Transition metal
organometallics

Reading: Crabtree, pages 69 - 162
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Noble metals:

Noble Coinage
metals metals

High electronegativities
Covalent bonding to carbon
(Au-C bond is non-polar, stable to air and moisture)
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Early Transition Metals: Groups 3,4

Properties Typical catalysis: Polymerization

« Strongly electrophilic and oxophilic

* Few redox reactions (exception: Ti) M/Me =, Mﬁ" — M e
N etc

* Nearly always < 18e © 7 Me

* Polar and very reactive M-C bonds (to alkyl and aryl)

* Few d-electrons:
» preference for "hard" c-donors (N/O/F) @ @ (hCAU))N G° Ne
. i - . ”

weak complexation of m-acceptors ~” —_— /\-2r®

(olefins, phosphines) @ N B

Electronegativities
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Middle" Transition Metals: Groups 5-7
Properties Typical catalysis: Alkene and alkyne metathesis

* Many accessible oxidation states
* Mostly 18e ;R1
* Ligands strongly bound R,

* Strong, not very reactive M-C bonds

>/

* Preference for 6-donor/n-acceptor combinations (CO)
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Late Transition Metals:

Groups 8-10 (and 11)

Properties Typical catalysis: Hydroformylation
* Many accessible oxidation states
* Mostly 18e or 16e M — a /<> co O

16e common for square-planar complexes M —> M —> M — M
* Easy ligand association/dissociation l
* Weak, not very reactive M-C bonds o} (0] o}

o}
¢ Even weaker, reactive M-O/M-N bonds )\\/ N»\/ N»\/ o,
. H N — N I N

* Preference for o-donor/weak m-acceptor ligands Y H, >

(phosphines) H

W- co
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Going down...

1t row:

* often unpaired electrons

 different spin states (HS/LS) accessible

* "highest possible" oxidation states not very stable
* MnO, is a strong oxidant

Tem fagin- s e plox
st

LA —

Maximum oxidation state

};dﬂwﬁguhgt d»,
NN

2" and 3" row:

* nearly always "closed shell"

« virtually same atomic radii

* highest oxidation states fairly stable
* ReO, is hardly oxidizing

« 2" row often more reactive than 3 row
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M-H and M-C o-bonds

M—H Hydride
/
Mg Alkyl
\
C_
4
M—C\ Vinyl (alkenyl)
M—C=C— Acetylide (alkynyl)
-
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Me e  LMT C\“
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. ol o whe ¢ Coordin
/- aanlwc d

* Transition M-C bonds can be strong

* Many attempts to prepare TM-alkyl compounds failed
—>Formation in competition with decomposition pathways
(kinetics vs. thermodynamics)
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Agostic alkyls: C-H bonds

atively unsaturated complexes

Synthesis of metal alkyls

* R nucleophilic attack on the metal

(transmetallation)

¢ R*: electrophilic attack on the metal

o Mel
Mn(CO); —5 MeMn(CO)s

* Insertion (reverse -elimination)

{ (i -
2T TR T e
=y Lu _

TiCl4 + 4 PACH,MgCl — Ti(CH,Ph), + MgCl,
\V(l.‘ + 6 hely —o \x/l’\g‘ + 6 L
Mo, + 2olle, —> NbMe,(Ly + 20K,

5 5
e -1
®
o @ Th,1l
Sunl Cpfe (W) — Cp&-(w\z?"‘
oc” | Tco ¢l
cO
a . .
N Formed as intermediates
lofa Equilibrium concentration (reverse elimination!)
/ -> sufficient for catalytic reaction
N\A Metal alkyls can be trapped using ligands:
Ciy,
§ e gy e
Cpbnﬁ+\/ [ . C[O,_h0+ W 3 CPLM° N
H R PR
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Synthesis of metal alkyls

X
I + ML S— N\ HLN
* Oxidative addition Y o y /
0.8,=0 0.3,=2
A6 o 18 2
(VRS C.M,= mr2

* XY =H,, RyC-H, ClI-H, Ar-Cl, RCO-CI, CI-Cl, Me-l, R;Si-H, ...
« different possible mechanisms

 often starts with electrophilic attack - vy -
g - oceka

l\‘lle -v;.qrAn.lMJ-
ﬁfRnL/L L =P(OPh); ']’l - ”L’“’“D G- Ao
0 e ! — 1”\ - - A d"-e’r"'-"LQ
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= L fame T-acdlic
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Synthesis of metal alkyls

¢ Cyclometalation
* Chelation to form metal aryls

* Rollover cyclometalation

3
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Metallacycles

* Cyclic alkyls
* Often intermediates (dimerization and trimerization reactions)

* B-hydrogen bonds are not accessible in small metallacycles

H W Chy
/C LN L H/C\’:_ - /\\r_ut lv"M/ \(I,LH
—_—
LMH\CHL{‘ AN o2 LNH = N oM,
YA Cu, ¥, cu;
Ch HC/
z 2!
oy - Q)
) e -
/ Rh W P(\I\)r\-)
(P
23¢ 3 )a (;?r) P
3
11
Decomposition of metal alkyls
* Dominant: B-hydrogen elimination
* B-carbon atom must have hydrogen
¢ M-C-C-H unit must be able to adopt ~syn-coplanar configuration E\lk:/H)\u H\ "-_I
* Avacant site on the metal cis to the alkyl must be accessible (labile ligand) LM O LaM—,
* Rapid for d2 and higher metals
— back donation of d-electrons to the C-H bond
- weakens the bond and facilitates hydrogen transfer
* Slow for d° metals (incl. main group)
* Alternatives: X ¥-4 . a-elimination
. L \- — [ M R
* homolysis m~ "~ NELs > &
=
* o/y/d-eliminations ON/ @\ B Q
[IrHzLg(s01v)3]t ——— N L NEt m,. N L NEt
* reductive elimination sole—ir’ o H_,L/_
(especially with H or another alkyl) Zh ok L/L Me
/s . !
—_— L. + k-2
Lo »
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How to prevent -hydrogen elimination ?

No B-hydrogen : CH;, CH,CMe;, CH,SiMe;, CH,Ph

No empty site cis to alkyl

Product of elimination unstable

Planar transition state inaccessible

even for 5-membered metallacycles

B-elimination is difficult !
(basis of selective ethene trimerization)

o
w Me oL
(4 ==
/
szi/
A
p—f;l.‘o
=N e
LA
R
({ md\
. g
qH__O

ms b»o—/...;tt

Reactions of metal alkyls

 Insertion, of both polar and non-polar C=X bonds:

* olefins, acetylenes, allenes, dienes
* (ketones etc)
* CO, isocyanides

Cp\,. Q’;

- :
Cp/i *}/, CP‘/ NTR 2\
/
o B R o=c__ A
L\'.?-L/K LT, \?t/ /?L\X
L7 x L7 X L

* Reductive elimination

X
LF\A—\R —_— ML, + RTX

Ph reductive Ph,
5e z

W —— (o

phz\Q B
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Synthesis of metal hydrides

* Protonation / oxidative addition

H
LM,
LM Wi X
n
v 9]
[LM—H] "x @5 HoAl (O/\_,OMe) @
M 3 o ;!
* From hydride donors pth/_g 0\"‘*CI - pth/‘:‘, (}\"“*H
</|5Ph200 {_PrnO
* FromH,
P, M/H L M OC.,, «PPhs Ha OC,..,<PPhs
2 — L M—
n N T PhP” CI Ph,P” | H
e

* PB-elimination

]

()=

OH" -COy )
Cr(CO)g — [Cr(CO)5(COOH)] —— [HCr(CO)s]
o X
<&
(CD\SCrJ ;‘clo

Reactivity of metal hydrides

* "Hydride is the smallest alkyl"

¢ Canreactas H*or H
* HCo(CO), nearly as acidic as H,SO,
* Cp,ScH gives H, with acids, alcohols, ...

 Insertion reactions ',..-afa..: T +
+ COinsertion rare (endothermic!) [M]—H M- - -4 W =
¢ hydrogenations M

RhH,CI(PPhs); + O —_— i
RhHCI(PPh3)s
CH,0 -
x —
Cp 2rl, Ce Qr(DCH_!\Z K y
R R 2 2 ¥ 2 7
—u — v
JL— 3 o s ~ 2 ocH
@ 2 2
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The other ligands...

* Common ligands for transition metals:
7t ligands, CO, phosphines

* General characteristic: c-donating, w-accepting, "soft"

CO

PR3

17
CO | |ga n d Back-bonding involves an antibonding orbital of CO
* Bonding interaction
o bond: x backbond: ¢ C-O bond gets weaker:
0 v s Tenminal carbonyls o= 112-1.184
e =
M @ = C=0 L12gh MiCO)g oo = 2057 or'!
o= _ -1
aufiﬁﬂ?ﬁun i % veo=2143 e FRHCINCD) veo= 1960 ezt
i srapty ColCO)ly  veo = LBBA om!
d-orbital m+-nrbifal
\;-Bridging carbonyls  deo= 1.17-1224
LM LaMiCO) co
o =2002(5), 1959 [w), and 1776(m) e
T AN / e (bridge) = LE0T(58) A
_— Ir\ — 1 T, e (tenminal) = 1.177(59) &
\ 'co
% Bz 32034 terminal), 171 40 (hridge)
o Motice that the C=0 bond is L to the M-M bond
pz-Bridging carbonyls  deg= 117-1224
_j]l \’Q ol A W
FYONY Iy \; e = 1620 o Ve = 2104(mm), 2070¢5), 2032(vs)
o A dep=1.197(7) - 1209(7) A 2011(s) 1973(w), 1743 ! 18
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Synthesis of CO complexes

¢ Reaction of low-valent metals with CO

Cco
——» Fe(w®
fe o ‘( l;

200 atm

co
o Ir (),

1 atm

\ ce (cod)L,
L=TMe,

* Reaction of high-valent metal with CO and a reducing agent

S,04%
NiSO, %» Ni(CO), te, 0, ——
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Phosphines (phoshites, polydentate ph

osphines)
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Phosphines (phoshites,

polydentate phosphines)

Phosphine Ligand Cone Angle i
e Lvikn bumudﬂ
PH, 87°
PFy 104°
P(OMe), 107°
PMe, 118°
PMe,Ph 122°
PEt, 1320
PPh, 145°
PCy, 170°
P(t-Bu), 182°
P(mesityl); 212°
21
«F bond: T backbond:
O apc) Q # QC@ Alternative view:
G;nifa} l e i
filled '5{ Y
ernpty d-orbital ethylene filled d-orbital emply = j
pi-orbital ethvlene B e ”’ /3
" orhital 1§ M |
ot ~ 1,
LM LM{C;Ha CHy E Py
. g sierple dlkee ree Rl ]
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‘«‘ &% TaHy 1.237 an® y .}E\
L ECPICLa(CsHall 1278 74
S TIC ) 1,238 55 ¢
'.f' Y | @C@ T TP ) 1.44 [ b 15 e angle betwean a wector
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(o=t g e : . Flame 2l the 20 boxd
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Donor and acceptor orbitals

o-donor m-acceptor
' n “
co I i LP

alkene

|

*

LP

phosphine \y

o-donor character:
phosphines > alkenes, CO

T-acceptor character:
CO > alkenes > phosphines

Depends strongly on
the substituents on
P, C=C!

23

Synthesis of m-ligand complexes

¢ Substitution at low-valent metals:
generate empty site(s) in presence of free ligand

Cr(CO)g %ﬂ Cr(CO)5(CqHe)

6''6

- G H
?L(l: __i, [ Pt Qs(cz“\)] =~

24
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Synthesis of m-ligand complexes

* Reduction of high-valent metals

+

@1 N

crcl, AAGL o re C|r

CeHe | |
= A

O :
N N A
i e

/}L\P{

25

Synthesis of m-ligand complexes

|
Anionic ligands: -
¢ FeCl, —PNa_ o
* nucleophilic attack of an anionic ligand (Cp’) |
==>
(e A
g oans or hv 0C—
* substitution ’M“(CO)SI —— /\/Mn(CO)s — {---Mn(co)4 0 v

26
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Change of hapticity

f

<

<

More than 18 e ?

Y

V\/< z ring slippage

o/m allyl

1.41-1.44
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o complexes

* Ao bond as 2-electron donor for a metal.

* H, complexes (non-classical hydrides)

* Agostic C-H bonds
* Usually intramolecular

* Sometimes intermolecular

?O ?O T
OC "'--.Cr--"" CO hv /‘"lcri H
oc™ , ~Cco H, oc~ | ~co
Cco CcO
T {
N C /
{ Rf
v /I-> ,\(
H
co _
ocC.., | -CHy In "matrix"
OC;Cr;CO Characterized by IR
O
28
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o complexes

A o complex is an (arrested) intermediate for oxidative addition:

X X
M—ao LY» M—| —> l\/(
Y Y
M M M(m+2)
n-e (nt+2)-e (n+2)-e

Stable o complexes are formed when the metal is not
n-basic enough to enable completion of the addition.

* Y-H bonds (Y does not have lone electron pairs) @
Si-H, B-H, P-H, ... |
)\
OC’/ \."SiHPh,
oC H

29

What did you learn today?

* Early-middle-late TMs — different reactivity, different use

* Metal-alkyls
* [-elimination
¢ agostic bonds
* synthesis (nucleophilic attack, electrophilic attack, insertion, oxidative addition, cyclometalation)
* decomposition (-hydrogen elimination, homolysis, reductive elimination)
* reactivity (insertion, reductive elimination)

* Metal-hydrides
* synthesis (protonation, hydride transfer, H, addition, B-hydrogen elimination)
 reactivity (H*and H- transfer, hydrogenation)

¢ Other ligands:
* CO, m-complexes, o-complexes, phosphines
* synthesis, properties
* o-bonding, n-back-bonding (c-basicity, n-acidity)

2/2/2021

15



