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Ligandenaustausch

TUG

ML, + nL"—— ML, L, + nL

MLy = ML, 4 + L

Reactive intermediate

- L .

LM —E L M~ ML (D)
_y© )

Rx —2 g NUT B Ny (Sn)
+1i.’ ., —L ,

LM~ LML —=> LML (A)
NUG) ‘ of <]

RX — s [Ny---R-+-X]?¥ ——— R-Nu + X (Sn2)

O

0 . o
RO /& —— M+ °0R (transesterification)
OR R™ V"OR’ R
OR

R OR



Ligandenaustausch

TUG

Trends for associative and dissociative substitution reactions.

Associative mechanisms

Dissociative mechanisms

Type of complex

Rate law

Activation parameters

Electronic effects

Effect of departing
ligand

Steric effects

Additional factors

Occurs with 16-e~ and
17-e~ complexes

First order in entering ligand

Large negative AS*
Large negative AV*

Ligand: Favored for more
basic entering ligands
Metal: Favored for more
electrophilic metal centers

Affected only slightly by the
departing ligand

Favored for sterically
accessible metal centers

Occurs with 18-~ complexes

Typically zero order in entering
ligand

Small positive AS*
Small positive AV*

Can be favored for more electron-
rich or more electron-poor metal
centers

Affected strongly by the strength of
the bond to the departing ligand

Favored for sterically hindered metal
centers

Cationic complexes can react
through “encounter’ complexes
Reduction weakens M—L and
accelerates dissociation of a ligand




Ligandenaustausch: Thermodynamik TUG

Table 5.2. Selected M-L bond dissociation energy estimates (gas-phase values
urtless indicated; otherwise, D = BDE in kcal/mol).

L,M=X + Y - L,M=Y + X Compound process References
BDE of M=Y must be . .
greater than the BDE NI(CO_)4 Ni(CO)3 + CO “a, b
of M=X D=25x2

Fe(CQO); — Fe(CO), + CO
D = 41 * 2 (singlet) b, c
D = 41 (triplet)

. L , M(CQO)g — M(CO)5; + CO
Table 5.3. Relative enthalpies for coordination of various D(Cr) =37 =2

phosphotus ligands to ruthenium and osmium dimers. D(Mo) = 40 + 2 b
- ~ D(W) =46 =2
M = Ru.or Os » .
: @ |I‘C|(F’Pr’3)2CO W |I‘CI(PPI"3)2 + CO d
1/2 CD— MClp | —FL T
—L +
Mo Mna(CO)o —5 =755 = Mn2(CO)p + CO e, f
] L \C|
s hexane e
Mn2(CO)4o D=-338+5 2 *Mn(CO)s g h
Reaction enthalpy (kcal/mol)
L Os Ru CpNi®(ethylene) D55 CpNi® + ethylene i
PPhg 431 36.3
-Cpe —Cpe
P(OMe)s 49.8 39.0 Cp,Co(ill)® ~ CpCo(ll)® > Co(l)® i
oM, 516 553 D;=118+10 D, =85+ 10
PEty 54.9 513 [W(PCy3)a(CO)sL] = [W(PCy3)2(CO)s] + L
PCy, 47.9 34.4 k

L = Hy, 9.9; Ny, 13.5; NCCHg, 15.1; py, 18.9; P(OMe}3, 26.5; CO, 30.4




Assoziative Substitution: d8-Komplexe TUG

F———»LMS—Y»_»LMY
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With solvent assistance
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L,M=X _ L,M=Y L,MX : L M-S L,M=Y
Y. A+ X +Y+8 CAEXAY -+ X+ 8
Without solvent assistance With solvent assistance
. . ¥ ¥
Retention der Stereochemie Lo Lﬂ\ﬂ Lo v ;_C_l L,



Einfluss von Eintritts- und Abgangsgruppe

Eintrittsgruppe

trans-PtPy,Cl, + Y"

Y k(M s71) x 108

CI- 0.45
NH3 0.47
NO,~ 0.68
Ny~ 1.55
Br~ 3.7
- 10.7
SCN~ 180
PPh, 249,000

Austrittsgruppe

trans-PtPy,ClY m1® 1 ¢|°

(—NH_J”@ (NHQ—' (n+m)°
AN=P-X 4+ N Y — HN-PtoN ) 4 xmo
Q_ <—NH2

NH,

Rate constant

X ke % 10651
NOg~ Fast
H0 1900

cr 35
Br- 23

- 10
Ny~ 0.83
SCN- 0.3
NO,~ 0.05

CN~ 0.017




cis und trans Effekte: d8-Komplexe

TUG

trans-PH(PEtg)»(X)Cl + py

trans-PHPEtg)»(X)(py) © + CI®

X kops(s™1)? t(°C)
H- 4.7 X 1072 0
Me~ 6.0 x 107 25
CgHg™ 1.2 x 1074 25
Ci~ 3.5 x 1076 25
trans Effekt:

'RSI > H" ~ CH, = CN" = olefins, CO > PR, ~ NO, = I = SCN" > Br- > CI- > RNH, ~ NH, > OH > NO, ~ H

HOMO (dy) overlaps .
‘with mr-accepting Ly

ClS"Pt(PEié)z(X)Ci + py

H  ois-PHPEL)(X) (DY) © + CI°

X kons(s™)? t(°C)
Me™ 11.4 25
CoHs™ 7.92 25
cl- 4.17 25

Weakened by strong o-donating Ly

)

2

Starke o-Donoren (destabilisieren Grundzustand) und starke n-Akzeptoren (stabilisieren Ubergangszustand) erzeugen starken trans Effekt



Assoziative Substitution: 17 e- Komplexe TUG

Molecular orbital scheme for the

interaction of the eMn(CO), fragment

with a Lewis base. = 110 °C
i + PPhy > [((MeCp)Mn(CO),PPhg]
Mn—_ 12h
W . oc” | Nag ~py —py
1 1 + [(MeCp)Mn{CO).py]
. Electrochemical
8y, 0% oxidation ® ®
\ Cp)Mn(CO [(MeCp)Mn(CO)oPPhg)
. \ 555G, 12 min . [(MeCPMN(COLPYI™ - (
+a ~ ,
Fors i
e+ by e+ b2
4+ +
+a1’ (CO)MN—MN(CO)s —~ (CO)Mn.- (CO)sMnCI
P4 | PPhSl
— M0 —M,--L s
7| 7| (PPhg)(CO)sMn+ —CO+ (PPh,)(CO),Mn.- (PPh)(CO),MnCl
Cq
' Y (CO)sMNCH/(PPh3)(CO)4MnCl was independent of [CO]



Dissoziative Substitution: 18 e Komplexe

Reaction coordinate diagram
for a dissociative substitution
reaction.

CO + Ni(COjz(soivent)

I
L.
Kb ~
. Ni —_—— Ni—L + L

Ly N, PhH.25°C |~
L P(OEt)3 P(O-p-tolyl)3 P(O—i-Prr)3 P(O-o-tolyl), PPh,
Tolman cone 109° 128° 130° 141° 145°
angle
K, (M) Too small to 6 x 10~ 2.7 X105 4.0 x 102 No NiL,

measure detected




Dissoziative Substitution: Elektronische Effekte TUG

|,° Stabilized by bidentate binding of X
Ly—M—X Destabilized by strong o-donation by X
| Destabilized by strong m-acceptance by X

s
Lr—M—X vs.
7 | .
Lo ’C e
e
L
c LC

Starke des cisEffekt:
NO,” > OAc~, HCO,”, RC(O)~ > NHR > SH % > OR > CI- > Br~ > I~ > carbene > PPh, = H-, CO.

)OK i
0 CHj 0 CHj C’30 co CcO
13 o I - CC
OC ‘ts,,. V'\?'"‘\“ CO N 1300 0C .. Vlve""“\ CO oc ;Mn . Br L oC — Mn_ By
oc” | Nco oc” | >co oc” | L = PPhy, AsPh,,  OC” |

co co CO 8bPhy, or P(OBU); L



Dissoziative Substitution: Stereochemie

TUG

oc” | ~co

Br Di e f Br A o f
oc., ‘ +CO issociation o oC,, i sso1%|at|ono
“Mn’” __©csCO | M co
OC/ l \CO r.d.s. OC/ 1 \CO
CO co
PPhsy PPhy
0C,, | .CO ~PPh oc., | %co
Gy PPr y
PPhs co
via 860
PPhs PPhg PPhs
0C., | Co oc, | oc,, |
Cf —_— "‘Cr__CO . 'A.Cr
oc” co oc” | oc” | >co
co cO

oc,, | 13co



Induzierte Substitution

TUG

Ine + HRe(CO)s — In-H + *Re(CO)s
Radikalisch
sRe(CO)s + L —— Re(COML + CO
*Re(CO),L + L —— *Re(CO)sl, + CO
oRe(CO)xLsx + HRe(CO); —— HRe(CO)xLs_y + °Re(CO)s

2Re(CO)xLs_y —— (CO)xLs_xRe—Re(CO)xLs_x

Fe(CO)s —Z—~ Fe(CO)s(PPhg)s + 2 CO

Photochemisch PPhj
PENersus

Fe(CO)4(PEty) + CO

Cr(c0)s (CO)50r~o® +co

U

Oxidation von CO THF
[Fe(CO)4(NMez)] + CO; + 2H,0



Polyhaptoliganden

TUG

1

| 2 o L/l, 1 \\I—
5-70 °C
~Mo-., + 3L — - + Mo
oc” N\ CcO L = PRg, THF, 0 - ‘ ~

CcO acetone

e | O

I v oppp, PathA T CO |
_~Rh_ g 3 T ARh ] T /Rh\
ocC CO ocC N\ 'PPhy OC PPhy
. | i Sk
w*-Indenyl 73-Indenyl complex
Path 8
Fast
4 A‘Jhs

fn

oc” co

n3-Indenyl compiex
Effect of n° ligands on the rate of ligand substitution in (n*Cp’)Co(CO),.
@

Me Me N02 PPhB Me

Me

A Me Me

Me Me Me

Me Me

s 3.8 « 108 6.1 x 105 12xX104 1.1 x 102 1 22102




Oxidative Addition

TUG

A
-~
LM+ A-B —— — L,M"*2_ Oxidative addition
B
Xvalence elecirons at M X + 2 valence electrons at M
m d-electrons m - d-electrons '
n oxidation state of M n -+ 2 oxidation staie of M
A
, -~
LM 2 e -+ L,M" 4+ A~ B Reductive elimination
B

L,M?~ ML, + A B -

LM™ A+ LM™ — B Dinuclear

2LMT 4 A - A e 2 | T A oxidative
additions

X valence electrons at M

m d-electrons

n oxidation state of M

X + 1 valence electrons at M
m — 1 d-slectrons
n -+ 1 oxidation state of M

LaM® 4 HO o [L M2 ]
Cationic Anionic

O
LnMZ + O2 * LnMZ+2<é

PN

Neutral Dianionic



Oxidative Addition TUG

Table 6.1. Examples of reagents with low polarity, high polarity, and intermediate potarity that
undergo oxidative addition to transition metal complexes,

Reagents that are nonpolar or have low polarity:
H,, RH, ArH, R,SiH, R,SnH, R,Sn-8nR,, R.B-H, R,BBR,, RSSRK, NC~CN, and Ph-PPh,
Reagents that are highly polar:

HX, X,, RCO,H, RX, ROTs, RC(O)X, RSO,X, ROSO,X, RC(0)-OPh, HgX,, and SnCl,,
GeCl, R,SnCl, R,PhCl

Reagents with medium polarity:
RSH, ROH, RNH,, ArX, ArCN, CCl,, and CHCl,

General trends for oxidative addition and reductive elimination:

1. Oxidative addition tends to be more favorahie to electron-rich metal centers,
and reductive elimination more favorable from electron-poor metal centers.

2. Oxidative addition tends to be favored by less-hindered metal centers, and
reductive elimination favored by more-hindered metal centers.

W

Oxidative addition of nonpolar reagents requires a site of unsaturation and a
d-electron count of 16 or less,

Rates and equilibrium constants for figand dissociation or association that
occur prior to oxidative addition affect the rates of the addition processes.



Oxidative Addition: Thermodynamik

TUG

, AH (estimated)®  AG (estimated)”
Reaction (kcal/mol) (kcal/mol)
H
OC., PRy oG, lm PRy ) .
L tOHH e et 15 -6
RPT el ReP” | VH
Cl
H
OC., PR 0C,,. [m PRy
S f CHS"‘-H I Tk -2 +3
RPT NG ReP” | VGH,
Cl
CHy
OC’/,, I \PR OC;,,‘ '”i .‘\\PR3
" + CHy~CHy == i 4 +6
RP” G ReP” | YCH,
Cl
CHs
OC... PRy 0C, ]m +PR;
i F CHge! e gl ~35¢ —25
rRPT G RP” | el




Oxidative Addition: Thermodynamik

TUG

Table 6.3. Metal-ligand bond energies for two different Ir(lll) systems.

X Cp ir(PMe,)X,? L,CI{GOMrX,?
H 74.2 60

Cl 90.3 71

Br 76.0 53

I 63.8 35

CH, 35.4
CH., 50.8¢

CH, 80.6°

Table 6.4. Enthapy for oxidative addition of various reagents to Cp*Ir(PMe,).

Cp*(PMe,)lr + A~B -» Cp*(PMe,)Ir{A}B)

A-B ~ AH? A-B AP A-B ~AH?
C,H,~C.H, 22 cl, 123 HC! 61
C,H,~H 30 Br, 106 HBr 63
H-H 440 , 91 HiI 57
C,H-H 45

C.H~CH, 49




Oxidative Addition: H,

H
Phsp\\ﬁh//pph3 - Ph3P%thﬂmH
. 2 L
Php” PhaP”” | PPhy
Ct
H H
-
OC\ /PPhB H Hb,,“‘ ’ _“‘\\ Ppha . H
Ir = g via  PhgP—Ir—PPhg
Phop” el Php ™ | e .
co oc ¢l
CysP H
PUPCYs)y o+ My ——+ Pt
CygP H

Reaction coordinate diagrams and orbital interactions that occur during
the oxidative addition of H, to transition metal complexes. (Orbital
interactions from Hail, M. B. et al. Chem. Rev, 2000, 700, 353.)

Hooow  _H
%M»ng——+lmMﬁ{ U

0

Product
orbitals

Reactant
orbitalg




H, Addition: Mechanismen

TUG

o

(PPhy),BNhCI Phs PPh.),RhCI
3)3 *‘"“W“( 3)2

kngg
k2 1 Hs
T

_PPh
2 (PPhg),Bh(H),CI

Phspf,

PhyP ] PPh,
o
ks = ky X 10

2 Go(CN)® + Ho » 2 HCo (CN)g~

Co. ' Co or Co---H---H---Co|




Oxidative Addition: Silane

TUG

PPhy SiClg
Ci -+ HSICl Phgpu"‘"ﬂ‘h"““CI + PPh
PhaP ——Rh——Cl -+ HSICly ~—> . .
H” i “vpph,
PPh, : O
H EtaSi
Ph . Phy Phs a3t pp,
oC P ®  ELSH Etgsa,,,,___ll WP OC"""-|lr-"‘“‘P E H,,,%”rﬁ_“\p
I - r e —
8" VP B | VP Et;si” | vP B | v
Ph, co Phy B Phy ¢o Phy
1-naphihyl
H
PhaP\th” + Si —— () PhaP/\/Pt{, /1wnaphthyl
PhyP H Ph PhgP 8i
3 Mej q Me‘/ \\Ph
Gl O Excess Et,SiH
\Rh RN - e R g
S O rus?



Oxidative Addition: Alkane

Shilov:
K,PICL/100 °C
D.O/D0AS + Hal or Ficio, ~ RD
R-H
0
HthClSI’K2PtCI4 {l
~ RCI, ROCCF,

110 °C—170 *C/CF,C0H

L\P /HBU{ L\Pt®<Me )
! i -+ -
L7 N\-Bu! L” Me

/\Buf . \Pt®<
L + L-Pt | Mo |

\/BUF 1

Me4C

Intramolekulare Addition:

(PhsP)g,ll’Cl """" > (PhsP)g(Cl)I{

1 1O

pen,
(PMeg)MCly g M Mo,
["'lfi‘sF’\[/CH2
(PMeg) M ———r M
R ~
PM M/ MESP l K
(PMeg), “H "
M = Fe, Ru, or Os
PMe,
(MegP)4irCl LICH,Cheq MeaP. [I o, Me
B3Pl s r\/<
H
Mechanismus
M H
M - H4CR - M W
ChR ‘CH R




Oxidative Addition: Alkane

TUG

Intermolekulare Addition: ?p*
hv
It .., —
L/ AN H Hy
H
Cp#i(L.)
L= PMeB
Cp* or CO
Elr JV_/
oc” Tco 40

h"'ur i
MesF'/ NoH AR e N

P, K\TMeg

MegF’ Y, I e H hv MeEP ‘e,

L PMe, L PMe,

\\\\\

Cp*
RH .
R=Ph M, |~ \H
CSH-”, CH20M93 R

Ri..,.~_-F + Hp
H

Only regioisomer

Fe. et Fe —— 'Fe;/,‘\\/,\
TNy TB0C e N VL



c-Bindungsmetathese

TUG

L,M-R + R'-H — L ,M-R" + R-H

_Basic
R..
L,M-R + R"-H ~—L,M-R —— LM ‘H-— RTH —
‘R’
F{’lH L,M-R’
\Acidio
H
CpQZr/

H
— (CpaZrHy), +

CpiScMe + R—H — Cp%ScR + CH,
“Rate: B = Ph > 13CH,

Cphlu—Me + 18CHg — CpsLu—'3CHy + CH,

L,M-R + R—H



[2+2]-Additionen TUG

NHBut A /NHBuf
Cpo2r ——— Cp,yZr=NBu! CpoZr
2 e ~CHy ~ph
Zr(NHSiBush),
RH

[Bug!SIN(H)]oZr = NSiBug!

=
[BU3FSEN(H)]3 Zr

- (Buy'SiNH)sZr -R
R = GCHgana P (DusSINFazr

W...../
oN” N\
Ph
Cpr Cp ,‘
VIV /Buf 4 Vlv Bu! (lzpl Bu!
AN - P Ve Me.Si " u
ON N Buf ON €4 W,/
ON" N SiMe,
+ MG4C
O T



Oxidative Addition polarer Reagentien

TUG

Sn2 Mechanismus:

CHj CHg
L/,,“ \X I—f,,, | ‘,\\X Lf:,, | \1
I + CHgl — S e
oc” vL oc” | L oc” | ™L
| X
Trans Cis
O H D Ph H D
Pd(0)/PBulMe  LoPd. - 9-BBN-Ph  L,Pd_ >
Inversion NaOH

Retention




Oxidative Addition polarer Reagentien

TUG

Stoichiometry:
R CTHR _ =
Nas[Fe(COMP + RX E%N—“Z"E-»' Na[RFe(CO),® + NaX
Stereochemistry:
‘ -.-OTS ' TS -._'”ch- 0.
| 1) NayFeCOl, THE = ¥~
N S 2)COinsertion = NN
99%ee . . 3)CHal e 99%ee

Structural—reactivity relationship:

'_1‘5_ S 4><1o-3--_: | 14><10—5 _'<1x1o~5-

‘ Leavmg grbup effect {Fi = n~C1QH21)
Rl>_RBr > ROTs > RCI

k(relatlve) 51 1.0~

0.58. 2.3 x 1073



Aktivierung durch Anionen

TUG

Monsanto Essigsaure

—C—X
.

M)+ y© m;[v—m(ﬂe

Y-M-C—= + X©

1 Ie IS} Mel e
1IM(CO)ll, —— [M(CO),) [M(CO),(Me)l]

M = Rh, Ir Px .

K= 150tk [MCOIXP® e [M(CO),(Me) X

X=1Ac




Inner-Sphere Elektronentransfer

TUG

M+ RX M) - X-R [-MFD X + Re] cage

CollapV %\cape

R-M(+2) —x R- + M1 —x
M
R-R, alkenes, alkanes Mirt1) — g

MM = Metal in oxidation state n

Ni(PEts), “I‘Li Ni(PEtg)y —2e  [Ni(PEty)a]® [ATX]®"

VN

PEt, + Ar-Ni-X (EtsP)sNi® + X© + Are

PEts ISolvent

(EtzP)gNiX + Ar—H



Radikalkettenreaktion

TUG

initiation
Me, N hv (473 nm) -
: M, Pt® (phen)®*
= \ND o Mot pten)]

A1 X 108 ¢ Tripie’t

L o e

) [ ;_“\\N

Me
: T
Net atom: abstraction ‘ &
oL a i Me/ -\N
Me;; l <N

Atom

Me,,, seN Vi,
. > Abstractson o / Pt
Me [

Propagation

Me,, : \‘\N k

S

o

‘ —1 Me/\!/\\N :

N .
) = bipyridine - -

) + i-Pre.

Pr-

«\\N :
~ ) + tPr-
N . B

i L
i Pr- / \ 1% 10 M >
N k Me
Me,,,Y\\N> : ke 63103 M— =1 Me,
: Me
I
Termination
Me,, ‘\\N : i
§-Pre —— Side products which:do not

/\

lead to further reaction



Outer-Sphere Elektronentransfer TUG

@ &
LaM A+ RX Outer-sphere E.T. LoM™ -+ RX
RX° Re + X°
L,M® + Re L,MR]®
_R
L,MR]® + X® — — L, I\/I\X + L

_R
CpoZr''(PRg), + RX — CpZZr\X + CpoZrXs
Cp,ZiX + Re

i



Dinukleare Addition

TUG

Br.
(CO)sMn—Mn(CO)s —== 2 (CO)sMnBr

(CO)sMn~Mn(CO)s —12L (CO)Mn-Me + (CO)sMn-I

Me, Mes @
p.P co Me, CO 1
S/ N\ WP | e

Rh=——Mo-«CO + CHjl

T Rh Mo
Lol N ~¢o / 7 | >co
)\ OC €O HaC Me, CO

t
ﬁu Buf

. AN

CpoZt MCp* + HX —— CpQZIr\ ’ /IGC*

X
X = H, SiHMePh, OBU!, CH;C(O)Me, or SPh

Me
Cp R 8o
N—Si Cp
\ /R Mey. 0 N
Fe—Zr {"”N—Si ——CH + )J\ —b [N3}ZI’OEt + ‘.,Fe
oc' 4 N—si— Ph”” “OEt oc™ {
OoC R Meg oC

O

Ph



Konzertiert polar

TUG

Ar
LPA(0) + ArX —— LoPd(ArX) ——= L,,Pdix

14¢° LoPd(ArX) = Q
|

X
PdL,
16e®
. . Arl
Dissoziation (PPhg)yPd — (PPhg)sPd === (PPhy)o,Pd ———— (PPhg),Pd(Ar}(X)
+ PPhy + PPhg
ForR =
- _Ar  o-tol Lo _Bro_ _Ar
Ligand RgP -Pd-PRg === RsP-Pd 2BL. Ryp-Pd]  —— P >PdT
4 L ko Br Ar Br L
‘R=o-tol or ‘But .
- k4[L] = ko for R = o-tol
ki[L] =< kpfor R = But -
. ko
+ PPhj
X®| Polar medium -X°

[(PPhg)PdX]®——— 22— [(PPhg),Pd(X)(1)A1]°

Arl
+ PPhg

ko > Ky, but [[PPhg)oPdX]® > [(PPhg).Pd] in polar media



