Potential energy

Dissociative mechanism

X+ M-Y

Reaction coordinate



Potential energy

Assoclative mechanism

X+ M-Y

Reaction coordinate



Power

Water —r—, |

| & > )

Photolysis

r—>N_+CO

N, = Mercury
vapour
lamp

LLigand +
carbonyl
solution

Water-cooled

W(CO); + sol — W(CO)(sol) + CO lamp jacket

W(CO).(sol) + L — W(CO).L + sol



Substitution promoted by a redox process
addition of a catalytic amount of a mono-reducing agent

18e
M(CO),
[M(CO),]
[ML(CO),] /. 19e
18e

Y
"""
L g

[M(CO),]




Effect of the Lewis basicity of the ligand

The presence of more basic ligands coordinated to the metal center
reduces the rate of CO substitution.

The introduction of 2 or 3 phosphines represent the limit of the
susbtitution.

CO CO PMe3
OC////, C‘r \\\\\CO PMe3 OC///// C’r \\\\\CO PMe3 OC////, ‘ \\\\\CO PMe3
oc” | Nco 25°C  oc” | PMe; 80°C OC/\\pMe3 110°C
CcO CO CO

PMe; c1s
P MGB OC////// C‘ \\\\\P Me3

110°C OC/\\PMe
CO
fac




16e—: assoclative mechanism

[Ir(CO)CI(PPh,),] + PEt; — [Ir(CO)CI(PPh,),(PEt;)] —

[Ir(CO)CI(PPh,)(PEL,)] + PPh,



Substitutions for 18 electron compounds with
associative mechanism

[V(CO)s(NO)] + PPh, — [V(CO),(NO)(PPh,)] + CO
[Re(n®>-Cp)(CO)s] + PPh; — [Re(n®>-Cp)(CO),(PPhy)] + CO

v



Steric considerations
The bulk of other ligands on the metal affects the rate of the substitution

reaction:

« Large ligands INCREASE the rate of dissociative processes
« Large ligands DECREASE the rate of associative processes



Oxidative Addition

Me
Mey,,, Pt WWPEt; Mel Me,, | WPEt3
Me®”  VPEt, Me(|\|
PEt,
16e PH(ll) 18 PH(IV)

Concerted mechanism

H—H H
Cli,. wPPhy  H, Clu,,. ‘ wPPhj Clu, | wPPh;
SSLUNS —> Rh — Rh’
Ph3P PPh; PhsP”  YPPh, PhsP” | “TH
PPh,
16e Rh(l) 18e Rh(l) 18e Rh(lIl)

Sy, mechanism

+
Me \ Me

C|///,, \\\\PPh3 Mel C|l/,, | \\\\Pphs

"N > A1 .
PhsP cO > 4 \ I r
PhsP CO Ph,P™ | vYco 9



Irregular oxidative addition

Oxidative addition of imidazolium salts from zero-valent precursors

H @
BFy |
~N"XN— + [PHPPh Heat 4
B [Pt(PPh3)4] > PPhy "“*N)\N"’"
- .\:l,. il

Polar solvents favour polar transition states, therefore a Sy, mechanism.

&t | &
L Mesrs reea)

.
-
-
-

/1@
L,M—C

£
\ //

\
N —x
R

n

X~ — X—M—C
| "

L\

n
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Reductive Elimination

H
Et3P/Ih"Pt"\\\Me Et3P///,,_Pt_‘\\\PEt3
—
| YMe L (VR
PE,

18e” Pt(IV) 16e” Pt(Il)

11



Examples

H
EtsPr, WPEt;  MeCCH EtsPr,, | WPEts
SR - RH
EtsP CCMe MecC” | “YCCMe
PEt,
Cl
PI \ | 1 A
Ph3Py, - wC _ Ph3Py, S wCl + PhCI
Ph* | “YPPh, cI*  “Vpph,

Cl

12



o-bond metathesis

H—H - ﬂ
1 I \
Ha | -““‘“E + CHy

> Zr—Me — > Z:r—Me — AR

Nt Nt

16e- 16e-

13



o-bond metathesis

ﬂ 13CH4 ﬂ

LU‘Me S I—U<13CH3 + CH4

H HaC*=-=--H “CHa

Lu—CH;— > Lu-----CH;; —>  Lu *+ CH,

14



1,1 Migratory Insertion

M—C=0
X

X
/

R, Ar

[Mn(CH3)(CO):] + PPh; — [Mn(CH;CO)(CO),(PPhj,)]

Migration of X on C or insertion of CO in the M—X bond?

15



Mechanism of the 1,1 Migratory Insertion
I\/Ie\C/o

Me

OC//I ‘\\\\\CO *CO
I\/In‘\

oc¥” CO

CO

.

No iIsomerization

OoCy,
O C*'

. \\\\\C O

Mn
o

CO

Decarbonylation of [Mn("COCH,)(CO)c]: only cis-[MnCH,("CO)(CO),]

Principle of microscopic reversibility!

Study of the decarbonylation of cis-[Mn(CH;CO)(CO),('CO)] to demonstrate

the mechanism:

trans-[Mn(CH,)(CO),(*CO)] and cis-[Mn(CH,)(CO),(*CO)] in 1/2 ratio:

METHYL MIGRATION!

16



OC;,M , oC,. I \CO

n
oc” {!)O“*CO @ e 0 (c) » OCY clz Omco
M

[




1,2 Insertion with 1’ ligands

X
X CH,
| cH,
M—]||  —= M—CH,
CH,
X=H, R, Ar
Et
: el
H CH, HoC==CH, CH,
| cH CH,=CH, |

Polyethylene and Polypropylene formation

18



4
M —CH, CH, M CH,

""\\-: I'."i-"_H . L
H/ ‘

B _— T g _— | + L
A 2 H _H-

Beta-hydride Elimination
Mechanism —> Four-center transition state inferred

e [T T
2 c'.. .." .,\\H
I ‘=—=M o= |=—=m_ _cH,
CHy ~ o/ H ~c”
:.C\ H-
H H

Olefin-insertion - microscopic reverse reaction
critical step in olefin polymerization
B-hydride elimination is a termination step in olefin polymerization

migratory insertion -
&' -
Huu,,, LaH H, UL I H, SaH
H/T:\ H H-&,,:;;'—'r‘-“H H\"'«X/<H
M—H & M----H M)

- [-hydride elimination
19



Isomerization of alkenes

M
N . .
/ H 1,2-insertion (\M H  B-elimination
/\/\ ~ - o

20



o-elimination reaction

Typical for early transition metals. There must be an alkyl group with an H
on the C, (with respect to the metal), normally there are no H on C,.
Usually there are two cis alkyl groups.

ZIes,

CMe,

LM —
—;'n \ - L M== + Me CiCHH)
e H
'Il'a B A '
t-Bu Ta
Cl +-Bu -neopentane cl

o- and vy-eliminations are also frequent — formation of metallacycles
«cyclometallations»

SN N . H [\
N, §-eliminazione di idruro . \

|
H ,ff M R/

Described as Oxidative Addition of a remote -CH group
21



Fluxional Behaviour

Figure 1. Ball-and-stick model of the Dj,-symmetric structure of
Fe(CO);. Fe, lilac; C, gray; O, red.

Complex Isomer Structure Point Number
group of bands*

co
M(CO) oc—l\I/I-“‘“CO D
5 \CO 3h

|
Co

Characterized by two intense v, bands in the IR
spectrum at 2034 and 2014 cm™!

22



Infrared
transmission

| | | |
2200 2150 2100 2050 2000 1950 1900
Slem™!
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The first carbon-13 NMR spectrum of a metal carbonyl was
reported in 1958 for iron pentacarbonyl by Cotton, Danti, Waugh,
and Fessenden.! The result, a single resonance in the carbonyl
region, has been shown to be correct by several subsequent in-
vestigations;*™ in fact the single resonance for Fe(CO); persists
to—160 °C.* Since the structure of iron pentacarbonyl in solution
is trigonal-bipyramidal, the carbon-13 NMR spectrum for this
complex should contain two signals of relative intensity 2 to 3.
Qf the possible explanations for the singie resonance it is now
accepted that the trigonal-bipyramidal structure undergoes a
reorientation which is fast on the NMR time scale and exchanges
equatorial and axial carbonyl resonances. The most likely
mechanism for the exchange of carbonyls is the well-known Berry
pseudorotation® shown schematically below.




Fluxional means that the carbonyl groups exchange their
positions with one another rapidly.

The capability to detect the molecule in a fixed position is
related to the timescale of the applied analytical technique
with respect of the rate of the exchange process.

IR has a short time scale (~1012 s)
NMR has a much longer time scale

Diffrazione di raggi X 10" 5
Mossbauer 10" s
Spettroscopia elettronica 10" s

UV, /Visibile

Spettroscopia vibrazionale 105
IR/Raman

NMR c.107-10" s
EFR 10°s

25



31P NMR very useful for diamagnetic complexes

NMR — 37P characteristics of phosphine complexes

3P NMR shifts: + 245...-163 ppm

Downfield Region

PPh,(OMe) H;PO, PMe,Et PH,
PMeCl, PMe ,C| PP,
PCl;| P(OMe), O=PMe3 || PEt, | PMe3 P(CN)3 PH,
250 200 150 100 50 0 50 -100 -150 -200 -250 -300

o R4P N""KPH
X—=Ni=PR' —Ni—PR'
RyP” ° X °
cis Jp_p 65 Hz trans Jp.p 300 Hz

26



> € > e PR3
Lt P R3
| RsP——Rh™
[l | \PR3
PR3
_l.ll U 1} T
5Py
(b)
J Rh-P
> < W
2 - ¥ -
A A o x J(Rh I‘“_]-;i J(Rh-P,)
_ Ex!4ﬂ+3:1m=1321{z

Fig. 3.36 The predicted NMR
patterns for a complex of the type
[Rh(PR;)s]" at (a) low temperature
and (b) room temperature.
27



3 [RhMe(PMe,) ]

al . FA

I I I I I I
4 -8 —12 ~16 20 5 -24

Given that the temperature at which the NMR
spectra are recorded can be easily varied, often the
samples are cooled down at a temperature at which
the rate of interconversion becomes slow enough to
observe separate resonances. For example in the
Figure the ideal 3P NMR spectra of [RhMe(PMe;),]
at rT and at —80 C are shown. At low T the spectrum
consists of a doublet of doublets of relative
integration 3 (6 = -24), corresponding to the
equatorial P (that couples with the axial 3P and
103Rh), plus a quartet of doublets of relative
integration 1, from the axial P (that couples with
13Rh and the three equatorial 3'P). At rT the
exchange between the PMe; groups makes them
equivalent and only a doublet is observed (from the
coupling with 193Rh). 28
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Acta Cryst. (1958). 11, 620

Studies of some Carbon Compounds of the Transition Metals. I. The Crystal
Structure of Dicyclopentadienyldi-iron Tetracarbonyl

By 0. S. Mmis*

187 \85"5/ {82 g50

CHEMICAL COMMUNICATIONS, 1DGD

The cis-Isomer of Bis-(r-cyclopentadienyldicarbonyliron)
By E. F. Bevan* and P. T. GREENE

FIGURE



A Definitive Identification of the Structures of
Dicyclopentadienyldiiron Tetracarbonyl in Solution

0
</ ‘¢
\_— \/ J. G. Bullitt,"! F. A. Cotton, T. J. Marks"?
Fe \ Fe I(Cen) Department of Chemistry, Massachusetts Institute of Technology
J ™~ - \ Cambridge, Massachusetts 02139
S 4 Ve Received January 10, 1970
0

j éf % The pmr experiments reported here, as well as other

: / \ / results we shall publish elsewhere, resolve the question

of the structure(s) of (Cs;H;).Fe(CQ), in solution

\ / Fe mc,,) definitively in favor of Manning’s three-structure model.
/ However, the results have, in our opinion, an impor-
tance which transcends their role in resolving this
specific problem. They provide the first strong proof
that bridged-nonbridged structure interconversions,

of the type

0
1 0

RN “

M—M == M—M

N N
ﬁ )
0

can occur very rapidly and can therefore form the basis
for an extensive and important class of stereochemically
nonrigid or fluxional molecules.
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T

gt Mgy
.'M\\ ﬂmv' ,
A , W\J t, -53

-T00

100 Hz.
Figure 1. Pmr spectra (100 MHz) for {CJ-[,}.E&,(CO);E]\-;TE;E
temperatures. Upper four traces made using Ca h;ch Lg;r;
(173, v/v). Lower trace made using same solvent to wl 2
volume of CDyCly was added.

in accord with this, the intensity ratio of the two peaks
is substantially affected.

- T Tewmavw ouva and aill re—r'e pond.

The structures of both the cis- and trans-isomers of (nS-Cp)chz(CO).,
have been confirmed by X-ray crystallography. In solution, both isomers are
present, and the terminal and bridging CO ligands undergo intramolecular
exchange. Above 308 K, interconversion of the cis- and trans-forms occurs,
and it is proposed that this involves the formation of an unbridged dimer.

¥
7 c
C’?/" f\fo c,_’;\j/ \!;
Fo .—————Fe L(Can) 7 ;ﬂ\—/ i
cf \0/ ) &:’j %
Q Qo
i
0
-i\-—‘h! _ E\M-—M\
\i ¢,
0
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Fluxionality of the n?-alkene bond

MLL’ unit stays fixed

etc.
Alkene rotates

33



Fluxionality of the n?-alkene bond

Dynamics in alkene complexes :

D Nk
| N

{ || [
} 1o |
§ : -\.|
u U | 1 |'r:lr3 Hil 1
M | 233K .




Fluxionality of the n>-Cp bond

)

Fe
"\ Nco
coO
5.03 84.2
(a) (b) (GsHs)
212.7 (CO) '
1l0 | 1 i I b 2'00 I 1 | I 160

& (H)Yppm 5 (CYppm
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n'-Cp Ring-Whizzing

FE(CO)Q(TIS'CSHs)z(TI1'CSH5)2

+30°C

4050 Cpi{C) e Hyu

0 =C

M H“ Hﬁr# E{B
-65 °C He He
Hg He Hy
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Fluxionality of Cp

Ti(ns'CsHs)z(nLCsHs)z

O e N LS (S R D Ui S S |
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NMR: J,,p = 34 Hz NMR: J, 5 < 2 Hz

Molecular Hydrogen Complexes of the Transition Metals. 4.
Preparation and Characterization of M(CO),(PR;),(5*-H,) (M
= Mo, W) and Evidence for Equilibrium Dissociation of the
H-H Bond To Give MH,(CO),(PR;),

Gregory J. Kubas,* Clifford J. Unkefer, Basil 1. Swanson, and Eiichi Fukushima
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The 'H NMR spectrum of the monodeuterated complex W-
(CO),4(P-i-Pry),(HD) provides unequivocal evidence for direct
H-H bonding in the »>-H, ligand. The signal at -4.2 ppm is split
by spin 1 deuterium into a 1:1:1 triplet with J(HD) = 33.5 Hz
(Figure 4). This value of J is an order of magnitude larger than
that found for compounds containing nonbonded H and D atoms
and is 77% of the value of J(HD) for HD gas, 43.2 Hz.?! Thus,
since the magnitude of the coupling constant is a good measure
of the bond order here, the H-D bond is weakened on coordination.

N

WICO}EIPPrélthD}
200 MHz
JHD =33-5 Kz J
——
65

i L A
'3 -4 "5 54

43

L’Q-M?S
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For example, frequently the four protons attached to the
terminal carbon atoms in the m-bound allyl ligand C;H; appear as a single
resonance because of exchange. The mechanism believed to be responsible
for this is a change in bonding mode of the allyl ligand from being n-bound
to o-coordinated followed by a rotation of one end of the ligand around the
central C-C bond before the n-bonding mode is reattained. The effect of this
15 to swap protons that were on the underside of the allyl ligand with those
on the top, as shown in Fig. 3.34. There is equal probability that the -
bond will be formed at either terminal carbon atom and so all four of the
protons H,, Hy, Hy, and H, will exchange.

He i He

o Al v NAN

H, ‘ H, H; H, | Hy
M M M

Of course this mechanism does not allow the central proton to swap with

the terminal ones and therefore a separate signal is observed for this, usually

appearing as a quintet due to coupling with the other four protons that are
equivalent due to the exchange process,
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CARBON MONOXIDE INSERTION REACTIONS
V.THE CARBONYLATION OF METHYLMANGANESE PENTACARBONYL

WITH 3CO

J. Organometal. Chem., 10 (1967) 101104

K. NOACK anp F. CALDERAZZO
Cyanamid European Research Institute, 1223 Cologny{Geneva ( Switzerland)
{Received March 6th, 1967}
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Heavy isotope substitution reduces frequency of corresponding vibration;
reduced mass, W, in Hooke’s Law, increases
{Force constant i doesn’t change; bond strengths change little with isotope

substitution.}

Hooke’s Law: Vv = 1 i : ___MxMy
VT 2nc noo H Mx + My

L

M(CO)<L "M (55
2 oc” | o ¢

CARBONYL STRETCHING BANDS oF LMn{CQO).*

L v(CO) (em™1)
Radial CO groups Axial CO groups Acetyl CO

CH;, 2110 2012 19760 19911949
CH,CO  [2115 | [2011 EIQ’?O)’i 2003 [1963) 1664 (1625)
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