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Intro 2 

Chemistry 4571  -  Organometallic Chemistry (Sp 2008) 

Prof. George G. Stanley (office: Choppin 614, phone: 578-3471) 
E-Mail: gstanley@lsu.edu 

Tuesday - Thursday Lecture 9:10 AM - 10:30 AM Williams 103 

This is an advanced undergraduate, introductory graduate level course that covers the organometallic 

chemistry of the transition metals with emphasis on basic reaction types and the natural extensions to the 

very relevant area of homogeneous (and heterogeneous) catalysis.  The course outline is shown below: 

A.  Ligand Systems and Electron Counting 

 1.  Oxidation States, d electron configurations, 18-electron "rule" 

 2.  Carbonyls, Phosphines & Hydrides 

 3.  s bound carbon ligands:  alkyls, aryls 

 4.  s/p-bonded carbon ligands:  carbenes, carbynes 

 5.  p-bonded carbon ligands:  allyl, cyclobutadiene, arenes, cyclopentadienyl 

 6.  Metal-Metal bonding 

B.  Fundamental Reactions 

 1.  Ligand substitutions 

 2.  Oxidative addition/Reductive elimination 

 3.  Intramolecular insertions/eliminations 

 [4.  Nucleophillic/Electrophillic attacks on coordinated ligands (brief coverage, if any)] 

C.  Catalytic Processes 

 1.  Hydrogenation:  symmetric and asymmetric 

 2.  Carbonylations:  hydroformylation and the Monsanto Acetic Acid Process 

 3.  Polymerization/oligomerization/cyclizations 

 

Web Site:  chemistry.lsu.edu/stanley/Chem4571-stanley.htm.  Class materials will be posted on the 

web. 

Recommended Text:  "The Organometallic Chemistry of the Transition Metals" by Robert Crabtree (4th 

Edition, Wiley).  Reference Text: ñThe Principles and Applications of Transition Metal Chemistryò, by 

Collman, Hegedus, Norton and Finke (1
st
 or 2

nd
 eds, University Science Books).   

Class Lecture Notes (Required):  Copies of the lecture overheads used (and previous homeworks and exams 

along with answer keys) can be downloaded from the web site above or purchased from the Chemistry 

Graduate Student Council (or Prof. Stanley after January 18).     

 

Study  The class will form study groups of 1-4 students to work together on the  

Groups: homework and to answer questions in class (work alone on quizzes).   

  

Grading:  Two 80 min Exams:    300 pts  30% (Feb 21 & April 3, could change) 

  Final Exam (2 hrs):  250 pts  25% (Monday, May 5 ï 3 PM - 5 PM) 

  4 Homeworks:   300 pts  30% 

  25 in-class Quizzes  150 pts  15%  

  Bonus Homework    40 pts  bonus Visit a High School Chem Class to  

         perform catalysis demos 

Grading Scale (no curve):   A (100-90%), B (89-80%), C (79-70%), D (69-60%), F (below 60%) 

If I give a test that is too hard (i.e., the class does poorer than I expect) I may curve the scores up to 

compensate.  The exact criteria for when I will do this and the amount of the curving will not be defined 

here.  You will have to trust my judgment.  Grades will be posted on PAWS via Moodle.   
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Please note that the majority of points on the homeworks and exams come during the second half of the 

semester!!  The first 2 homework assignments are only worth 50 points each, while the last two homeworks are 

worth 100 points each.  IT IS CRITICALLY IMPORTANT, HOWEVER, THAT YOU LEARN THE 

MATERIAL IN THE FIRST 50 -66% OF THE COURSE IN ORDER TO DO WELL ON THE LAST EXAM  

AND FINAL EXAM.   The final exam, for example, only covers catalysis (last 20% of the course), but uses all 

the info learned up to that point.    

Bonus Homework:  The bonus homework assignment involves visiting a high school chemistry class and 

performing a set of demonstrations that illustrate catalysis and related chemistry topics.  There is a 2-4 page 

typed report required describing your ñteachingò experience (maximum 20 points) and an evaluation card 

sent to the teacher whose class you visit (maximum 20 points).  Both must be received to get credit.  

Office Hours:  I have open office hours.   

Class Calendar: 

 

 

 

 
 

 

 

January, 2008 

Mon Tue Wed Thur Fri 

 1  3  

 8  10  

 15  17  

 22  24  

 29    

 

February, 2008 

Mon Tue Wed Thur Fri 

 5  7  

 12  14  

 19  21  

 26  28  

     

 

April, 2008 

Mon Tue Wed Thur Fri 

 1  3  

 8  10  

 15  17  

 22  24  

 29    

 

March, 2008 

Mon Tue Wed Thur Fri 

     

 4  8  

 11  15  

 17  19  

 24  26  

 
May, 2008 

Mon Tue Wed Thur Fri 

   2  

5     

     

     

     

 

 
Test # 2 

 
Test # 1 

Mardis Gras Holiday 

Spring Break 

 
Final 
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Fundamentals You Need to Know: 

 

1. Electronegative/Electropositive concepts 

Where do the partial positive and negative charges in a 

molecule reside?  This is important for determining how 

much electron (e-) density will be donated from a ligand to 

a metal and where a nucleophile or electrophile will likely 

attack for chemical reactions. 

2. Lewis dot structures and valence electron counts 

Important for determining the number of electrons on a 

ligand and what the charge of the ligand is.  We almost 

always deal with ligands with even #ôs of electrons.  If a 

ligand has an odd # of electrons we add additional 

electrons to get to an even #, usually to form a closed shell 

electron configuration with a formal negative charge(s).  

Exception = Boron.  

3. Oxidation States 

4. Organic line notation for drawing structures 

R2P PR2

Ni

Cl

Cl

Cl

Cl

R2P PR2

Ni
Cl

Cl Cl

Cl Cl Cl

R2P PR2

Ni

Cl

Cl Cl

Cl

ClCl
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Electron Density Terminology 101: 

Electron Density:  The presence of higher energy valence electrons 

around an atom.  Electrons are represented by a probability distribution 

spread out over a region of space defined by the nature of the orbital it 

resides:  s, p, d, f, and/or hybrid orbitals such sp3, sp2, sp, etc.   

Atoms with quite a few valence electrons such as Pt(0) d10 and/or 

contracted orbitals have a high electron density.   Atoms with fewer 

valence electrons and/or diffuse orbitals (electrons spread out over a 

larger region of space) can be considered to have low electron densities.  

Do not confuse electron density with electronegativity.   

Electron-rich:   Atoms that are willing to readily donate electron pairs 

to other atoms are called electron rich.  The willingness to share or 

donate electron pairs is related to lower electronegativity, larger 

numbers of valence electrons, good donor groups on the atom in 

question, negative charges, or some combination of these factors.  Using 

organic terminology I would consider an electron-rich atom to be a good 

nucleophile (electron pair donating).   

Electron-deficient (poor):  Atoms that are NOT willing to donate or 

share electron pairs to other atoms are called electron deficient (poor).  

These atoms typically have lower lying empty orbitals that can accept 

electron pairs from other atoms.  The un-willingness to donate or share 

electron pairs could be caused by high electronegativity, cationic 

charge(s), lack of electron pairs, or some combination of these.  Using 

organic terminology I would consider most (but not all) electron-

deficient atoms/molecules to be good electrophiles (electron-pair 

accepting).   

Examples: 

Fluoride anion, F-:  This anion has high electron density due to the 

negative charge and filled octet of electrons.  BUT I would NOT 

consider it to be electron-rich, meaning a good electron donor.  The 

extremely high electronegativity of fluorine means that it desperately 
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wants to pick up an extra electron to form the fluoride anion, which is 

extremely stable.  The filled valence orbitals are fairly low in energy for 

an anion and poor donors.  It is certainly not electron-deficient as it 

doesnôt have any low-lying empty orbitals and does not want to accept 

any more electrons.  It isnôt electron-rich either since it is a very poor 

nucleophile and generally a poor ligand for most metals (except those in 

high oxidation states).  It is almost impossible to chemically oxidize F-.   

Methyl anion, CH3
-:  This anion is very electron-rich and a powerful 

nucleophile.  The electron-richness comes from the lower electro-

negativity of carbon and the high energy of the anionic sp3-hybidized 

lone pair that makes it a powerful donor group.  It is also very easily 

oxidized, pointing to the presence of a high-energy lone pair orbital.   

PMe3 vs. P(OMe)3  the methyl groups are considered to be donating 

making the P center more electron-rich.  The methoxy groups are 

electron-withdrawing due to the electronegative oxygen atoms, making 

the P center more electron deficient.  The results from Density 

Functional Theory (DFT) calculations on both are shown below.  Note 

the higher energy of the P lone pair (highest occupied molecular orbital, 

HOMO), greater spatial extent (generally better overlap with metal d-

orbitals), and lower positive charge on P for PMe3 relative to P(OMe)3. 

 
MO plot of the lone pair orbital (HOMO) for PMe3.  Dashed outline 

indicates the spatial extent of the lone pair for P(OMe)3. 

 

PMe3 
HOMO =  -5.03 eV 

Charge on P =  +0.22 

 

P(OMe)3 
HOMO =  -7.40 eV 

Charge on P =  +0.75 
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General Trends for the Transition Metals 

 

 
 

 

Early Transition Metals     Late Transition Metals 
 

low electronegativities      higher electronegativities 

 

higher oxidation states      lower oxidation states 

 

ñharderò metal centers      ñsofterò metal centers 

 

    OXOPHILLIC!!  
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Transition Metal Catalysis 

 
         [catalyst] 

A  +  B        C    
 

A catalyst is a substance that increases the rate of rxn without itself 

being consumed (but it is involved!) in the reaction.  After the rxn is 

finished you should be able to recover the catalyst from the rxn 

mixture unchanged.  A catalyst speeds up the rate at which a 

chemical reaction reaches equilibrium.  The overall 

thermodynamics of the rxn is NOT changed by the catalyst.  

Therefore, very endothermic (non-spontaneous) reactions are 

usually NOT suitable for catalytic applications.   

A catalyst provides a lower energy pathway for the production of 

products from reactants, thus allowing the rxn to proceed faster.  It 

lowers the activation energy for a rxn (kinetics) ï it does NOT 

change the thermodynamics of a rxn.   

Reaction Coordinate

DG

DG
Reactants

Products

Ea

Ea
catalyzed

Catalyzed rxn 
proceeding through 

an intermediate
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A catalyst provides an alternate mechanism (or pathway) for the 

reactants to be transformed into products.  The catalyzed 

mechanism has an activation energy that is lower than the original 

uncatalyzed rxn.  An excellent catalyst will lower the activation 

energy the most.   

An example of a Pt-catalyzed reaction is shown below: 

SiMe3

Pt

Me

Me

Me

Pt
SiMe3

H

Pt
SiMe3

+ HSiMe3

Pt(ethylene)3

+ HSiMe3

Pt

- alkene

SiMe3

+ propene

+ propene

1. oxidative addition
2. ligand dissociation

1.  migratory insertion
2.  ligand addition

reductive elimination

ligand addition

Hydrosilylation

 

 

Note that there are different numbers of ligands (a generic name for 

anything that bonds to a metal center) on the metal.  Too many is 

bad, too few is bad.  How can you tell how many to use??  Electron 

counting is the key, which is presented later in this chapter.  
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Some Important Ligand Nomenclature 

Chelate Effect ñchelateò is from the Greek meaning ñclawò or 

to grab on to.  The chelate effect or chelation is one of the most 

important ligand effects in transition metal coordination chemistry.  

Since most metal-ligand bonds are relatively weak compared to C-C 

bonds, M-L bonds can often be broken rather easily, leading to 

dissociation of the ligand from the metal.  Consider the two metal ligand 

complexes shown below: 

M L

L

M L

L

+

M L

L

M

L
L

 
The second metal complex is much less likely to lose one of the 

ligands due to the bridging group that holds the ligands in proximity to 

the metal center.  From a kinetic viewpoint, if one of the ligands 

dissociates, it will remain close enough to the metal center to have a 

high probability of re-coordinating before another ligand can get in an 

bind.  From a thermodynamic viewpoint, by tethering two donor ligands 

together, one removes the entropic driving force for dissociating a 

ligand and thus making more particles in solution (more disorder).   

The chelate effect can be extremely dramatic.  There are cases known 

where the presence of a chelate will change the equilibrium constant by 

a factor of 1010 favoring the coordinated form of the ligand to the metal 

over the dissociated form.  Naturally, the longer and more flexible the 

bridging group in a chelating ligand, the less dramatic the chelating 

effect.  It is possible to design ligands with sterically enforced chelates. 
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ñeta-xò was originally developed to indicate how many 

carbons of a p-system were coordinated to a metal center.  

Hapticity  is another word used to describe the bonding mode of a 

ligand to a metal center.  You will occasionally see hx used instead of 

hx, although this usually an error caused by forgetting to turn a regular 

font h into the symbol font on most word processors in order to get a 

Greek h.  An h5-cyclopentadienyl ligand, for example, has all five 

carbons of the ring bonding to the transition metal center.     

hx values for carbon ligands where the x value is odd usually 

indicate anionic carbon ligands (e.g., h5-Cp, h1-CH3, h1-allyl or h3-

allyl, h1-CH=CH2).  The # of electrons donated (ionic method of 

electron counting) by the ligand is usually equal to x + 1.  Even hx 

values usually indicate neutral carbon p-system ligands (e.g., h6-

C6H6, h2-CH2=CH2, h4-butadiene, h4-cyclooctadiene).  The # of 

electrons donated by the ligand in the even (neutral) case is usually 

just equal to x. 

 

M
M

 
M  

M  

 

M
 

 

h5-Cp h3-Cp h3-allyl h1-allyl 

 

The nomenclature, however, has been generalized by most in the 

organometallic field to include non-carbon ligands when there is some 

question as to the bonding mode (or hapticity) of the ligand donor atoms 

to the metal.  For example, the bisphosphine Ph2PCH2CH2PPh2 (dppe) 

is normally a chelating ligand, but there are metal complexes known 

where only one of the phosphine atoms is coordinated to the metal 

center and the other is ñdangling.ò   

hx
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M PPh2 PPh2  
 

h1-dppe or k1-dppe 

The nomenclature for such a singly coordinated bisphosphine ligand 

would be:  M(h1-dppe) -- meaning that only one of 

the two possible phosphorus atoms is bonded to 

the metal.  Note that in cases like this, having an 

odd hapticity does NOT mean that the ligand is 

anionic (it is, however, a 2 electron donor!).  When 

dppe is coordinated in itôs normal chelating mode, one usually omits the 

h2-designation, as this is considered redundant.  Note that many authors 

(especially non-Americans) use kx instead of hx when referring to non-

carbon ligands.   

 

ñmu-xò is the nomenclature used to indicate the presence of a 

bridging ligand between two or more metal centers.  The x 

refers to the number of metal centers being bridged by the ligand.  

Usually most authors omit x = 2 and just use m to indicate that the ligand 

is bridging the simplest case of two metals.   

 

Problem:  Which of the following ligands will chelate 
the strongest to a generic metal center?  Why? 

Me2P PMe2

B)

Me2P PMe2

A)

Me2P PMe2

C) D)

PMe2Me2P

mx 
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Ordering    There is no set method of naming or ordering the listing 

of metal and ligands in a metal/ligand complex that most authors follow.  

There are IUPAC formalisms, but hardly any inorganic/organometallic 

chemists follow them.   

There are some qualitative rules that most authors seem to use in 

American Chemical Society (ACS) publications: 

1) in formulas with Cp (cyclopentadienyl) ligands, the Cp usually 

comes first, followed by the metal center: Cp2TiCl2      

2) other anionic multi-electron donating ligands are also often listed in 

front of the metal, e.g., trispyrazolylborate anion (Tp)   

3) in formulas with hydride ligands, the hydride is sometimes listed 

first.  Rules # 1 & 2, however, take precedence over this rule: 

HRh(CO)(PPh3)2 and Cp2TiH2   

4) bridging ligands are usually placed next to the metals in question, 

then followed by the other ligands (note that rules 1 & 2 take 

precedence):  Co2(m-CO)2(CO)6 ,  Rh2(m-Cl)2(CO)4 , Cp2Fe2(m-

CO)2(CO)2     

5) anionic ligands are often listed before neutral ligands:  

RhCl(PPh3)3, CpRuCl(=CHCO2Et)(PPh3) (neutral carbene ligand), 

PtIMe2(CſCR)(bipy).   
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Common Coordination Geometries 

 

6-Coordinate:  Octahedral (90° & 180° angles) 

M

L
L

L

M
L

L L

L

L

L

M LL

L

L

L

L

 
 

5-Coordinate:  Trigonal Bypyramidal or Square Pyramidial 

   (90° & 120°)    (~100° & 90°) 

M
L

L L

L

L

L M
L

L

L

L

apical

basal

axial

equitorial

 
 

4-Coordinate:  Square Planar or Tetrahedral 

      (90° & 180°)      (109°) 

 

L

M

L
L

L

L

ML L

L  
 

Square planar geometry is generally limited to Rh, Ir , Ni, Pd, 

Pt, and Au in the d8 electronic state when coordinated to 2e- 

donor ligands.  
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Problem:  Sketch structures for the following: 

a)  CpRuCl(=CHCO2Et)(PPh3) 
 

 

 

 

 

b)  Co2(m-CO)2(CO)6  (Co-Co bond, several possible structures) 

 

 

 

 

 

 
c)  trans-HRh(CO)(PPh3)2   [Rh(+1) = d8] 

 

 

 

 
d)  Ir2(m-Cl)2(CO)4    [Ir(+1) = d8] 
 

 

 

 
e)  Cp2TiCl2 
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Bonding and Orbitals 

 

z

x
y

z

x
y

z

x
y

z

x
y

z

x
y

z

x
y

z

x
y

z

x
y

z

x

y

dyz dxz dxy

dx  - y2 2dz2

pz px py

s
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Orbital Overlap Efficiency 

The strength of a chemical bond (covalent or dative) is related to 

the amount of overlap between two atomic (or hybrid) orbitals.  

When dealing with p-bonds the overlap efficiency is also 

important.  This is illustrated below for the p-systems of ethylene 

(H2C=CH2) and silylene (H2Si=SiH2).  The Si=Si double bond is 

very weak and reactive because the amount of overlap (green 

areas) between the two p-orbitals is small relative to the parts 

that do not overlap.  The overlap efficiency can be thought of as 

the orbital overlap area divided by the non-overlapping area.  

The smaller this ratio, the weaker the bonding.   

 

For s-bonds the overlap efficiency is close to 1.0 (100% 

overlap), which nicely explains why s-bonds are almost always 

stronger than p-bonds.   

 


