Organometallic reactions
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Organometallic reaction steps

* Ligand dissociation / coordination

MesAl + NMe; <= Me3Al-NMe;

6e 8e
¢ note: free Me;Al
dimerizes to MegAl,
©
s -

Mo(CO)s == Mo(COQO)5+ CO
18e 16e
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Organometallic reaction steps

* Insertion and B-elimination (details in the 5™ lecture)
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(opposite reaction is not common)

Organometallic reaction steps

« Oxidative addition / Reductive elimination (details in the 6t lecture)
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Organometallic reaction steps

* o-bond metathesis

b
/;M—CH3 —_— Mo— ,‘/M-‘SCH3+CH4

— SN
< Rw

Often: early TM with d° configuration

* Redox reactions

v

Fe &5 Fe
@ >

* Homolysis

Et—Hg—Et — Et—Hg- + ‘Et —=—>

Reactivity of coordinated ligands

* Basic premise about metal-catalyzed reactions:
* Reactions happen in the coordination sphere of the metal
* Reactants (substrates) come in, react, and leave again
* Binding or dissociation of a ligand is often the slow, rate-determining step

* This premise is not always correct, but it applies in the vast majority of cases.
Notable exceptions:
* Electron-transfer reactions
* Activation of a single substrate for external attack
* peroxy-acids for olefin epoxidation
* CO and olefins for nucleophilic attack
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Dissociative ligand substitution

Factors influencing ease of dissociation:

* For 18e complexes

+ 1trow < 2" row > 3" row kee = 6 %0 ¢ .
3.

ALY, T MWV e = 3 S ¢

" kog = 500

* d®-ML; > d10-ML, > d5-ML,
TP sP DH

* stable ligands (CO, olefins, CI') dissociate easily
(as opposed to e.g. CH,, Cp)

* Weakly bound molecules (solvent) useful synthetically
-> Easily replaced by a reactant

 Dissociation accelerated for large ligands
> PPh,

* Chemical promotion of dissociation:
M-Cl by Ag*; RH by H*;

(PPrg)An . + AgSeF —

ELTYV) g 44

-CO, k; i
LM—CO —=— LM—[] > LM—L
+CO, ky 2

kqk;[L][L,M-CO]
0 ————
k4[CO] + ka[L]
if [CO] or k., are very small rate = k4[L,M-CO]

strong trans-effect L
W, Me, CO L,
L L retention
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(PPng) hn SbF, + Agad

Associative ligand substitution
by

' -L
Example: L,M <:L__> L,M—L' T» Ly gM—L'
2
16e ta 18¢ 16e
Sometimes the solvent is involved.
Reactivity of cisplatin:
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Ligand rearrangement

» Several ligands can switch between n-e and (n-2)-e situations, thus enabling associative reactions
of an apparently saturated complex:

MEN=C == Mf

3-e

M = M 5-e 3-e
R o
(142)-e l-e
* Ligand slippage
<
R

Redox-induced ligand substitution

Initiation by added reductant

¢ Unlike 18-e complexes, 17-e and 19-e complexes are labile Fe(CO)4L Fe(CO
¢ Oxidation and reduction can induce rapid ligand substitution \/4
L L Fe CO 13a
LMY == LM—L* OX|d.at|.on prom.ote_s
_/ e 100 associative substitution /\
[5)
LM Fe(CO)s Fe(CO) L™ L
18-¢
e LM == L, M +L Reduction promotes f_g_‘."—
19-¢ 17-¢ dissociative substitution
* In favourable cases, the product oxidizes/reduces AcN .
the starting material = redox catalysis mu.lmnél.mh.
A8 e
CpMn (wS (M—U\ = (_cphntw\ (M—“)I \®
[cprnl), (D ) [ 250x Lerrntsy, vy’

A MHe
[ “““D\z(‘w\] Lepnn(w), ()] /
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Photochemical ligand substitution

* Visible light can excite an electron from an M-L bonding orbital to an M-L antibonding orbital (Ligand Field transition)
This often results in fast ligand dissociation.

M(CO)g TuE
— dcm = w( w\c s l:w U_o) (THF )] _lig Lw(m)s (L)]
T dr i

* Requirement: the complex must absorb, so it must have a color! (or use UV if the complex absorbs there)

* Some ligands have a low-lying ©* orbital and undergo Metal-to-Ligand Charge Transfer (MLCT) excitation
* The excited state has formally the (n-1)e

electron count - easy associative substitution M(CO)a(bipy)
* Similar to oxidation-induced substitution =ds =
_n* .h& +
# dr t
HOMO LumMo
* M-M bonds dissociate easily (homolysis) on irradiation
* = (n-1)-e associative substitution P
5 Y
n“l ( W)io Z “Y\ [LD\‘- T L"\Y\L( LD\q (P?V\S\]
~ 11
Electrophilic attack on activated ligand
* Electron-rich metal fragment: ligands activated for electrophilic attack —|+ —|++
* Protonation X X
* Hapticit [ d '?"“*R'h—\\ H* Moy
apticity may increase or decrease éN/,L - éN/,ll
* Formal oxidation state of metal may increase \©J 22 \RJ 1
Y 1
+ “L T
+ \/W
M‘—> Hy M< H,0 is acidic enough to protonate this coordinated ethene.
> Without the metal, protonating ethene requires H,SO, or similar.
T‘-
A +
o] He MIZ\\\ 'Ett
N o

q+
v Fe(CO)3 Fe(CO)s

\ I — F
(W) FeaqQ> — .. -
ot * Formally OX|dat|on of Fel® to Fe! (the ligand becomes anionic).
1

1 ,-C‘ * Ligand hapticity increases to compensate for loss of electron.
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Electrophilic abstraction

1
* Electrophilic abstraction Me  B(CFo)s /<> -
* also by Ph,C*, H* szzr\Me > szzr\Me MeB(CgFs)3
16 e l4e
)
i o |
H 3 Mo -
Cp (W) Mo A ———, Cp () I
- C_H'Plh3

Co (oo\LFc/\,v"/“\"___Hﬁ%—, Cp (W), Fe -l

. o /LM'e Me /Me\
* Alkyl exchange also starts with electrophilic attack: /Z” =N 777 =—= Me—2Zh Zn—Me
Me 2 \ /
Me Me
13
Electrophilic attack at the metal
« |If the metal has lone pairs, it may compete < < T
with the ligand for electrophilic attack | H* \ w
18e F‘e — /Fe—H
A
* Transfer of the electrophile to the ligand may .
then still occur in a separate subsequent step <S5 <
202 r\:u L r\:u 18
> P\

CH,COOH_ _HI_ CH3OH

¢ Can be the start of oxidative addition

m
L(CORRNC  Me— — > 1,(CO),RhMe + | — I5(CO),RhMS CHyCOl H0  Chigl
- S

Rh(CO)yly”
(although this could also happen via concerted addition) (CONelz
* Key reaction in the Monsanto acetic acid process: MeOH + cO > MecOOH MeCORN(CO)al3* MeRh(CO),l5’
CO§\
MeCORN(CO)l3
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Nucleophilic attack on activated ligands

Electron-poor metal fragment: ligands activated for nucleophilic attack.

Bu
< A h
BuLi H BulLi does not add to free benzene,
L =

it would rather metallate it

Cr JCr
oc/ “co oc/ ~co
oc oc ¢

1 1

* Nucleophile "substitutes" metal = hapticity usually decreases

¢ Oxidation state mostly unchanged

* Competition: nucleophilic attack on metal
« usually leads to ligand substitution

Nucleophilic abstraction

* Mostly ligand deprotonation

—
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CoWH, 29 cowr® L® + BuM

CHa
[ (e, Ta e ]r n——’_’es?-%l CP\T«,/i
[
Cp. 2 “tned o’ CH,

Op H Et, N H
S by —> Ae, - :) e CP\/ {
% ~Et M= Alte
G u 3 G H y

2/9/2021



2/9/2021

Nucleophilic addition
. PdCl,, H,0
Key reaction of the Wacker process: CoHy + 20, T%» CH3;CHO
oHl
(H0)CLPa=|| + OH —> (H,0)Cl,Pd
R
/ / R
% -
y o o
“ \o/
BN C)
Mg (D)4 “Ha(Ww), M (W)
17
Nucleophilic addition
* Rules P A
1. Polyenes (even e) react before polyenyls (odd e) J \ L @)
Open ligands react before closed (rule 1 superior) M "\\1 o ‘\\l ""’\.\1

2
3. Open polyenes — terminal addition
4

Open polyenyls — usually terminal attack; non-terminal if
L,M is electron donating

D e A PR>
T = S ¢ = S @ Cpy, Y |
u _“ - Mo™"
4 N
Mo Fe2t (D =l PR2

r
\
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V
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A
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e gRac S
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Ligands having a higher X character will tend to be more negatively charged and
therefore will tend to resist nucleophilic attack




The Wacker process

2 1
cl., cl., o,
o=pa—cll 2 oy H2 pom
~ci ~ci
Pd© + H* +
H0+2CF -2 (CuCl,— CuCl) HO
Cl., 1
H,0—PdCl
H,0—

CH3CHO<\L
cr

OH
" OCl “pd O "B-H elim"H C‘):;I g ins
P d—— -— i 4
2 “H k 2 o

Characteristics of the Wacker process:

* The oxygen in the product derives from water, not directly from the
* higher olefins yield ketones, not aldehydes

* large amounts of halides required: corrosive

* side products resulting from nucleophilic attack of halide on olefin

OH
‘de
OH
cl de
\D

ch,
Ha0~

'Pd—

<l

¢0H' =

f-er . o+
H.D "?OA@, H
¢|3-H elim H

OH
quﬁ

oxygen used as oxidant

Several variations (with more complicated nucleophiles) used in organic synthesis

Alkyne hydration

B0H, 4

L.
* Old textbooks (catalysis by HgSO,/H*): :.
OH
R/%/H tautomerize
I8

* Mercury is not used anymore. Instead Au(l) catalysis:

proten
A. transfer

— LA,

Q

H
R
H
R

[(lpr)AUCI)/AgSbF g 0 * Also addition of other H-OX molecules:
R1—=—R? -
14-dioxaneH,0 g I_re
120 °C PhgPAUCI o]
N
?L AgPFs 0Nz . R
_ tol > OCOR,
Terminal Alkynes; Highly Selective: R!—=—H * R? "OH %See(";e H"&
o 7 69
Au Cat. H 70 7
RI-=—H +H0 — o R1u§< ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
H H 1)
0 o}
7 8 e
IS G G ™
2
Internal Alkynes; Generally not regioselective: n-CeHiz Ph /\/& Fh /&
0 o) 70a 70b 70c-d 71c-d
i -=——Re 4T Pt 1&# R‘%L , 90% 82% R2=Ph  86% 70c:71c = 83:17
2 R N9 6 L R R2= CH, Ph 72% 70d:71d = 71:29
9 10 1

20
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Nucleophilic addition to CO

CO sensitive to nucleophilic attack when M - L back donation weak
(carbon positively charged)

CO converted to an anionic acyl — carbene complexes

NE1, NFis
b e LiNEt . 3 _/ - MeyO' 2 ; _/‘ Ll'
Fe(CO)s =~ (CO)yFe ( % - (COpuFe C "

OLi OMe

[Mn(CO),]* sensitive to water attack = metallacarboxylic acid decomposes by 3 elimination
(attack by MeOH leads to a stable metallaester)

OH, OH
N 0)g” s CO)M c 4 CO)sM C
Mn(CO), ( )sMn N ( )sMn N

0] (8]

0,

'

(CO)sMn H

21

What did you learn today?

* Overview of reaction-types in organometallics
* ligand reactivity
* insertion/B-elimination (5t lecture)
* OA-RE (6™ lecture)
* o-bond metathesis (7t lecture)
* redox processes

* Detailed view of ligand reactivity

* Ligand substitution
* Dissociative
* Associative
* Redox promoted
* Photochemically promoted

* Ligand reactivity
* Electrophilic attack/abstraction vs. electrophilic attack at the metal
* Nucleophilic attack/abstraction/addition (rules)

* Wacker process, alkyne hydration, addition to CO

22
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