO F @)

61% 93% 63%
0
N _ Z
EtO,C
SCN
83% 67% 70%
Li Li . Li
' Li N Li
NO,
NCS
OMe CO,Et NCS

M. Ketels, M. Ganiek, N.

Weidmann, P. Knochel 2017, manuscript in preparation
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Halogen/lithium exchange and In Situ trapping with a metal salt in flow

0°C,1.7s

nBuli 4.5 mL/min
(1.5 equiv) @

o
CN Li

+ MetX,, (0.5 equiv)

Y

MetX,, = ZnCl,, MgCly-LiCl, CuCN 2LiCl

tBu \/ CN O CN
CN CN Y on O
CN
(X o (T o
Li F Br
73% 70% 70% 80%
(d.r. = 84:16)

M. Ketels, M. Ganiek, N. Weidmann, P. Knochel, 2017, manuscript in preparation.
71



Halogen/lithium exchange in continuous flow

nBuLi or PhLi /<Y 3.0-10.0 mL/min 40 °C t0 0 °C
(1.5 equiv) S 0.06-53s

—| HetArLi |—](HetAr,-Met |~

HetArx (2 3.0-10.0 mL/min E*(1.1-2.5

+ MetX, (0.5 equiv) equiv)
X=Br,|  MetX, = ZnCl,, MgClyLiCl
F
OH OMe OMe OH CN
\«COEt HO
- N L S .
N
62% yield 63% vield 68% yield 68% yield 59% vield 77%
(X =1) (X = Br) (X = Br) (X =1) (X =1)
Li OMe .
M Li Li
h eﬁ Nl/j/ | NS COE
w SN L kN/ A .
N MeO” N~ Li S

M. Ketels, M. Ganiek, N. Weidmann, P. Knochel, 2017, manuscript in preparation. 79



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

Y Y Ti(OiPr),

Me . _~__O._ N BuLi _  Me. _~__O_ _N > Me _~~_ OCb
\/H>//H\[C])/ \( (-)-spartein \/\L‘/ \[(])/ j/ Inversion PrO) T;
[<-— IFrO)4 11
R ) ©6
Cb Li
H
Me = 1 Mo RCHO
_ Me ~ﬁ \lei(OiPr)zl
H CbO CbO Li

82-92% ee

D. Hoppe, et al. Pure Appl. Chem. 1994, 66, 1479.

@ 1) sBuLi- (-)-spartein @
° > mSnBu
N -78 °C N 3

\ 2) Bu,ySnCl \
Boc ) Us=n Boc

(S)-(-)-spartein 98% ee

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



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

OH
be0\></Obe 1) sBuLi- (-)-Spartein beo)<rObe SNHC M

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

Cby = o?_\o
U

(S)-(-)-Spartein

D. Hoppe Tetrahedron Lett. 1992, 33, 5327

74



Diastereoselective transmetalation

O
OMOM OMOM OMOM
BuLi _ )K
Ph SnBuz THF, -78 °C Ph Li Ph
Me Me Me OH

OMOM OMOM )(L OMOM

- BuLi
> .
Ph/\‘/\SnBus THE. 78 °C Ph/Y\LI Ph/\‘/\’4

Me Me Me OH

r 2

_Me
Q/\,O

Ph/Y-\ 5

Me

W. C. Still J. Am. Chem. Soc. 1980, 102, 1201 75



<\O SPh
O)\‘/'\SHBU?)

Me

Diastereoselective transmetalation

BulLi

THF, -78 °C |

to -40 °C

O_’Ll

); : ‘ I\/Ie3S|CI

<\O_’Li

O

L5

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

Me3SIC| _

<\o SPh
O)\‘/'\Sil\/le3

Me
98
2
O SPh
O - SiMe;
Me



Carbometalation

e 1
syn-addition R Met
R—H + R'-Met - >—<—

Negishi-reaction: carboalumination

MesAl R H
R—=— H 3 . __ PhCHO
CHCl, Mé  AlMe,
Cp,ZrCl, cat.
E. Negishi J. Am. Chem. Soc. 1976, 98, 6729
CuBr, Me,S RZ——H
R'-MgBr > R'Cu- MgBr, >
syn-addition

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

77



Carbometalation
Me3SiO
\/\H

Cu - MgBr
1) ether, -10 °C 95T2

2)Hs0®

OH
81%

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

Tamoxifen-Synthesis: Carbozincation

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

2) 12 88%, Z:E > 99:1

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

MeZN/\/O\©\ /_/7NM92
1) Ph,Zn | _Ph br_

Ph

Ph Et

75%, Z:E > 99:1
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Hydrometalation and application of organoboranes in organic chemistry

hydroboration
3 R/\
leHe)
AcOH H,O, 3 /O
{~
lEtzzn
Zn
(RN
'/ BoHe BH, Me — -Me Me

H Me Bsz Me
H —_— H but Me
i H— H T BH
H Me H | 2

79



Hydroboration

selective hydroborating reagents

B-H
— —£ 0, BH, Thexylborane
— % BH Disiamylborane

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

ThexBH,

SiazBH

80



Hydroboration

catecholborane

Bu————H

@) @) Bu

(L - U
o o]

>90%

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

O\
'BH
"0
> —
Opcyz O\ /O Ph/k
5
"BCy, 90%; 93% ee

Rh* cat., -35 °C

)

Ph

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

81



Hydroboration

amination

@
cHex—N—N=N

Me Me /@

1) HBCl, wBCl,
® 0
N=N

2) cHex—N=N=

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

cHex _ (T\l?
N

GCBCIZ

e Bal,

—_— \\\N
“cHex
l 0

Me

é“\\\ NHcHex

90%

82



Hydroboration

stereoselective synthesis of olefins

Z-olefins

- | Bu |‘>\H
cHex,BH + Bu———H — \:\ . A OH
B(

cHex),  NaOH H &Bf,cHex
| S

|> \clil_|ex ' H ' H
Vs O | B(cHex)(OH), o | B(cHex)(OH)
Bu“ g Bu"" Bu'"

(cHex)(OH), H cHex H cHex

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

83



Hydroboration

stereoselective synthesis of olefins

E-olefins

Cy,BH H BCy,
—_—

Bu;
Bu |

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

H Cy
Bu B(Cy)(OMe)
l 0"
Bu
Cy

84



Hydromagnesiation

EtMgBr
R MgBr
R™™S TiCl, cat. R™
TiCl,
EtMgBr#’ CH,
H Y Ticl
H "4
H
Mg ClsTi—H
R
/\R/\
EtMgBr

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

OH EtMgBr 0—Mg €O, - { i
%‘\/ Cp,TiCl, cat. %‘\/

90%
Ji§ e
Bu\i EtMgBr Bur H” “OMgBr Bu\f YOMgBr
Cp,TiCl, cat. -
\ P2 1112 Me MgBr MgBr
EtCN

then H30"

0 O

Me Me

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

86



Synthesis of aryl boronic acids

transition-metal catalyzed synthesis of aryl boronic acids

J. F
J.A

-

O
/

iﬂ igg\?

Vs

[Ir(OMe)(COD))
catalytic
FG FG
Cl QLQ
\
- B Cl ©/Br
O
_—
COzMe
COzMe CN

80%

Vs

J

>?L

o

O

\
B

X ; Br
CN
83%

. Hartwig, N. Miyaura, Chem. Comm. 2003, 2924;
m. Chem. Soc. 2002, 124, 390; Angew. Chem. Int. Ed.

2002, 45, 3056
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Synthesis of aryl boronic acids

:é O
@ PdCl,(dppf), Ph3As

Et;N, dioxane Ph
80 °C

83%

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

OAc
Ph)\WCOMe
o 0O CuCl, LiCl O
B-B, - B-Cul
O 9) KOAc, DMF O

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

Y
3
b
@)

88



Reactivity of unsaturated boronic derivatives

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

E]

CHO 5
+ U\/\
@OH B(OH), dioxane, 90 °C, 12 h

l ,6-lutidine

0 °C, 30 min

dibenzylamine (5 mol%)
92 %
dioxane, 90 °C, 12 h

89



Reactivity of unsaturated boronic derivatives

The Petasis-reaction

mechanism
|
o H (I
@
Bn,N-B(OH)3 Bn.® Bn
N
Cr Y '
c|) R
OH
B(OH) Bn.®B
N :
Pz
7 /
O/B\(?H (HO),B
|
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:

CO,H
1) TsNHNH,
a) - Et
2) 2 BuLi
Me 3) COz, then H30+ Me
H
) ) t-BuLi (2 equw) |
2) THF [
H

H

Et
EtMgBr OH ‘e
c) — = How would you prepare “OH
O
BuMgBr

d) A

O+

Hj Me



First Problem Set for OC IV

2) Give the following reaction products:

@) Li Ph-CN
a) j > @ then H O+
@) 5% t-But-Bu 3
Cl
0 CHO
Li Ph
b MeWNACI =[@]—.
2 0
Me

~

Me BulLi CeCl;
) - >
’ >_< THF, 0 °C ® @@O
d) _ sBubi | Mel > stereochemie?
e N TMEDA

@) Ot-Bu

¢) PhCH,Li + Me“")\Bl’ — ®
H

H//,O
f)  BuMgB /
uMgBr + Me/Q — ®
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First Problem Set for OC IV

MgBr
THF H;O* HNEt
o UL om0 @ " @ M g

O 25 °C NaBH,

MgBr
MgBr S NC/©/
) . Me/\/\m @ - . @ -
O N~ CITi(OiPr)s

CO,Et

0— 1) t-BulLi, -100 °C

)
OMe 2) CO,
s =
° 3) H;O" @
)

BulLi 1) TsCl
) o ——= @ -~
BF;OEt, 2) BuCuli

-90 °C

1) BuLi, -100 °C

K) Nc@sr -
2) zoé
O

1)

0 1) AlCl5 SH SH
1) —_— .

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




First Problem Set for OC IV

3. How you would prepare following organometallics:

PN
o N—Mmgcl /C"\ OMe
S Me” Li
OEt
NO,
©\/\>—ZnCI S
N ZnCl
Boc

O CO,Et Ph. _N_ _Ph
e
Ph N\(N
CO,Et MgCl

MgCI-LiCl

COZMe
ICH,Znl
MgBr
N
| ﬁ Cl—Mg—0O
=N Et0” - “OEt
ZnCl

NO,

MgBr

|
® MgCl
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The Suzuki cross-coupling reaction

Pd(0) cat.

Ar'—B(OH), + Ar?-X -
(OH) base

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

Key step

H- ©
Ar—B(OH), —>=  Ar'—B(OH),
lArZ—PdX lArZ—PdX
no reaction Ar'—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

Ar'—Ar?
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The Suzuki cross-coupling reaction

sz(dba)g
Me Me K3POy, 180 °C Me Me

Br toluene
+  (HO)B > Me
Me Me ‘

Me Cy,P O Me Me
5ae

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

R’ R!
) Cu(OAc), )
Ar-B(OH), + H-N >

R2 Et3N \R2
Pyr

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



Chemistry of allyl boranes

K/\ )j\ OR
x>0 R™ H /L&/\/O —
7 ST — s
\,/ o
H H

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

OR

OH
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Hydroalumination

. |
Bu————H > Bu/\/AI(lBu)Z 2 . Bu/\/l
. OH
| 1) BulLi
- X
2) RCHO BUMR

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

Special Al-reagents

H
H

OH t-Bu
t-Bu t-Bu toluene
MesAl  + e (Me O}AI—Me — MAD
2
t-Bu
Me

99:1
AR

_ " Bu
MelLi

Yamamoto J. Am. Chem. Soc. 1988, 110, 3588
Yamamoto Chem. Comm. 1997, 1585 100



Hydroalumination

O
MelLi MelLi
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

Me,AlO OAlMe,
N X
activating a carbonyl group twice \o( is possible using | |
RN = =
R2 cat. 5 mol% R" R
80 - 99%

cat. (5 mol%)
tBuCHO (3 equw
HO 25°C,5h

K. Maruoka Angew. Chem. 1998, 110, 2524 102



Other preparation of aluminium compounds

SnMe AIM
3 heptane, 25 °C ©2
+  Me,Al-Cl > + 2Me3SnCl
SnMe; AlMe,

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

Direct synthesis of organoaluminium reagents

. Al powder, LiCl
@[ cat. (1-5 mol%) ©1F
o
Br THF, 30-50 °C AL X

cat. = InCls, BiCls, PbCl,, TiCl,

T. Bliimke, Y.-H. Chen, Z. Peng, Nature Chem. 2010, 2, 313 103



The organic chemistry of main-group organometallics

Silicium

The effect of a Me;Si-substituent:

o
1) inductive effect: weak donor-effect Q 0
2) retrodonation of m-electrons (d-p bond) S % stabilization of carbanions in « -position
>~
empty filled

d-orbital p-orbital

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

stabilization of a cation in g-position
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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 105



Silicium
Peterson olefination

R2 L OH
I 1 2 1
N RICHO Rj)\w RU_ e
S1Rs SiRs H
D. J. Ager Synthesis 1984, 384
Stereochemistry of the Peterson-elimination
O .
Pr,CuLi Me;Si I_—! :,OH base . =\
MesSi  Pr - ol b syn elimination Pr Pr
H* anti elimination
MesSi, O ProCuti _ SMes base | /)
' T syn elimination
Pr Pr Pr

Pr
P. F. Hudrlik, D. Peterson, R. J. Rona J.

Org. Chem. 1975, 40, 2263

106



Silicium

key steps:
H
ey
basic acidic
media media R
) SiMe;
syn elimination anti elimination
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Reactivity of alkenylsilanes

: @ :
RNSIMG3 E+ R/?S|M63 . R/\/E
E

SiMe; SiMes N

@
N Ph CN\ Ph Ph
(\D CF3CO,H (\ ZN=H
Ph > —_— —_—
|\_/ ® N N
H

L. E. Overman, Tetrahedron Lett. 1984, 25, 5739
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Reactivity of alkenylsilanes

Sila-Nazarov-reaction

@) H O
FeC|3
-
| 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\

AICI,

Cl Me

o

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

General reactivity

E%Sil\ﬂe:; — > E._~_7SMe3 —> E\/\

Acylation

AICI; _
Cl —
)\/\SiMes + W %%Q
O

O

110



Allylic silanes in organic synthesis

Allylation
SiMe =
O/\/ 3 tBuCl, TiCl,
1,4-addition
O BF 3 OEt, O
+ .
&Me /J‘VS'M% -

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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Early transition metal organometallics:

Titanium
CH,
Cp,TiCl 2AIM > Cn.. ~AlMe,
CRAC ®3 " Me,AICI T'sz\ A
- CHy4 Cl
Tebbe-reagent
o
O 0O O

84%
S. H. Pine Org. React. 1993, 43, 1 112



Titanium

Lombardo-reagent

o) CH,

Ph - CH,l, Zn Ph

TiCl,
88%
K. Takali, J. Org. Chem. 1994, 59, 2668

Pent

Me O Pent-CHBr, Me |
Me)\)J\OMe Zn, TiCly Me OMe

TMEDA 88%

0
TiCp,Cl, Rl AlMey (j R!
— [E—" . C
AMes  Me Ticpy(cl) Mé C

R'——AIMe,

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

Hydrotitanation

0
O/SPh Ticl, Et,SH C[Sph A~ g SPh
o
CH,Cl, -78 °C Ticl, Oct

Me O
70%

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

Reductive coupling: The McMurry Reaction

© &)

©
0 Ti 0 P Ti Rl R?
o 2 —_— > —_
R1J\R2 (low valent) R1)'\R2 R ;2 Ri 2R1 (low valent) R2 R
R
TiCl
o —— —
Zn-Cu
25%

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

T|C|3
Zn Cu

Zn- Cu

ﬁ -Caroten: 94%

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

Kulinkovich-reaction

O

Ti(OIPr), OH
+ A
Me 0" “Me Me MgBr CHs,
l Ti(OiPr), j\
Me~ 0”7 “Me
(iPro),Ti | ~——  (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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Titanium

L . SiMe3
— SiMes  EtMgBr, Ti(OiPr), _ Ti(OiPr),
Me ~ Me Ti(OiPr),
\
COsE I o

(iPrO),Ti

SiMe3

SiMe; SiMe;
H;0" =
Me 0 Me o) - Me Ti(OiPr)3
Ti(OiPr), \
C
\\
(o

F. Sato J. Org. Chem. 1988, 53, 5590.
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Early transition metal organometallics:

Zirconium
Schwartz’s reagent:
2Cp,Cl, —— OB e
rCp,Cly THE poZr(H)
90%

Inorg. Synth. 1979, 19, 223
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Zirconium

2 o
= Hex @9' )K/\ H* O
Cp2Zr(H)CI O\ T ziop; Hex — HMH

:C=0 ﬁ;l Hex S

O®

O O
NEt, CppZr(H)Cl H
THF, 15 min
99%

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

szzr—[ Cp,Zr H
Et o I
> ( — ZrCp, —> |
S
X
H

2 BuLi Bu
Cp,ZrCl, -~ ZGC&H - CpZZr<L

Et Et

121



Early transition metal organometallics:

Chromium
Me\/\/Br o) -CrCl, (2 equiv.) /OKH/\
+ -
H R)LH R™ 7%
Me
l 'CrC|2 (2 e(]UiV.) o) H
Me CrCl
R)kH \/j \r\// 2
Me _~_CrCl, ——— ey
H R @) \ H
Me g CrCl,
o’
R
OH Z "
)\/\ H,0 OCrCl,
R - N R <N
Me Me

Hiyama reaction Bull. Soc. Chem. Jpn 1982, 55, 567; J. Am. Chem. Soc. 1977, 99, 3175 122



Me Cl
PhCHO

Me Me

N\

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

Chromium

2 CrC|2

Me

MGWCK)'Z

Me Me

oo

92%; dr = 97:3
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Chromium

Hiyama-Kishi-reaction

| 0 .
- X NICI, (1 mol%) /J\(Ph
Ph™ H 2 CrCl, OH
DME
l NI(D) CrCl,
Ni2*

A i
Ni—l Ph)LH
)\CrCIQ

CI’C|3

“\\\/ CHO NiCl, (1 mol%)

-

2 CrCl,, DMS, DMSO

56%

Y. Kishi J. Am. Chem. Soc. 1989, 111, 2735. 124



Early transition metal organometallics:

Copper
R__S__—\——Li«/\?__R Cl Cl
RN Me
_ \ / ZNcHO 1) Me,Culi CHO
R2CULI — Cu /Cu n >
/ \ 2)H 739,
R“"“‘:Lii —————— R
s~ s

1) Zn, THF, 60 °C

- O
2) CUCN-~ 2 LiCl 94%
3
(-

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

. X -CO-Et SiMe,Ph
2 PhMe;SICl ——— (2 PhMe,SiLi| — s (PhMe,Si),Culi L _co,Et
- epSiLi| — >
e,Si 2 25i)2 Me 2
81%

|. Fleming et al. J. Chem. Soc., Perkin Trans. 1998, 1, 12009.

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 @)
MeCu * BF;
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 O
Me,CuLi Me
CO,Et - Mo CO-Me
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

I\E/Ie Oct,Culi Me
- OBn > OBn
TsO™ >~ Sn2 inversion OCt/'\/\/ 73%
H
M
o ej/\ﬂzul_i OH
/ \ Me ’ Me
CO,Et > = CO,Et
Me 90%

Li2CUC|4

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

OSiMe3 OSlMe3
@ MeCu(CN)Li Me,,
O >
OH
75%
H
OAc
/LMe HexMgBr _ Hex,,l/Me
= 10% CuBr
H
70%

A. Alexakis, Pure Appl. Chem. 1992, 64, 387.
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Copper: Prostaglandin synthesis

o Li o~ Pent o
1) :
é OTHP . —_— \\\"(CH2)6002M6
—
CUI, BU3P S
@) HO
2) )J\ Pent
H” (CH,)sCO,Me OTHP HO

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 ! + —— CHyCHO +_ 2 HCI +

(pac) + (zowER) —= Fac> -

2CuCl| + (2HCI MW+ 1,0, — (2CuCly) +

——————

______

@)
R + 0, —= RJ\

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

_ PdCl, CuCl NaOEt

t _—

H,O, DMF 0

68% 85%

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

C-H activation

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

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

HNJ\

5% Pd(OAC),
+ 2 >CO,Bu -

o= o

AcOH

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

x_CO,Bu

85%
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Palladium

Heck Reaction

Br IMes, HCI, Pd(OAc), X _CO,Bu
/©/ + /\CozBu > /©/\/
Me MeCONMe,, 120 °C Me

( )

©
[~—\@ CI

N\7N\Mes

The method of T. Jeffery uses Buy,NBr 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

R-X + R2Met ~ R'-R?
Pd(0) or Ni(0)

R1.X X R%-Met  Suzuki-coupling Met = B(OH),
Stille-coupling Met = SnR,
— Negishi-coupling Met = ZnX
:PdLn Rs—PdLn
\_/ R2 Kumada-coupling cat = Ni; Met = MgX
Sonogashira-coupling Csp-Csp?
R'-R?
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Palladium
Stille cross-coupling

Bu,sSn (1.05 equiv)
Cl 1.5% Pd,(dba), Bu
'
MeO 6% t-BusP MeO

CsF, dioxane, 100 °C, 48 h 829,

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
- O

DMSO, 60 °C, 40 h

E. J. Corey, J. Am Chem. Soc. 1999, 121, 7600.
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Tri-(o-furyl)phosphine as a new ligand for cross-coupling reactions

@cone (0.8 equiv) MeO2C

THF, 4% Pd(dba),

16% TFP
0 og{o 25 °C Ligand = TPP: 4 h; 79%
© = TFP: 1.5 h; 83%
{3
P
O 4
TFP

Farina, V.; Krishnan, B. J. Am. Chem. Soc. 1991, 113, 9585-9595.

Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C.; Liebeskind, L. S. J. Org. Chem. 1994, 59, 5905-5911.

Klement, |.; Rottlaender, M.; Tucker, C. E.; Majid, T. N.; Knochel, P.; Venegas, P.; Cahiez, G.

Tetrahedron 1996, 52, 7201-7220. 139



Negishi reactions

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

HBr 5 Me;Si—=——2ZnBr o

HC=CH > I/\/ r - MG3SIT\\—
IBr 2% Pd(PPhs), Br
0°C,48h 76 % 0-23°C,14 h 1: 81 %

1) MesAl (2 equiv)

A\

1) LDA, THF _ . N RN
| N o . N = CpoZrCl, (1 equiv) _ |
2) CIP(O)(OEt), | CICH,CH,CI, 23 °C, 4 h
3) LDA (2.2 equiv) 2) ZnCl, 5% Pd,dbay, 2:70 %
85 % 5% (o-furyl)sP, 1
DMF, 23 °C, 6 h

3) K,CO3, MeOH, 23 °C, 3 h

1) Me;Al-Cl,ZrCp,

2) ZnCly, Pd(0)
- Xx2" DMF
23°C. 8 h

E. Negishi, Org. Lett. 2001, 3, 719. 140



1,2-Diastereoselective cobalt-catalyzed Csp?-Csp? couplings

* cyclic a-bromoesters with arylzinc reagents

ZnCl 7_77 CoCly (5 mol%) h
R©/ THF/EtOAG (1:1), R
-20°Ctort,5h

= Me, OTBS R
n=1,2

oM CF
> o o~y
“0TBS “0TBS “OTBS 0 *\0

81%; dr = 99:1 62%: dr = 99:1 84%; dr = 99:1 70%; dr = 99:1 61%; dr = 99:1

» Stereocontrolled synthesis of munduserone

OBn
ZnX OMe OMe
1.2 equiv
MeO ( quiv)
0 BnO
OMe O OMe 1) DIBAL (1.5 equiv)
O\b,Br CoCl, (5 mol%) . CH,Cl, -78°C, 16h
THF/EtOAG (1:1), OMe  2) 3
oTBS 20°Ctort,5h oTBS MgX
o/ - — .
99%ee; dr = 99:1 89%; dr = 99:1 (2.0 equiv) MeO MeO
MeO OMe OMe
THF, 0°Ctort, 16 h 86%; dr = 92:8 munduserone

M. S. Hofmayer, L. Grokenberger, F. H. Lutter, P. Knochel 2019 141



Palladium

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

5% PdCIz’ Cy3P FG

FG
@\ Q/CHO 0. _CHO
+ »
Br Bu,NBr, KOAc L 00 - 80%
_ DMF
FG = Cl, OMe, CN, NO, CH, CF; -Pd(0)

N Ho/ =
’/\/ CHO —— ArPd>FO%\CHO — /D\CHO

Ar—Pd O ArPd™ >
ﬁ(} X7 © HY

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

Pd -catalyzed heterocycle synthesis

Ph MeO

©1N§/ 5% Pd(OAc),
+
[ — Bu i-PryNEt (2 equiv)
BuyNCI (1 equiv)
DMF, 100 °C, 36 h

Mechanism
©1N§/Ph PA(0) N Ph
—_— >
I Pdl
Ph———R

Ph Ph

- Pd(0) JRAH
N N

<—

A Cr
Bu R

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

OO

78 %
N« _Ph
Pdl
R Ph
h
Pdl
N
R
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Olefin metathesis

Mo or Ru-catalyst R R2
R1 R2 y \:/
] + [ —> +
R Rs R4_ R3
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

Mo or Ru-catalyst Rq L Ro

R1 R2 —/
ﬂ + [ S +
kA

R A
4 R1j
R4 R3
— - \—Ru
R4 R3
Ri  Ro
\—/
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PCy3
Cl |

PCy3

1: Grubbs-catalyst
first generation

J. Am. Chem. Soc.

1995, 117, 2108.

Olefin metathesis

PC
Ny 7 pr

Ty

: Grubbs-catalyst

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

iPr iPr

|:307|\O MOXPh

FsC
FC O

3: Schrock-catalyst
J. Am. Chem. Soc.
1998, 720, 4041.
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Olefin metathesis

| N
Tos 3 (5 mol%) N CP/U\
)\/N\/K > ;:z N" N

CH,Cl,, 40 °C, 16 h

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

Synthesis of a,# -unsaturated amides by olefin cross-metathesis

s

Cat.

Ph

O cat.

A

Ph

Ph.
N/l\¢¢\§ﬁ;\OTHP
4¢x§a;\OTHP

100 % CH,Cl,, 40 °C, 15 h

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

O cat.

| ‘\N/M\éf\Ph

Ph X |

-
0
/
Z
e
Y
@)

CH,Cl,, 40 °C, 15 h 87 %
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Olefin metathesis

New phosphine-free metathesis catalyst

s PCy \o/
3 CHCI
- | 3
C'2R“\ catalyst ClLRU 25°C, 2 h /
o t-BuOK Mes. < g ClRux

“N
THF / toluene N-Mes © Mes - )\ _Mes
)\ 80°C.1h l\/ \( N N

-/
catalyst
Ts Ts -
' m
N catalyst (5 mol%)
15 min, rt __
100 %

S. Blechert, Tetrahedron Lett. 2000, 41, 9973 149



Application to the synthesis of natural products

Synthesis of aza sugars

OTBDMS
CH,Cl, 25 °C
ClLRu(PCys),=CHPh
N—Ns (1 mol%)

-~/

Ns = (0-NO,)CgH4SO,-

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

lll”O
T

OTBDMS
—

1

H
HO,

> 2 3
v H
N 0

= R\

g
\

Ns
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Olefin metathesis

Synthesis of complex ring-systems via metathesis

1) —

/—\ Bu3Sn N
Bu3Sn OMe \/H\

MgBr
> (o) -
0 ¢ o= CSA, CH,Cly, rt %k MS 4A
H /2 H 2) DIBAL, -78 °C © H'”2

3) Ac,0, Pyr

FI>Cy3ph ds>95:5
CIZRll.I:/
PCy3

(20 mol%)

;

91 %

Y. Yamamoto, J. Am. Chem. Soc. 2001, 123, 6702 151



State of the art

TBSO o "Ph

S %

catalyst (2.5 mol%)

-
t

. 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

Synthesis of jasmonic acid derivatives

0.0 _~_OAc o__0O
N > s A~ _-OAc o
Grubbs-cat. 1 (5 mol%) 73 %
COzMe 20 h, 25 °C COzMe
SiMe CszN\/COzMe
CbzHN_ _CO,Me N 3 :
~N =
: > N
Schrock-cat. 2 I
SiMe3

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

OAcC OAc

ethylene (60 psi)
'
=
/'\ 25°C, 22 h
Grubbs-cat. 1 (5 mol%) AN

80 %

S.T. Diver, J. Org. Chem. 2000, 2, 1788 154



Olefin metathesis

Ru-catalyzed Ring-Opening and —Closing Enyne Metathesis

Ts
TS |
N Cl,Ru(PCy;),=CHPh cat. QN
TBDMSO” : “] H,C=CH, TBDMSO |
CH2C|2, rt, 5h 95 9%
Ts Ts
N N
©’ CLLRu(PCys),=CHPh cat.
\ W = 0,
TBDMSO" l TBDMSO® 90 %
H2C:CH2 |
CH20|2, rt, 5h

RU:CH2 l

'Irs
r
RO™ %Ru

Ts
N
\
\ W
RO" Ru | RO’ 26

M. Mori, Org. Lett. 2001, 3, 1161 155



Olefin metathesis

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

=
CO,Me 1) TsCl, EtzN _ OH\ NaH, THF - DMPU Of
@ @J/,, > '
ClHaN™ "Ph ) CeCly, THE  TsHN™ “Ph B ah
3 S /\/ r "
Shel ca. 50 % Ts

ClL,Ru(PCys3), = CHPh

3 steps 0
- ZN
<«
///// N ////Ph
N Ph
H OCF3 _ll_S

Merck-team Org. Lett. 2001, 3, 671 156



New C-H activation reactions

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

157



The Murai-reaction

RUHz(CO)(PPh3)2 cat.

N +
Si(OEt), toluene N Si(OEt);

76 %

Si(OEt),

b

RUH2 CO) PPh3)2 cat.
Z~ “Si(OEt),
( toluene

R. Grigg, Tetrahedron Lett. 1997, 38, 5737
S. Murai, Nature, 1993, 366, 529
S. Murai, J. Organomet. Chem. 1995, 504, 151 158



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

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

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

PCys3 (30 mol%)

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

Chem. Soc. 2001, 123, 2685
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Gold-catalyzed organic reactions

Nucleophilic addition to C-C multiple bonds

Nu R Audt Nu R?
H
R2 [ R2 h R2
5 mol% Na[AuCl,]
HoN > HN — N
R1—— MeCN, 79 °C \
R1 / R1

64-92%

For a review see: A. S. Hashmi, Chem. Rev. 2007, 107, 3180 160



Gold-catalyzed organic reactions

Nucleophilic addition to C-C multiple bonds:

Aus*-catalyzed cyclization followed by a Prins type cyclization

R’ R

W\ 2 mol% AuCls N\
HO X > @) X
—/  R20H,25°C )/J

R'=R2 = alkyl
X =CH,, O 88-96%

For a review see: A. S. Hashmi, Chem. Rev. 2007, 107, 3180
161



Gold-catalyzed organic reactions

Gold(lll)-triggered rearrangements

Au3+ AU2+ R
RlYP/—R —— » @—R—>AU3+:":<
R']\f R1
7\ T e |
2 mol% AuBr, [Aul N bﬁ
o> R1 \ /
toluene, 50 °C 5
R1 R2 R H
-H*
i [Au] i
H* /N y
- 1
R -Aud* R 2
R2

35-96%
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Gold-catalyzed organic reactions

Aud*-initiated cycloadditions

3 mol% AuCl; O= R2—— RS O
Rl— > R’ \ / » R 4
DCE, 80 °C _
Au]

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

163



Gold-catalyzed organic reactions

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

t-Bu
O:< t-Bu t-Bu
5 mol% Ph,P[Au]OTf
— - 9 =
Bu MeCN, 25°C 25 N
(' )
( [Au] Bu Au -
t-Bu N tBu |

o~ O
A\& H3O P +
-
-Au EAu]

Bu Bu

85%

F. D. Toste J. Am. Chem. Soc. 2005, 127, 5802 164



Gold-catalyzed organic reactions

Intramolecular phenol synthesis

D—\ 2% AuCl; o
Me O O 07 M
__ / MeCN, 25 °C e

OH
69%
Dj 3 =
Me~ O O —> 0 —> | O
¢ = 0 \
\
[Adl i [Au]

0O - _@30-——*‘@30
Me 0 0~

OH

2.5 mol% Na[AuCl,] /—QOMe
o + /—QOMe - s
HS MeCN, 25 °C
o o

98%

A. S. Hashmi. J. Am. Chem. Soc. 2000, 122, 11553 165



