UCTGUE Basic Mechanisms in Organometallic Chemistry

» Main objective of organic synthesis — Synthesis of C—C or C—heteroatom bond
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Basic Mechanisms in Organometallic Chemistry

UCT PRAGUE

Zn
Pd | NI
Mg
.

* (Catalyzed versus non-catalyzed reaction

A+ B — C + D

AH,i AGT Aanon-cataIyzed reaction

Energy

AH,i AG:,t AS,i catalyzed reaction

—_—
Reaction coordinate

Pfechodné kovy v organické syntéze



UCTGUE Basic Mechanisms in Organometallic Chemistry ‘ﬂi}g

> Transition metals en route to bond formation

* Transition-metal-catalyzed reactions * Stoichiometric reactions

v i . .
Monocatalysis o Domino catalysis

starting compounds product starting compounds oroduct
M
product
starting compound
v' Multicatalysis
o Relay catalysis o Cooperative catalysis

starting compound product starting compound duct
product Proce
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i?g

» Transition-metal-catalyzed reactions

Pd(OAc),, L, CsF
[Pd] (kat) MeO—@—CI * (HO)ZB_Q 1,4-dioxane, rt MeO

Nu + ————> (NU = 0
E E Mo, 92 %
PCy2
L,Pd°
. . ey J. Am. Chem. Soc. 1998, 120, 9722
Reductive Elimination ﬂ Oxidative Addition
L..\Pd® E —X
E =Nu (n-4)
E E
L Pd/ L Pd,
(n'1) \ (n'1) \
Nu X
M—{ Nu

Transmetallation
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i?g

> Oxidative addition R—yx M o2y

* Oxidative addition by S,2 mechanism

Z + S ® S
VUG Ve S M;CI:-- L e XO . XM
$ “ 2 2z
Relative rate
Mel > primary-X > secondary—X > > tertiary—X
I>Br>Cl>>F
o Typical for Vaska’s complex
Me Me
PheP— Cl . Mo . PhP— | _ci _ PhyP— | |
OC™ ~PPh;, OC™ | ~PPh; ) OC™ | ~PPh,
| X
trans cis
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i?g

. . e, ® n
» Oxidative addition R—x M, p_mn*t2_yx
* Oxidative addition by S,2 mechanism

Hl't ° Pd(O)/P(tBU) Me Hl't ° OTs 1) Na,y[Fe(CO),], THF Me\?o
TsO Bu 2*_  TsO-Pd Bu Me/\/\/LMe 2) CO insertion Me” " "Me
/ /

inversion

H” /D D” “H 99% ee 3) Mel 99% ee
Br
_,[> CpFe(CO), CpFe(CO),
Sn2
@ >97% — >3%
|
Y
(CO)z—I, CpFe(CO), CpFe(CO),

>—/ > 70% =/_/ 30%
SN2 + radical
J. Chem. Soc., Dalton Trans. 1984, 1171
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> Oxidative addition R—yx M o2y
» Radical chain oxidative addition
Initiation
Inn +R-X — In-X + R’
Propagation
R® + MO —~ R-M®
R-M*D+ R-X —= R-M*2X +R®

o Only for coordinatively unsaturated complexes

requires radical initiator
slow

Cl

I % F
Me3P—I||’—PMe3 + OC/, \PM93
“Ir
CcoO vy
H F / MesP IIBrCI

0, o Inhibited by hydroquinones
faster Racemization occured

Inorg. Chem. 1984, 23, 649; Acc. Chem. Rec. 1984, 17, 221
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. . e 0 n
» Oxidative addition R—x M, p_mn*t2_yx
* Concerted oxidative addition (Typical for aryl halides)

n

Ar—X M, Ar—M"2—X

o Example of oxidative addition from traditional chemistry

Br Mg MgBr
©/ Et,0, rtreflux @

—X + Mg _.[ —x]'_+ Mg® - - .+ X@+ °Mg®

-/‘*\-Mg@) — (_—MgX
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i\

* Concerted oxidative addition (Typical for aryl halides)

o Proposed mechanism

L
|®
Pd-L Ph
L,Pd(0) + @ @ . ¢ — L,Pd
_ Br | X

L2Pd

Arl > ArBr > ArCl and EWG-ArX > EDG-ArX

o 12e or 14e Pd-complexes are the most reactive

+ PPh; _ Ph
(PPhy)sPd - —2 (PPhy),Pd A% (pPh;),Pd]

16e Phs * 44¢

(PPh3)4Pd
18e

-PPh;
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i\

. . e 0 n
» Oxidative addition R—x M, p_mn*t2_yx
* Concerted oxidative addition (Typical for aryl halides)

o Complexes with a bidentate ligand are more reactive (The complex is bent to a less stable conformation)

CE)Pd >>> L,Pd

Tetrahedron Lett. 1998, 39, 6163

o Extremely hindered P-ligands must dissociate before the oxidative addition

P OTs
P/Pd—P(O't°|)3 + ©/ 0 CP’Pd\

Angew. Chem. Int. Ed. 2003, 42, 5355

o Complexes with alkylphosphine ligands react with aryl chlorides faster then complexes with arylphosphines

Pd[P(alkyl);], >>> Pd[P(aryl);];

Angew. Chem. Int. Ed. 2004, 43, 2968; Angew. Chem. Int. Ed. 2004, 43, 3955
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i?g

» Transmetallation
L,M---X
* Concerted mechanism L,M-X + R-MgX(THF),—~ I:R---I\:IIgX L ,M-R + MgX,(THF),
(THF),

o Transmetallation mechanism depends on reaction conditions

transmetallation step

Me Me
R / R
Pd(dba), ~S. _\\—Sl—Me _\—Pd Ar
a
\ Me 210 P O—Pd Ar Ln
Sl Me |_n
J. Am. Chem. Soc. 2004, 126, 4876
transmetallation step
Me
© R
2r 2
| Pd(dba), N/, A SianSi~,| t X-Pd-Ar — _\\—Pd—Ar
“sunr Uz R £0 R L I
Sl-Me Us n L,
BU4N

J. Am. Chem. Soc. 2004, 126, 4865
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Basic Mechanisms in Organometallic Chemistry

Zn
Pd | NI
Mg
.

> Transmetallation

o Sn—Pd transmetalation starts by coordination

o)
PPhy ([ D snbu,
Pld—OTf >~

PPh,

CIO

|
H D Lpa—L S
©)\S“B“3 HMPA, 65 °C m

inversion

J. Am. Chem. Soc. 1983, 105, 6129

PPh, o

© PPh,

G)OTf

1

I

0
mSnBuj

OBn

|
—[ )-snBu; —~
Pd IT\/)_ nBus Pd_@

J. Am. Chem. Soc. 1998, 120, 11016

H o O
PhCOCI _ 41).,"«
Pd(PPh;),Cl, (4 mol%) O\g-~/ Ph
CuCN (8 mol%) H ©OBn
toluene, 90 °C .
retention

Tetrahedron Lett. 1993, 34, 8007
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i\

» Reductive elimination for the formation of C—C bond R—m2—y M oy
o Reverse proces to oxidative addition o .
oxidative addition +
Ar_
Ar—X =< Ar—M"+2 i M2
+ M" | X
X concerted mechanism

. ] reductive elimination
o Typical for cis-complexes

ph_ Ph

EP\P 4-Me . Me=Me First row complexes react faster then second row
p’ "M DMSO, 80 °C

7\
Ph" pp

O‘ » no reaction
O DMSO, 80 °C

Me

Phi:P-Pd-RPh
Piyd  Ph

Complexes with sterically more hindered ligands
are more reactive

Electron-poor metal centers eliminate faster

J. Am. Chem. Soc. 1979, 101, 4981
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i?g

» Reductive elimination for the formation of C—C bond R—m2—y M oy

o Higher ligand bite angle = better reductive elimination

o The rate of reductive elimnation is affected

Ph . . .. .
Ph, by electronic properties — pairing is the best option
E Pdlpy  35eC @'Me

Ph Ph T2 = 30 min R1

dppe = 90.6° Ph\P,Ph/@
dppf =99.1° Q. }:’t + PPh R R2
Ph | Ph Fe 7} 3 95°C
=iy <% ).
Q_,P\ rapid
Ph Ph Relative rates:

Inorg. Chim. Acta. 1994, 220, 249

R'! = OMe, R? = CF; > R"? = OMe > R"? = CF,

J. Am. Chem. Soc. 2004, 126, 13016
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Basic Mechanisms in Organometallic Chemistry

» Ligand substitution

L,M—L + L’ L.M—L" + L
P'Bu, P'Bu,

rMe ﬁH2 | ﬁHz
Ir + YNy Ir
I | CH -20 °C I CH2
P'Bu, P'Bu,

* Associative mechanism (S,2)

+L~

-L

LM — L M—L —— L, M—L"

Science 2005, 307, 1080

 Dissociative mechanism

- +|
LnM —L> Ln_1M —L>

L, M—L

(Sn1)

Ln_1 M_L'
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JCT PRAGUE Basic Mechanisms in Organometallic Chemistry

» Ligand substitution

* Associative mechanism (S,2)

+| -
L,M L, L,M—L" L L, M—L’

* Occurs with 16e and 17e complexes

* Favored for more electrophilic metals

* Favored for more basic attacking ligand

* Departing ligand negligibly affects substitution
* Metal should be sterically accessible

* Typical for square-planar 16-electron complexes
(Pd", Ni", Au", Rh', Ir)

L, M—L - L ,M—L’

* Dissociative mechanism (S,1)

- +L°
LnM —L> Ln_1M —L> Ln_1M_L'

* Typicall for 18e complexes

Favored for electron-rich and electron-poor metals

Favored for sterically hindered metals
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UCTGUE Basic Mechanisms in Organometallic Chemistry "i\

» Ligand substitution LML == LiMEey
 Associative mechanism (S,2) i
o Without solvent participation
Y -
] -
L-m-L . Lmds T L-m-L
| v YL |
L L L
o With solvent participation
Il_ ” S L | L’ |
] -
L-M-L 5. LM - M-8 —— L-M-L°
| v L | |
L L L L

Associative mechanism is stereoselective!

o Ligand cis-trans isomerization — pseudorotation ! (Berry)

L2 L? Le

| \L® AL I (L2
e_m*\ . e_pad _ e_na\
L |\II|,Le L /M’Le L |\|I|,La

L2 L2 L€
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UCTGUE Basic Mechanisms in Organometallic Chemistry

» Ligand substitution

* Dissociative mechanism (S,1)

- +L°
LM L L,.41M L L,.4M—L"

o Ligand elimination is ussually slow

co L
I +L I

\Ni — > 'Ni
%%"/ ~Cco 0CY " '~co

OoC
slow\\ %ast

Ni(CO);(solvent) + CO

J. Am. Chem. Soc. 1968, 90, 6927; Inorg. Chim. Acta 1981, 50, 65
Chem. Rev. 1983, 83, 557.

o Racemization occurs during dissociative mechanism

L, M—L
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UCTGUE Basic Mechanisms in Organometallic Chemistry

» Quick summary L,M—L

Ligand substitution

LM-L+L ——LM-L +1L Migratory insertion
LM
Oxidative addition L"“.’I—H — "\
X
X-Y + L,M" —» LnM|“+2—Y o
X L.M-CO —— L,,M—/(X
. X
Transmetallation
R-M + M-X > X-M + M-R B-Elimination
o LM
Reductive elimination w — Ln'Y"
LnM|"+2—Y > X-Y + L,M" X X
X
v Finished e Coming soon...
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» Alkyl, aryl and vinyl ligands en route to C—C bond formation

Meo—©—m . (H0)2B—© Pd(OAc),, L, CsF, MeO
1,4-dioxane, rt

2 o
MEzN 92%
PCy2
* Simplified mechanism J. Am. Chem. Soc. 1998, 120, 9722
L, Pd°
Ar—Ph 7/ "(n“Pd\i Ar—cl
L(n 1)Pd L(n 1)Pd

(HO),B—Ph
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» Alkyl, aryl and vinyl ligands en route to C—C bond formation

r~e—= R
L. M L,M— Ar ) LM
n _\—R . _S\_R
R

* Preparation of M—Alkyl, M—aryl and M—vinyl complexes by transmetallation

Li
P_. _Cl P
[ Ri,  Me - [

> F Me
P/ \N \ I't, THF P/ \N \
Ph2 @ Ph2 @ OMe
Me, (HO),B th
P F
J. Am. Chem. Soc. 2004, 126, 2594 EP/Pd\I AgZO
Me, th n

Organometallics 2005, 24, 190
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» Alkyl, aryl and vinyl ligands en route to C—C bond formation

* Preparation of M—Alkyl, M—aryl and M—vinyl complexes by oxidative addition

_PPh;,

|
Pd(PPhs), + ©/ — :I\,Pd\PPh3 + 2 PPh,
0 0
[Mn(CO)S]@ + ©)Lc| — ©)LMn(CO)SR> ©/Mn(CO)5

* Preparation of M—Alkyl, M—aryl and M-vinyl complexes by alkylation

[CpFe(CO)z]@ ¥ Mel S CpFe(CO),CH,CH; + ©
N

J. Am. Chem. Soc. 1985, 107, 3502
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» Alkyl, aryl and vinyl ligands

 M-Alkyl complexes — Properties

o Isomerization ,PR3 K=10 ’S\ 'PR3

S\
R2N—<S,Pd7/ — RZN—<S,Pd\/\

Organometallics 1992, 11, 4285; . Organometallics 1992, 10, 902; J. Organomet. Chem. 1981, 216, C12

o o~—Elimination

1.5 ZnMe, 2 MelLi

TaClg >~ TaMe;Cl, TaMe

Stable

J. Organomet. Chem. 1976, 122, 209.

1.5 Zn(CH,'B iCH,! _>L
TaCl; n(CH, Bu); Ta(CH,'Bu);Cl, 2 LICH, Bu_ (‘BUCH,);Ta=

Y H
L | J. Am. Chem. Soc. 1978, 100, 3359.
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n
ed | Ni
Mg
.

» Alkyl, aryl and vinyl ligands

 M-Alkyl complexes — Properties

p
. R& HR. R
o PB—Elimination H—} B—Elimination |
LMK, - = Ll
n
RR R* R

cis configuration

o Alkyl groups resistant to B—Elimination:

Me Me i R F
Me /SIMe3 >LF

M_CH3 M_CH2 M_CH2 M_CH2
O o Ol

M—CH, M—CH. R cis orientation is blocked

Pfechodné kovy v organické syntéze



UCTGUE Basic Mechanisms in Organometallic Chemistry
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» Alkyl, aryl and vinyl ligands

 M-Aryl complexes — Properties

o M-Aryl complexes are more stable then M—Alkyl complexes

Ph—-Mn(CO)5; x Me—Mn(CO)5; ABDE = 4 kcal/mol

Ph-Ti x Me-Ti ABDE = 7.5 kcal/mol Ph—Ir x Me-Ir ABDE = 26 kcal/mol
Me Me
Os py_H@ Br{® Os
Fe, DCM, rt
Br'4

Me Me

Chem. Commun. 2001, 1478
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