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1. Life and medicinal Chemistry

Cobalamine, Vitamin B,,

Structure of vitamin B, was determined by Dorothy Hodgkin, for which she was awarded
the Nobel Prize in Chemistry in 1964.

T
N N
@) (]
N
- 1
Technetium[®°™Tc] sestamibi is used to image the heart muscle o)

in nuclear medicine ) e
Technetium sestamibi




2. Life and daily use

Hydrogenation of Ethene
P
H H
3. Hydrogenation Reaction \c :c/ + H» M H—C—C—H
H” \H
H H
Ethene Ethane




Hydroformylation

Aldehydes
Rh or Co )ok/\/n H (o]
/\/ R + CO + H2 _'> H + * R
——— linear (normal) branched (iso)
. . R N
4' HVd r0f0rmVIat|0n Rea ction alkene isomerization alkene hydrogenation

* Largest homogeneous catalytic process
* > 15 billion pounds of aldehydes (alcohols) per year Otto Roelen (1897-1993)
« Commercial catalysts are complexes of Co or Rh
Selectivity to linear (normal) aldehyde important

5. Alkenes Polymerization Reaction




Why Organometallic Chemistry taking the mileage over other......

“So what about carbon?”

OC COCO
Fe Ea
(8)% Fe Fe-CO _
C CO Fe Fe . CO
é%c'FC"—’ F:.e 80 C ~ Fe—CO
1 OC OC C " cCO
Fa e

FedCO) O

When carbon combines with the transition metal, both the metal and the
carbon lose their identity. In what way has carbon lost its identity?

C 1s bonded to all 5 atoms!
Look at the coordination geometry around Fe!

[t 1s no longer an octahedron!!
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All know that cyclobutadiene is a rectangular molecule, because if it is square it would
be anti aromatic. So, it turns out to be equilibrating between 2 rectangles structures
and when it forms a iron carbonyl complex lone be hold it changes its character, it keeps
a strictly square structure of 4 carbon atoms. So, you can see that now carbon has lost
its character of being anti aromatic when it has got 5 n pi electrons.

Nucleophilic substitution reaction

O~ O~

3 Nuclecophilic substitution reaction

| l
M Cl M

Nucleophilic substitution for an aromatic compound is not possible in classical
organic chemistry, but if you do this with a transition metal attached to the aromatic
ring, it is now possible to carry out this simple nucleophilic substitution.




trans, trans, trans-cy<lo-
dodeca-1.5,9-tnene (odt)



Heptocity (n)




Why ORGANOMETALLIC CHEMISTRY is so important?

1. List of Nobel Prizes in recent years.
2. Check with important journals.

3. See what research is funded.

4. How much of the economy is driven by
this topic ?



Noble Prize in Organometallic Chemistry (10)

1908----------- Ehrlich (Organoarsenic compounds)

1912----------- Grignard and Sabatier (Grignard reagents)

1963----------- Zeigler and Natta (polymerization reaction)

1973----------- E.O. Fisher and G. Wilkison (sandwich compounds)

------------ W. Lipscomb (boranes illuminating problems of chem. bonding )
1979------------- Herbert Brown and G. Wittig (bydroboration reaction)
1981------------- R. Hoffmann and Fukui (Woodward Hoffmann rule)

2001------------- Sharpless, Knowles and Noyori (asymmetric hydrogenation)
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. 2005-------=----- Schrock, R.H. Grubba and Chauvin (alkene metathesis)
10. 2010------------- Suzuki, Heck and Negishi (Pd-catalysed C-C bond formation)

The first Nobel Prize in Chemistry was awarded in 1901 to Jacobus Henricus van 't Hoff,

The first Nobel Peace Prize was awarded in 1901 to Frédéric Passy and Henry Dunant;



NATURE Vol 463, 28 January 2010. doi:10.1038/nature08730

Cleaving carbon—carbon bonds by inserting tungsten
into unstrained aromatic rings
Aaron Sattler & Gerard Parkin

TOP 20 articles accessed from JACS

PNAS 2005, vol.102 p 1853-1858
Characterization of an organometallic xenon complex using NMR and IR
spectroscopy
Graham E. Ball Tamim A. Darwish, Spili Geftakis Michael W. George, Douglas J. Lawes
Peter Portius, Jonathan P. Rourke §,




Papers with the concept organometallics
~2300in 2012

2213 papersin 2011

2703 papers in 2009-10

2303 papers in 1999-2000

— 1400 key papers every year on the top™
“organometallics”



If you hold tightly, they dle

If you hold loosely, they fly.

ut if you hold with care,
they remain with you forever.




Ref. books

! Title Authors Publisher ISBN no.

Organometallics: A | ChristophEischenbroich | Wiley-VCH 3rd Edition | 3-527-29390-6 2006
- Concise

' Introduction
Organometallic B. D. Gupta and Anil J. Elias Universities Press

Chemistry,

 Fundamentals of Dirk Steinborn Wiley-VCH IS8N: 978-3-527-32717-1

i 2012
Organometallic
- Catalysis
!

The Organometallic | R.H. Crabtree Wiley

Chemistry of the
Transition Metals
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Coordination Chemistry
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o-bonding



Metallo-organic

Organometallic
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[Carbon—melal bond]

[MeLils \B/ ; .\; ’ 2
. SO
Compound having atleast one :
carbon-metal bond
i that must be covalent in character < . >
(|3 [N /c@azafglc\NJ
_c "o \ /
O G : | : - .
N An Organometallic Complex contains at least one M—C bond

1) Includesligands: CO, NO. N,. PR.. H,

2) Doesn’t include CN- (classical coordination chemistry ligand)

3) Both o and 7w bonding between M and C occur



M-C bond

Sodium cyanide N——C Na

Disodium acetylide

Calcium carbide

Potassium ferrocyanide

Na/\\/Na

4 K

NaH, CaH,




Organic ligand is there but not organometallic compound




Some compounds do not contain metal-carhon hond, hut they are usually

included in the field of organometallic chemistry. They include:

Metal hydride complexes, e.g.

Phosphine complexes, e.g.

N,-complexes, e.g.

H PPh,
_H
Et;P—Pt—PEt; PhsP—Ri—H
H; |
Cl PPh,

PPh, PP“3CI
PhyP—Ru._

PhP—Rh—PPhy % g
PPhy

ol

e, 14 IE:I
NH
| At | PPy
HN—Ru—N=N PhoP—Mo—PPh,
HN | CPhyp

NH; i
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M-P bond
Ru(PPh;),Cl,

N 2+
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—

..... ”.“”n'l."- NH3
Ry
HaN=" | ~NH,

NH4

M-N bond

wMNH;3

M-N bond



An Organometallic Complex contains at least one M—C bond

1)

2)
3)
M—N=N N
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M=N=N=M NN M
M=N——-~N=M M M M
G =
I e
F'—I-'-E; =M= — Py, [5{-\- -
F‘-l'" -'?{ J, 5 . f:l . B_J-l:h;.-il'l {_j
- = : 5 ;
'ﬁ E&:_;.,f ’a'xb_ff?g
P - .
& L
-~ ':l;
‘P':q-?-%_-':' | “;éé;ﬂ,l& iz My
P i S—
6!;%": :: G —p— _:.‘:-
II:'.-I
- :ﬁa‘-_a@ * T2l

Includes ligands: CO, NO. N,. PR;. H,
Doesn’t include CN- (classical coordination chemistry ligand)
Both o and 7w bonding between M and C occur
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Nitrosyls are very complicated few +ve charged donors exist NO
M & NO - M - NO

M© & NO® —- M — NO Now NO~™ is like CO

Alternatively ifitis M © & NO ‘P = N = O

M - N — O Angle will be less than 180
> Due to sp° hvbridization

Remember the odd electron is on a t* orbital
Having more contribution from N

No@ | ~O
10 | 3¢




Energy
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Atomic Molecular Atomic
or.bntals o orbitals of NO orpiiels
nitrogen of oxygen




NHC vs Phosphine

Neutral donors Neutral donors

Sterics and electronics can be fine tuned Changing R’s induces change in both sterics and
independently electronics

Stable against air, moisture and Not so stable against air, moisture and
temperature temperature prone to oxidize as phosphine oxide




1. Compound s having

2. Compound s having

3. Compound s having

H-metal bond

Carbide-metal bond

Cyanide-metal bond

—> NaH, CaH,
Na,C,, CaC,

NaCN, K,[Fe(CN),]

These are called "metalorganic compound"”

Metal B-diketonates, alkoxides, dialkylamides, and metal phosphine
complexes are representative members of this class

h_i s{acetoacetonate )
titaniumdichloride



https://en.wikipedia.org/wiki/Metalorganics
https://en.wikipedia.org/wiki/Metalorganics
https://en.wikipedia.org/wiki/Metalorganics

Electron counting the organometallic
way..

Ligands m‘r"L
=1 2 (H) 1 =

Cl, Br, | —» 2(X) l &=

OH, OR 2 (OH',OR) 1

CN —>» 2(CN) 1 - P
CH,, CR, 2 (CH,,CR3) 1 Vi

NO (bent M-N-O) —> 2 (NO) 1 - BRa

CO, PRy —> 2 — 2

NH;, H,O —_— 2 — 2

=CRR’ > 2 2

H,C=CH, (ethylene) ~TT _> 2 it

CNR L 2 ==

=0, =S —> 4 (O%,5%) 2 <<



NO (Linear M-N-O)
n*-CsHs (r-allyl)

CR (Carbyne)

N

Ethylenediamine (en)

Bipyridine (Bipy)
Butadiene

n®-CsHs (cyclopentadienyl)

n°-CeHs (benezene)

n’-C;H, (cycloheptatrienyl)

f lonic Method A ]

2 (NOY) &
2 (C4Hs")

3 D

6 (N*)

4 (2 per nitrogen)
4 (2 per nitrogen)
4
6 (CsHs)

=
6
6 (CH,)




Ni(CO)4

Ni = Ni(0)=10e
4 CO =08e

18e

Ru(PPh3)3CI2

lonic method Neutral method
Ru(ll) = 0O6e Ru(0) =08e
3PPh3 = 06 3PPh3 = 06e
2C] = 04e 2C] = 02e



Ni(CO)4

Ni = Ni(0)=10 e
4 CO =08e

18e

Ru(PPh3)3CI2

lonic method Neutral method
Ru(ll) = 0O6e Ru(0) =08e
3PPh3 = 06 3PPh3 = 06e
2C] = 04e 2C] = 02e



FeCp2====Ferrocene

lonic method Neutral method
Fe(ll) = 0O6e Fe(0) =08e
2Cp =12 2Cp = 10
18e 18e
Ir(CO)(PPh3)2Cl = Vaska’s complex
lonic method Neutral method
Ir(1) = 08e Ir(0) =09
CO = 02e CcO =02e
2PPh3 =14e 2PPh3 = 4e
Cl- =2e Cl = le



CoCp,

lonic method Neutral method

Co(ll) = Co(0) =2Cp

2Cp= 2Cp = 10
Ni;Cp;

lonic method Neutral method



CoCp2====Ferrocene

lonic method Neutral method
Co(ll) = O06e Fe(0) =08e
2Cp =12 2Cp = 10
18e 18e
Ir(CO)(PPh3)2Cl = Vaska’s complex
lonic method Neutral method
Ir(1) = 08e Ir(0) =09
CO = 02e CcO =02e
2PPh3 =14e 2PPh3 = 4e
Cl- =2e Cl = le



Both methods of clectron counting are illustrated for thefollowing

comlexes
Complexes Method A (lonic) \!%mml B (ncutral)
Mundh) 6¢ :
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@ 13 2¢ a”
HMCO)e L0 H le
— .
SCO 10¢ € sCO 10 ¢
wee
Ru(ll) Ho Ru NS¢ &
5 ' ™ - .
(-CHsRu | 2N -Cstle™ 126 @ 208 CHe 1o &
e | ™
O ¢
ry : 2¢ &
IRMOCO)V(PF I { i 2¢ €& PFs
Jco Jco o
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— - charge ¢ %
I8 ¢
— L—> I8 ¢
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Metal dihydrogen complexes

= Discoveredin 1984 by Kubas: M(CO);(PR3),(H,) (M = Mo, W; R = Cy,
I-Pr)

PR, dyy=0.84 A (0.74 A in free H,); dyw.y =1.75A
20y Vi = 2690 cm™!; vyp = 2360 cm™?
OC—/W‘_Jl Sup = -4.21 (24 Hz wide), 8,p = -4.21 (8 Hz wide, 1:1:1 triplet,
ocC F|,R3 Jup = 33 Hz, Jiyp (HD gas) = 43 Hz)
= Bonding
; ‘ Good racceptors (CO, NO)
0 — — QO | 8re effept/ve in stabilizing
— i the H, ligand.

% | hee, A H H _H

\ '\‘ LM | _— L M- l ———— LnM\
' ‘ H H H
i dihydrc:gen hydri:ie
) \ complex complex

g 00

Would these be organometallic??
M M- H, H,

Reference: Kubas,G.J.etal.J. Am. Chem. Soc. 1984, 106,451

a2
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f i} 2 Ma/Hg \ 1 atn My - 2H, \ {

THF, M,

\ /

Would these be organometallic??

Dihyvdrogen Complexes

« proven by neutron diffraction n? binding
« H-H o bond is the donor
+ model for H, absorption on metal surface

+ 1986 NMR technique distinguishes between H,
complex and dihydride

P PC
New_ | %o h, | o
N\\N’/ 2 H T A
Wl Wl
cO | CO co ‘ cCO

F’Cy3 F’Cy3



diethyl ether

Er + Mg - Wils|=1{s
bromocyclohexane cyclohexylmadgnesium bromide
THF
CHa=CHEBr + Mg ——= CH,=CHMNMOEBT
wiryl bromide Vimlmagnasium bromide
H CO co Cco
~ o OC co. | _co
Hh.:: 1_._'_'- ) _Ni ‘ -' F(.*;CO Cr
= OC CO oC Ny ‘ R .
“ a -Cl Co co 0 co 0
CH j Ni(CO), Fe(CO), Cr(CO),
J C Tetrahedral Trigonal bipyramidal Octahedral



C=C distance 1.34A

.—-CHE I{EF"[EI4 + Clmﬁ 1l'L':l?:‘,lH
— z — K ‘-. > | + kel
OH 0 H.C |/ EH

2

Ci1)

[]"'l:lilﬁh]:—ﬂl:]_-[;ﬂf D] H(3)

I o
[Pty CH D=0 D]
-"-------

a6 45 4. 4.3 42 p—



FaGly + Ii>—l'.1gElr

—0-0%

ol
BEnCE

- Mg Bl

= HeCA



Organometallic compounds

<
0

Cl—Z&r—Cl

P |
b i

e

cyclopentadienyl dicyclopentadienyl N L
i L ) L, . y cyclopentadienyl
ferrocene manganesetrncarbony ] zirconiumdichloride 61 ybdenumtricarbonyl dimer @
3x5 +2x10-1 =34 /2= 17

diethyl ether
Er + Mg - MCEr

bromocyclohexane cyclohexylmadnesium bromide

THF
CHe=CHEr + W ———= CHa= CHMOBr

viryl bromide Vinylmagnesium bromide



Why Organometallic Chemistry taking the mileage over other......

“So what about carbon?”

OC COCO
Fe Ea
(8)% Fe Fe-CO _
C CO Fe Fe . CO
é%c'FC"—’ F:.e 80 C ~ Fe—CO
1 OC OC C " cCO
Fa e

FedCO) O

When carbon combines with the transition metal, both the metal and the
carbon lose their identity. In what way has carbon lost its identity?

C 1s bonded to all 5 atoms!
Look at the coordination geometry around Fe!

[t 1s no longer an octahedron!!
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All know that cyclobutadiene is a rectangular molecule, because if it is square it would
be anti aromatic. So, it turns out to be equilibrating between 2 rectangles structures
and when it forms a iron carbonyl complex lone be hold it changes its character, it keeps
a strictly square structure of 4 carbon atoms. So, you can see that now carbon has lost
its character of being anti aromatic when it has got 5 n pi electrons.

Nucleophilic substitution reaction

O~ O~

3 Nuclecophilic substitution reaction

| l
M Cl M

Nucleophilic substitution for an aromatic compound is not possible in classical
organic chemistry, but if you do this with a transition metal attached to the aromatic
ring, it is now possible to carry out this simple nucleophilic substitution.




trans, trans, trans-cy<lo-
dodeca-1.5,9-tnene (odt)



Heptocity (n)




Industrial uses of organometallics

Metal complexes used as additives in polymers and fuels. (Sn
and Mn compounds)

Many million tons of silicones, and organolithium compounds
are made.

Metal complexes used as catalysts for making polymers
Acetic acid, acetaldehyde, and fine chemicals, ...

Monsanto/BP/Celanese Acetic Acid Process

O
H;C—OH + CO Py
H;C OH

Cobalt Rhodium
Concentration ~ 107 M ~ 103 M

Temperature ~ 230°C ~180°C
Pressure 500-700 atm 30-40 atm

Selectivity 90% > 99%







* Transition metals are exactly the opposite!!
— Vacant orbitals

— Or extra electrons.
* Rarely do they keep a noble gas configuration

Consider [Co(H,0),]’* 19 e 5

7 electrons + 12 electrons

S ————

Ni‘* aquo complex has 20 e. &

V?* complex has 15 e. <&

Very few complexes would have exactly 18
electrons! Full shell / no extra electrons is rare.




What happens to “Tm” in “Tm-organometallics”

The 18 electron rule prevails..

— Most complexes with Tm-C bonds have a full shell.
C seems to have forced its preferences on the
metal!

* When C combines with a transition metal

> Both C and transition metal loose their identity
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1941 90122 . (a 10811 1201 14,007 15,909
Utium | | Barytiom \we goron | | Caton | | Nirogen | | Oxygen
\Q

1" 12 13 14 . 15 16
Na ||Mg Al |Si|[P | S
280 20,305 %982 2068 0874 32065
Sodum_ | | Megnesim 3 Me 4 B 5 B 10 | 1 18 12 g (SN [ Skeon Fhosphons | | Sukr
19 2 2 2 23 28 30 3 2 kX] M
K [[Ca|[Sc| Ti |V Ni [JICu (JZn || Ga || Ge || As || Se
30068 0om 4958 7867 0942 58,693 61548 663 872 1007 49% 7056
Potassium Calelum Scandium Titanium Vanadium Nicke! Zne Gallium Germanium Arsanic Selenlum
37 38 39 4 7 48 49 50 51 52
Rb |[Si ||Y [JZr [INb Pd (JAg |[Cd || In |[Sn||Sb || Te
85,468 ) 88900 91224 52908 10842 10787 11241 W42 1871 12176 12760
Rubidium | | Strontium Yittium i Niobium Silver Cadmium | |  Indium Tin Antimony | | Tellurium
5 56 7 7 7 74 75 76 7 7 80 8 82 8 8
Sc ||Ba |[Lu || Hf || Ta ||W ||[Re|[Os || Ir ||Pt JAu||{Hg || TI ||Pb || Bi || Po
13291 19138 10078 11849 19095 1834 19621 19023 19222 19809 196,97 20049 0438 212 20898 20
Caesium Barlum Lutatium Hafnium Tantalum Tungsten Rhenium Osmium Indium Platinum Mercury Thallium Lead Bismuth Polonium




Challenges for today
Synthesis and understanding of new
compounds and their reactivity
Activation of inert molecules like (small molecule activation)
CH, CO,, R,C-F

Catalytic efficiencies far exceeding approaching
that of enzymes!

Asymmetricinduction in catalysis



After attempting to major in mathematics,
Grignard failed his exams and enlisted into the
army in 1892. After one year of service, he went
back to pursue mathematics at the University of
Lyon and finally obtained his degree in 1894.In
December of the same year, he transferred to
chemistry and began working with Professors
Philippe  Barbier(1848-1922) and Louis
Bouveault(1864-1909). Victor Grignard worked
very closely with Philippe Barbier and their
research was focused on organomagnesium
compounds.

Frangois Auguste Victor Grignard

(6 May 1871 in Cherbourg—13
December 1935 in Lyon was a Nobel
Prize-winning French chemist in
1912.

—>1911 Marie Curie (in Chem.), 1903 (in Phys.)
—>1912 Victor Grignard / Paul Sabatier
—>1913 Alfred Werner



https://en.wikipedia.org/wiki/Marie_Curie
https://en.wikipedia.org/wiki/Marie_Curie
https://en.wikipedia.org/wiki/Paul_Sabatier_(chemist)
https://en.wikipedia.org/wiki/Alfred_Werner
https://en.wikipedia.org/wiki/Alfred_Werner

Grignard reagent

Ether
RX + Mg > R Mg X

Alkyl group = R
Halogen = X
Magnesium Metal = Mg

pﬁ.l’ﬂ v oeovalent bordd

Cl Mg MgCl
& S+ — >
Mg

C M Br Apr  ———» A MgBr
@ =

Grignards can be formed from alkyl or alkenyl
chlorides, bromides or iodides (never fluorides)



L
o ) R4yRCHOH

R,CM j

L I:'.:.{]
ME':lr.:I.-JLH: \N;.
e R,RRCOH
1
¥ c‘q'?

RCOR, RCOH




(Frydrolyss)

o}

A

R” “CH,
(R' = alkyl, R'=H CHs-H)

PN

H;C” “OH
(-CO,H, -CS,H)

HsC. _OH
H,C R

{2 moles)

Wide class of compounds may be prepared



Ferrocene

—
(&

ferrocene lll  ferrocene | ferrocene I’ ferrocene lll
ordered disordered ordered ordered
eclipsed average staggered eclipsed

staggered

Ep .
°
S o

J~u K):-mol-" [l|=0.082 D |Jn=0.043 D
36J

Type I-ferrocene molecule Type il-ferrocene molecule

72 ©(°)



Ferrocene undergoes electrophilic substitution reactions. Many of its reactions are
faster than similar reactions of benzene

Necessary requirement: The electrophile should not be oxidizing in nature

+

<

[FeCps;][BF,]

p- benzoquinome
Et;0

FeCp, + NH4PF¢ %-» [FeCpol[PFe]
Acetone

FeCp, + HBF,.0Et,

The oxidized Cp,Fe+, ferrocenium cation, will repel the electrophile away. Therefore direct nitration,
halogenation and similar reactions cannot be carried out on ferrocene.

Acetylation

C{O)CH
HCOICELY  aciorpo, NaLF CHSCIOIC! - ST/~ C(0)CHs (O1cHs
Fle < 50 min, 50 °C o AlCIy(1:2:2) Fo érC[DJCHa

@ (_‘CJ_r)} C{b‘;?—cm]ma &
90 % 90 % fraces

3.3 x 10° times faster than benzene



Piano stool

AJELIAS L2-514

Hapticity of sandwich
compounds varies from 1-8



n'-CsHs Monohaptocyclopentadienyl M O

n°-CsHs Trihaptocyclopentadienyl M *@

n°-CsHs Pentahaptocyclopentadienyl M

1. Transition metal/ metal ion embedded inside an organic matrix: Makes a metal ion soluble
even in hydrocarbon solvents. E.g. Ferrocene is soluble in hexane while Fe2+ as such is not.

Outcome: a hydrocarbon soluble additive/catalyst

2. Coordination to an electropositive metal often changes the reactivity and electronic
properties of the  system bound to it (benzene vs ferrocene)

3. A stericially protected metal site where a wide range of catalytic applications are possible
on the. e.g alkene polymerization

4. Metal sandwich compounds are excellent substrates to make planar chiral compounds.
Applications as chiral catalysts in asymmetric catalysis



FeCl, +2C:H; + 2 Et,NH »  Cp,Fe + 2[Et,NH,]CI

2+
RuCl;(H,0), + 3CsHg + 3/, Zn >  CpoRu + CsHg + 3/;Zn
HO . 2CpTl + K80, +H,0

(poisonous)

CpTl + Mn(CO)sCl » CpMn(CO), +TICI+2CO

CpTl based chemistry is not practiced nowadays due to toxicity
\
H H

H
0 Na
180°C _ ——> 2 NaCp +H,
cracking
H 'H
dicyclopentadiene

MCI, + 2 NaCp — 3 Cp,M [M=V,Cr, Mn, Fe, Co]
Solvent: THF, DME, Liquid NH; etc

2 CsHg + 2 KOH + T1,SO,

H




Chloromercuration (hazardous)

Hg(OACc)
:@ Haone, N 7 —Hacl

I i |
Fe - Fe Sel - R

< <> o X

Br. I derivatives

109 times faster than benzene

Mannich reaction
H,

C——NR,
Fe > Fe
Lithiation reaction

Cd): Does not happen with benzene; only with
phenols/anilines
< < N gl
—
I t-BuLi I n-BuLi 1 j
Fe e Fe —_— Fe
AN

<> < ™ Sy e

(3:2 adduct)
Does not happen with benzene; only with
bromobenzene

Tetramethylethylenediamine

H,PO,



Li
Honc@ oy @ o, ChS—Y

HORB~E =7 . Me
F:a- Fe 5 Mo
HOYB~TS, '
Fa [1]ferrocencphans



% = hle, Mo
/ ./ me 130 °C T
. - Fe

M. Wt: 3.4 X 10°

3CrCls + 2Al +AICl, +6 CgHg — 3




Electron counting the organometallic
way..

lonic Method

Ligands lonic Method A Method B newal
H 2 (H) 1

cl, Br, | — 2(X) 1 g

OH, OR 2 (OH',OR) 1

CN —» 2(CN) 1 < ‘N—o
CH,, CR, 2 (CH,,CRy) 1 /

NO (bent M-N-O) —> 2 (NO) 1 - Ba

CO, PRy i 2 —

NHj, H,O =" 2 —y 2

=CRR’ > 2 2

H,C=CH, (ethylene) ~T7 _ > 2 e 2

CNR —L - 2 ==

=0, =S —>» 4(0%,5%) 2 wg—



~ lonic Method A
NO (Linear M-N-O) 2(NO") &
n*-CyHs (r-allyl) 2 (CyHs")
CR (Carbyne) 3 D
N 6 (N*)
Ethylenediamine (en) 4 (2 per nitrogen)
Bipyridine (Bipy) 4 (2 per nitrogen)
Butadiene 4
n®-CsHs (cyclopentadienyl) b (CsHs)
n®-CeHs (benezene) 6

n’-C;H, (cycloheptatrienyl) 6 (CH,)

Method B




Counting electrons

Merhod A4 | Merhod B
Determine formal oxidation state of metal Ignore formal oxidation state of metal
Deduce number of  electrons Count number of & electrons for M0O)
Add J electrons + ligand electrons (A) Add d electrons + ligand clectrons (B)
Both methods of clectron counting are illustrated for thefollowing
comlexes
Complexes Method A (lonic) \l%thml B (neutral)
Mu(l) 6c € > 7 ¢ &~
Mo
il " 2¢ &
HMn(CO)e LS H e
- _
SC0 10¢ € sco 10 ¢
i
RU("’ Ho Ku Se &

+
Al ' - -
MP-CMapRu | 2 -Cstls™ 126 @ | 208 CHe o & Cﬂ Ln]

= | &
/‘\ S Rh-1y  10c € Rh M
PF, > o ‘_ 7 ¢ &

IRMOCO)UPE O &

3\
P
>

" ( () .‘ (‘(, B
’ 6 ('" 6¢ &
o v - charge e & L
IS ¢

r






Molecular Orbital of CO - — O-
e e

112.8 pm
acceptor

nt-acid ligand

2p ! ......
] . o-bonding: %{CEDD
& m-bonding: %%CE
2 filed empty

metal t,, ligand m*

- B o o=cEH M “o= E
7 v
Atomic orbital's of Molecular orbital's of Atomic orbital's of \ ‘ E
Carbon Carbon monoxide Oxyagen CO-M sigma bond M to CO pi backbending




Direct carbonylation

Ni + 4CO m Ni(CO); paleyellow m.p -17°C,bp 42°C

— Fe(CO ale yellow m.p -20°C, bp 103 °C
Fe + 5C0 > (CO)s5 pale y P p

Reductive carbonylation

From Metal Halides
CgHg, AICI
CrCly + Al+ 6CO =22 _» Cr(CO); +AICl,
300 bar, 140 °C
diglyme
MoCls + 5Na+ 6CO 52 bar, -10 25C Mo(CO)g + 5 NaCl
VCls + 4Na+ 6CO I [Na(diglyme),] [V(CO)] 2% \cO),
300 bar
WClg + 3Zn+ 6CO E;i:&c;r— W(CO)g + 3 ZnCl,

From Metal Oxides and carbonates

0Os04 +CO MeOH _ (CO)12 + 4CO;
125 °C/75 atm
Re;0;,  + 17CO 25aM . Rey(CO)p + 7 CO;
290 °C
2CoCO5; +2H, +8CQO 240bar_, Cox(CQO)g + 2 CO, +2H,0

100-150 °



Reduction : Carbonvl anions

V(CO); + Na — Na[V(CO)g]
Mn,(CO)yy + 2Na—— 2 Na[Mn(CO)s]
Co,(CO)g + 2Na — 2 Na[Co(CO),]
Fe(CO)s + Na/lHg—— Na ,Fe(CO),

Oxidation : Iodocarbonyls

Mn;[ED}m + |i—ll- 2 MH[CG}El

Fe(CO)s *+1l; ———— Fe(CO),l,
Photochemical substitution

W(CO); + PPh,__ "V _ W(CO)s(PPh;) + CO

h =
Fe(CO)s +/ Y\ —— Fe(CO)3+2c0

v .
M[CO)g 1:HF - MCOBTHF M micol

+ THF

In the presence of
UV radiation a
monodentate
ligand displaces
only one CO unit



NMucleophilic addition to CO

R OLi R OCH
co h““\.{:f"’ I "“\.Ef :
GCFJI;J‘,IJL..H‘L“-CD aLi DCF{;“‘I’ I.\.‘l'l-"'l"'CD [HEEG]BF# D{:j;!r"uhi-"‘"‘lﬁ\cﬂ
f .
oc [ \CG ether oc" [ \.‘ED Gcf ] ‘\{:D
oC oc ocC
Fischer Carbene
Carbenes are catalysis
for olefin metathesis
Migratory insertion of CO
Me
Me \C-:-'-D
oC
JlfllrHf'|'||.‘|In"'MWE[:‘ co . DCH;;,,M‘ .Co
: n
oc Dl: \CD high pressure DC"' ’ \CD

OC



Metal —carbonyl compounds

Metal carbonyls are coordination complexes of transition metals with carbon monoxide ligands.

0 O
I | ‘fﬁ
it:l — E P =i M C ____.-'CH\__ C
2N m;]jm |
M-----M M Mo
_C \_ =50
ferminal mode 1o~ bridging mode u- bridging mode o~ C\\
2e” neutral donor Z2e” neutral donor 3e” neutral donor \O
[ MOST IMPORTANT o
,.;'."-F J 0 Compound Vo (em™)
c 5 /=
M, A H/ I'\‘m LN co 2143
== —_— e
"o MM “‘HIL,IJ" Ti(CO)s> 1748
| teminal B B | e V(CO)sl' 1859
o Cr(CO), 2000
»° ! I O co).* 2100
M:!:“"‘-.L ._ﬂ_w"'.: ____t'___\_\._ AT Mn(CO)s
.\-"‘—\-\__\__.' M—-___ i LY — LY _'_'_,_,-H r"}'\-\. III-'-':] F, 5
-7 N - M Fe(CO),2* 2204
M= L= \/ 3y, 14
M M W Fe(CO), 2022, 2000

2 2
Ly=1) e BTl Fel Ru(CO); 2038, 2002



metmibridaing carbonyls (like pe, but asyrmetne)

1.95 A 1657
l/_\/f o e, = 1871, 1832 crm!
':IJ-".:::
*N vu__,:p
oc I Natice that the C=0 bond
T T > iz not 1 1o the M-8 hond
1.9% A . o W, :
165 o 244 A
variants
_ _ (C1—m= Ty
C_,-_;’ff’ C_/f,fff - o
ff”ﬂ T L x.‘ #
M- -----" % 1% % 1%
MO angle = 170° MO angle = 170° "end-on" or
2 g donor owverall 4 e donor overall 1socarbornyl

An urmsual carbonyl: f (ue-CL pe-01-C0

1,303 A
C—

/ N ibcpco),  veo=1330cm’
() 1':13'1‘“:!{\ / a six e donaor

MO,




0
M 0 |
i A
{: -
“l M'/:-’---‘:\---M M----\""~ :M
0 o\
M
, teminal bridging 1 5 bridging 1
€0 21201850 e 18501700 cm? 1730-1620 cm?
i — co
O e
oCy, | Co e F{A‘}: 7 i
‘Cr. —Fe——Fé—¢n : e
oc”” | “Nco o ¢ Neo E%i’f ”
co o L
Cp D
2000 cm-1 2018, 1826 cm-1 1620 cm-1
M—C=—0 - M—C—O0 More back bonding =
V' CO Higher V' Co Lower More lowering of
iors back bondine the C=0 bond order =

More lower v .,
stretching frequency



CH,4 _CH
Na” [Au] 3
0.9 1.3 1.5 1.9 2.3 2.5

.

increasing electronegativity of M
decreasing reactivity

H4C

CH HsCH,C H_| H  CHyCH;
/ ’ \ \;C& /
AL A
-
\CH3 / C\ \
HiCH,C  H” | H  CH,CH,
CHj

*Metal alkyls feature a
metal-carbon o bond and
are usually actor ligands---
**|t can be very useful for
us to imagine metal alkyls
essentially as stabilized

carbanions---
R
R
L [M]%
.

increasing hybrid orbital s character
decreasing reactivity

sp-Hybridized ligands are the least nucleophilic, followed by sp2
and sp3 ligands



Synthesis of Alkyl Complexes

Me—Li
WCl S WMe. + LiCl

Simple and straightforward: nucleophile attacks electrophilic metal

[Mn(CO)s]" M| g Mn(CO)sMe + |

Oxidative ligation for the synthesis of alkyl complexes. Total electron count does not change.

multiple
mechanisms!

AL+ M) LN

W

Me
oc—I "&P;m Me | oc |I “"F;m
—f—C ——— OC—If—

7
PhyP Phapﬂ

Oxidative addition for the synthesis of metal alkyl complexes.



H -
o H =
D\\hf)‘\ —_— 5\ -|(
LnM Q LHII'I |

1. The f-carbon must bear a hydrogen.
2. M-C and C—H must be syn coplanar.

3a. The metal must possess a vacant coordination site

and an accessible empty orbital.

3b. The metal must possess 16 or fewer total electrons.

4. For rapid elimination, the metal must be at least o,

What kinds of metal alkyl complexes violate the
requirements for beta-hydride elimination?

X
L”\n_\; —— ML, + R7 X

The thermodynamics of reductive
elimination can present problems for
some alkyl complexes.

MeSi
[M](Y.... Mph
s Cpy2r- -
H 2 -
o

A generalized beta-agostic interaction,
with a specific example.

= NETE B

l ~N
[IrHsLs(s0lv)5]* r

- 1®
| =3
RTRIT—. P
a-elimination N : NEt
|/
H;Ilr_
i L H Me |

Oxidative addition followed by alpha-elimination, forming a Fischer carbene from an alkyl complex.



Metal alkyls: bonding and characterization

ot o _R
M C/,
= 'Hand 3C NMR )R

2 o for the C and H atoms « to the metal are shifted to high field vs. those
in the parent alkane.

Coupling of the '3C and "H nuclei of the alkyl to the metal with spin | =
1%: 103Rh (100% abundance); 9Pt (34%); '83W (14%); '°°*Hg (17%);
1870s (1.6%) or to phosphines (if present).

= X-ray: M-C bonds are 1.9-2.2 A

L

H
\ BN
C 5 EY 4
Me s, 7R ‘\\\\Me / 2
Al H—C M—C——M
Me/ \C/ Me % \ |
/\\ M M H
H H

s Reactivity
1 M-R + Br, gives M-Br
1 M-R + HgCI, gives R-HQCI




il
|

a—  TiCly and ANC2H)01

Cl Al
E[—+i -1 amd { -

These are tiwn sets of Xieglar-Natta catalyst'co-catalsyt
systegs, Eitherway, we have four chlorine atoms,

S,
i 1

Ticly and ANC gl = Cl—TioCl ad AL
1 |

Cp

= s
V. ¢ +MAO cP Me +
e 2 T L TS GO
Cp p ol CP n

=

+ -~
Sy

) &
-;||;=JI- — e A—CT—

E

H—rn—

iZH3j — -:_i‘][|_ L T Hy
A—CHy— I:'-.--_-a*’ L'H:'—I;I.' —_— .ﬂ.—l’.‘l-[:—l’.l'— CHz— I+
iH, CH, (e My
Blaie: WlEn &l of drastn beEraesa o Jleis, thes l
reprerenks a pars of skectrora the wioms dhore
wharsg e e of ehecrors saker o sagds beiad CH,
Shorrg tere: pars maker & dowhle bend, dhown |
b wweo Beer. The corved ammoses show the miia —|—'ﬂ[.‘—'fi'—|;
3 [elrchozs
Lo JPI.I": EECIE n{l‘

Ti
C|\(|:|/c| + AR G ?t)j =/ CI\I
T ¥
C'}Ak\c c TAi | CI/A\CI
Cl

n=/ CI\U:l

e’ TQ\I
cl



