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Chemistry Structure and Properties 

Organic Stereochemistry 

Chirality 

Hybrid Orbitals 

sp3 Hybridization  

Comprised of one s orbital and three p orbitals. 
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Lone pairs can also feature in sp3 hydrid orbitals. 

 

sp2 Hybridization 

Comprised of one s orbital and two p orbitals. 
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These orbitals are important in forming double bonds. 

 

Sp2 hybridised orbitals are flat molecules, which are not free to rotate. 

 

sp Hybridisation 

Comprised of one s orbital and one p orbital. 
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Isomerism and Chirality 

Optical Activity 

Chiral molecules rotate the plane of polarised light that is passed through them by a specific angle.  

 

Molecules that rotate to the right are called dextrorotatory, whilst those that rotate to the left are 

called laevorotatory. Note that the direction of rotation of a given substance can only be determined 

experimentally, and has nothing to do with whether the species is R- or S-.  

The amount of rotation depends upon the concentration of optically active compounds in the 

sample, the length of the cell, and the wavelength of light used. The specific rotation can be 

expressed as: 

     
                 

                        
 

 

  
 

Cahn-Ingold-Prelog Rules 

1. The higher the atomic number of the immediate substituent atom, the higher the priority. Different 

isotopes are assigned a priority according to their atomic mass. 

For example, H  <  C  <  N  <  O  <  Cl 

2. If two substituents have the same immediate substituent atom, evaluate atoms progressively further 

away from the chiral center until a difference is found 

For example, CH3   <  C2H5  <  ClCH2  <  BrCH2  <  CH3O 

3. If double or triple bonded groups are encountered as substituents, they are treated as an equivalent 

set of single-bonded atoms (on each atom involved in the double or triple bond) 

For example, C2H5  <  CH2 =CH  <  HC≡C 

 

D/L Nomenclature and Fisher Projections 

This is an older method for representing 3D information in a 2D format that is still commonly used 

for sugars. The rules apply a configuration to the entire molecule, not to each chiral centre: 

1. Draw the parent chain vertically up the page  

2. Position the most oxygenated carbon (aldehyde, ketone, carboxylic acid) towards the top of the 

page  
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3. Orient the molecule such that vertically oriented bonds ALL project into the page, and horizontal ALL 

out of the page  

4. When the OH group at the bottom-most chiral centre points to the right, it is called a D configuration. 

Otherwise it is the L configuration 
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Diastereomers 

A compound with   chiral centres has a maximum of    stereoisomers. 

 

Diastereomers are stereoisomers that are not mirror images of each other. Diastereomers have 

opposite configurations at some (one or more) chirality centres, but have the same configuration at 

others. By contrast, enantiomers have opposite configuration at all stereocentres. 



8 
 

Diastereomers have a different shape (3D) and have therefore different chemical and physical 

properties. 

 

Meso Compounds 

Meso compounds are achiral, despite containing chirality centres. Such molecules can be identified 

as they contain a plane of symmetry. 

 

Separation of Enantiomers 

Enantiomers have identical physical and chemical properties, except that they rotate the plane of 

polarized light into opposite directions. As such, they cannot be separated easily, which is often 

required because only one enantiomer has the desired properties. 

A convenient way to separate enantiomers is via a 3-step procedure:   

 Converting them into diastereomers  

 Separate the diastereomers   

 Re-transform them into enantiomers 
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Prochirality 

Introduction 

A molecule is prochiral if it can be converted from an achiral to a chiral compound in a single 

chemical step. 

 

Designation of sp2 Prochiral Centres 

Which enantiomer is produced depends on which face of the planar (sp2) carbonyl group undergoes 

reaction. 

 

Assign priorities to the three groups attached to the trigonal, sp2  hybridized carbon according to CIP 

rules. If the substituents are arranged clockwise we call this the re face. The other side is called the si 

face. 
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Note that the configuration of the product is unrelated to the site of attack at the prochiral sp2 

centre - the priority of the incoming substituent relative to the existing substituents is what matters. 

Designation of sp3 Prochiral Centres 

To distinguish between the two identical atoms (or groups) on a prochirality centre, we imagine a 

change that will rise the priority of one atom over the other without affecting its priority with 

respect to the other attached groups. An easy way to do this is simply to replace a hydrogen with a 

deuterium atom. 

 

 

Chirality in Nature 

Enantiomers have the same physical properties (except the rotation of the plane of polarized light 

into opposite directions), but they often have different biological properties. 
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A large reason for this is that enzymes themselves are generally chiral, as the amino acids which they 

are comprised of are themselves chiral. 

 

A consequence of this is that racemic mixtures may be produced by lab synthesis where pure chiral 

substances are produced biologically. 

 

For example, aspartame is an artificial sweetener which only functions as such in one of its two chiral 

forms. 

 

The reason for this is that a chiral molecule must fit into a chiral receptor at some target site. For 

aspartame: various hypotheses have been proposed, but the most widely accepted one is the three-

point attachment theory. 
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Chirality in non-Carbon Atoms 

Tetrahedral atoms other than carbon can also be chiral centres. Si, N, P and S can all produce such 

chiral centres under the right circumstances. 

Trivalent N is tetrahedral with the lone pair of electrons acting as the “fourth” substituent. This lone 

pair always has the lowest priority when assigning the absolute configuration. Trivalent N 

compounds are too unstable for the isolation of individual chiral compounds. 

 

Trivalent P compounds (phosphines) are stable enough for individual chiral molecules to be isolated. 
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Cyclic Rings 

Chair Conformation 

Cyclohexane is not a planar molecule. Because of the sp3 hybridized carbons, it has a 3D structure. 

The so-called 'chair conformation' has the lowest energy, and flip-flops very rapidly between its two 

possible conformations. 

 

Ring Flip 

Equatorial substituents are energetically favoured because they reduce they 1,3-diaxial strain 

existing between all axial substituents. 

 

In the case of bulky substituents like t-butyl, the equatorial configuration is essentially the only one 

observed. With say the t-butyl 'freezes' this conformation. 

 

Disubstituted Cyclohexanes 

1,2 disubstitution – geometrical and conformational isomers 
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1,3 disubstitution – geometrical and conformational isomers 

 

1,4 disubstitution – geometrical and conformational isomers 
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Conformations of Polycyclic Molecules 

 

Formation of Epoxides 

An epoxide is a cyclic ether with three ring atoms. These rings approximately define an equilateral 

triangle, which makes it highly strained. The strained ring makes epoxides more reactive than other 

ethers. 
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The formation of epoxides proceeds via the anti-periplanar arrangement, which means that if this 

form is not a major variant of the molecule, then the reaction will be very slow. This occurs, for 

example, in the formation of trans-2-chlorocyclohexanol. 

 

Contrast this with the cis-2-chlorocyclohexanol isomer, which has no anti-periplanar conformation. 

As such, an oxiran cannot be formed by HCl elimination. Thus we see how “minor” chemical changes 

can lead to totally different reaction products. 
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Stereochemistry and Reactions 

Substitution Reactions 

SN1 Nucleophilic Substitution 

The SN1 reaction is a stepwise reaction. First the leaving group 'falls off', forming a carbocation. 

 

The resulting carbocation is planar, and thus can be attacked by the nucleophile either from the top 

or the bottom face. Since neither reaction is preferred, the result is a 50:50 racemic mixture. 

 

SN2 Nucleophilic Substitution 

In the SN2 reaction, cleavage of the leaving group and attack of the nucleophile occur in the same 

step, each happening on opposite sides of the reaction. 

 

The result is an inversion of the stereocentre, a process called Walden inversion. If the initial mixture 

if enantiomerically pure, so will be the product. 

Catalytic Hydrogenation of Alkenes 

These reactions involve hydrogen being adsorbed onto the metal surface, breaking the H-H bond. 

The alkene then approaches the H atoms and reacts with each of them, one either side of the double 

bond, thus eliciting a double addition reaction. 
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Addition Reactions 

Electrophilic Addition 

The general mechanism for this reaction is as follows: 

 

Addition to 1-Butene 

The first step in this reaction is the protonation of the double-bond to yield a secondary carbocation, 

which is a planar prochiral centre: 

 

Since both transition states have the same energy, they are formed at the same rate. The end 

product is an R/S racemic mixture. 
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Addition to cis-2-Butene 

This reaction is of the form: 

 

The bromonium ion can react with the Bromide ion either from the left or right side of the bottom 

face (it cannot attack from the top face, since this is blocked by Br+). Both possible attacks occur 

with the same probability, resulting in the formation of a (2S,3S)- and (2R,3R)-dibromobutane 

racemic mixture. 

 

Addition to trans-2-Butene 

This reaction proceeds as follows: 
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3  

Like before, the bromonium ion can react with the bromide ion either from the left or right side of 

the bottom face, and both attacks occur with the same probability. The result is that (2S,3R)- and 

(2R,3S)-dibromobutane are formed in equal amounts. However, closer inspection reveals that these 

are in fact the same molecule: it is a meso compound. 

 

Addition to Cyclohexene 

In this reaction, the cyclic bromonium ion is attacked from either the bottom or the top of the plane 

of the epoxide. As such, the second bromide substituent is always trans to the original bromide. 

 

Addition to Chiral Alkene 

If the reactant is chiral, the product has 2 stereocentres and four possible stereoisomers. 
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In this reaction, the C4 chiral centre is unaffected. The C2 carbon becomes a new chiral centre, with 

the reaction able to occur either from the 'top' or the 'bottom'. The result is a racemic mixture of 

enantiomers. 

 

Note that usually it does not react equally from top and bottom face, as one of the faces is likely to 

be more accessible due to less steric hindrance, so the ratio is different from 50:50 and hence the 

product mixture is optically active 

Summary 

 

Elimination Reactions 

Basic Reaction 

In an elimination reaction, two sp3 centres are converted to two sp2 centres. 
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E1 Elimination 

In the first step of this reaction, the leaving group 'falls off', leaving a carbocation. 

 

In the second step, a base removes a proton from the planar carbocation centre.  

 

E2 Elimination 

In this reaction, departure of the leaving group and attack of the base occur at the same time. 

 

In order for this to work, the two departing substituents must lie in a plane. 

 

There are two ways this can occur: anti-periplanar geometry and syn-periplanar geometry. 
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Since the anti-periplanar geometry has much lower energy, the E alkene is by far the most common 

product of such E2 reactions. 

Elimination from Cyclohexane Derivatives 

The chair geometry forces a rigid relationship between the substituents on neighbouring C atoms. 

Thus, much of the chemical reactivity in substituted cyclohexanes is controlled by their conformation. 

E2 eliminations proceed out of an anti-periplanar conformation. This requirement can be met in 

cyclohexanes only if the leaving group and the hydrogen are trans-diaxial. If either the leaving group 

or the hydrogen is equatorial, E2 elimination cannot occur. 
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In neomenthyl chloride, the bulky methyl and isopropyl groups are equatorial (energetically 

favorable). Chlorine is axial, which is perfect for an E2 elimination via an anti-periplanar arrangement. 

 

In menthyl chloride, all 3 substituents are equatorial. To achieve the necessary geometry for E 2  

elimination, menthyl chloride must first ring-flip to a higher-energy chair conformation, in which all 

substituents are axial. This reaction is slow because the reactive conformation is unfavourable. 

 

 

In some cases there ring is 'frozen' in a particular conformation by a large substituent, making ring 

flip impossible, and hence E2 eliminations cannot occur. 
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Spectroscopy 

Understanding Spin 

Electron Spin 

An electron behaves as if it were a particle spinning about its axis, possessing a property called spin 

angular momentum. Since the electron is charged, this gives rise to a magnetic moment  , the 

possible values of which are  
 

 
. In the absence of a magnetic field, these spin states have the same 

energy and hence have little effect. However, when an external magnetic field is applied, the spin up 

orientation (in the same direction as the applied field) has a larger energy than the spin down state. 

 

Nuclear Spin 

Protons spin just like electrons, and therefore they also exhibit a magnetic moment. Nuclear spin 

states are labelled with a nuclear spin quantum number. Since nuclear charge is opposite of electron 

charge, a nucleus whose magnetic moment is aligned with the magnetic field (    = +1/2) has the 

lower energy. 
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Classes of Nuclei 

Only isotopes with an odd number of protons (odd Z) and/or an odd number of neutrons (odd N) 

possess non-zero nuclear spin. Nuclei with zero nuclear spin (even Z and/or even N) have zero 

magnetic moment and cannot be detected by NMR methods. 

Group 1: Nuclei with both Z and N even  

 All spins are paired, net nuclear spin I = 0  

 Such nuclei are invisible to NMR  

Group 2: Nuclei with both Z and N odd  

 Odd number of proton and neutron spins, net nuclear spin I = even integer multiple of 1/2 

 Such nuclei are detectible by NMR  

Group 3: Nuclei with even Z and odd N, or odd Z and even N  

 Even number of protons spins (all paired) and uneven number of neutron spins (or vice versa), net 

nuclear spin I = odd integer multiple of 1/2  

 Such nuclei are detectible by NMR 

Table of Isotope Spins 
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Multiplicity 

Single atomic particles (protons, neutrons, electrons) can only adopt two magnetic spin orientations 

( 
 

 
). Complex nuclei can adopt more than two states, and hence can have many different values of 

 . The total number of possible spin states (e.g. different values of m) is called the multiplicity: 

                  

Each of these states has its own spin quantum number    in the range                   . 

 

The Nuclear Zeeman Effect 

In the magnetic field, the states separate in energy, with the largest possible m value corresponding 

to the lowest energy (most stable) state. This separation of states in the magnetic field is called the 

nuclear Zeeman effect. 

EPR Spectroscopy 

Electrons in an external magnetic field are no longer degenerate.  

 An unpaired electron can move between the two energy levels (α and β) by either absorbing (figure 

(a)) or emitting (figure (b)) electromagnetic radiation of energy ε = hν such that the resonance 

condition, ε = ΔE, is obeyed.  

The energy separation between the two spin states is given by: 

          

Thus flipping of an electron between two energy levels occurs when: 

          

Splitting of the energy levels is thus directly proportional to the magnetic field strength. 
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Conducting EPR 

EPR spectra can be generated by either  varying    while holding    constant, or by varying    while 

holding    constant. In practise the latter approach is usually preferred. At this point the unpaired 

electrons can move between their two spin states. This absorption of energy is monitored and 

converted into a spectrum showing absorbance at different magnetic field strengths for a given 

frequency of light. 

 

Hyperfine Spliting 

A lone isolated electron would have a single line as its EPR spectrum. However, in practise electrons 

are not isolated. It interacts, by way of its magnetic moment , with nearby nuclear spins. This results 

in additional allowed energy states and, in turn, multi-lined spectra. The spacing between the EPR 

spectral lines indicates the degree of interaction between the unpaired electron and the perturbing 

nuclei. 

For a radical having   equivalent nuclei, each with a spin of  , the number of EPR lines expected is 

     . 

 Splitting by nuclei of       (    1/2, -1/2); when n=1 the number of EPR lines expected is     . 

Example:    has 2 lines, equally spaced and equally intense  

 Splitting by nuclei of     (    1, 0, -1); when n=1 the number of EPR lines expected is     . 

Example:     and    have 3 lines, equally spaced and equally intense  

 Splitting by nuclei of       (    3/2, 1/2, -1/2, -3/2); when n=1 the number of EPR lines 

expected is     . Example:     has 4 lines, equally spaced and equally intense 

Note that    
 

 
 while     . 

Equivalent Nuclei 

An exact definition is: When a nucleus or a group of nuclei are related by a symmetry operation of 

the molecule, they are chemically equivalent. Chemically equivalent nuclei are usually also 

magnetically equivalent. 
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Chemically/magnetically equivalent nuclei give only one signal. However, the number of equivalent 

nuclei does have an effect upon the relative intensity of the different absorption lines. 

For      : 

 

For    : 

 

Complex Example 

Consider the case of methoxymethyl radical. 

 

The number of lines is found as: 

                         
 

 
          

 

 
        

The two equivalent methyl nuclei will give an overall 1:2:1 EPR pattern, each component of which is 

further split by the three methoxy  nuclei into a 1:3:3:1 pattern to give a total of 12 lines, a triplet of 
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quartets. The two methyl groups do the 'bigger' split because they are closer to the unpaired 

electron, and so have a greater influence on it. 

 

The Zeeman Factor 

Recall that we can write: 

   
  

    
 

   
  

    
 

The value of    differs depending on the radical, and can be obtained from the spectrum. The value 

can be directly obtained from a single line spectrum, and in the case of a multi-line spectrum (if the 

spectrum is symmetrical), it can be obtained from the field strength at the centre (approximation). 

 

If there is more than one unpaired electron in a compound, spectra gets complicated. 

NMR Spectroscopy 

The Basics 

When placed in a magnetic field, protons or neutrons of different spin adopt different energy states, 

with the size of the energy gap increasing with the magnetic field strength. 
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Low energy nuclei absorb energy when exposed to radiowaves at their precession frequency (νL), 

and emit this later in a time-dependent fashion. 

 

Electron Shielding 

If this were the full story, all 1 H nuclei would resonate at the same frequency, and all 13 C nuclei 

would also resonate at the same frequency. However, nuclei are surrounded by a cloud of electrons, 

and when these electrons move through the applied magnetic field, an induced magnetic field is 

generated that opposes the external field - hence the effective magnetic field is smaller. 

The shielding constant   is independent of the magnetic field strength, and instead depends only on 

the electronic and magnetic environment of the nuclei in question. 
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 Deshielded nuclei are attached to electronegative atoms or groups, so have less electron density and 

thus experience larger effective fields. As such, they resonate at a higher frequency. 

 Shielded nuclei are attached to electropositive atoms or groups, which increase electron density and 

hence experience smaller effective fields. As such, they resonate at a lower frequency. 

Chemical Shift 

The chemical shift quantifies the extent to which a nucleus is shielded or deshielded. Since different 

NMR instruments use different magnetic field strengths, the chemical shift will vary between 

instruments. To find a shift scale that is independent of   , we need a standard zero point reference. 

Tetramethylsilane Si(CH3)4  (or TMS) is the relative zero point for the chemical shift scale. TMS is 

inert, volatile, and resonates at a lower frequency than most common organic compounds. TMS is 

also useful because it gives only one signal for  1H and one for 13C. 

 

Typical chemical shifts for    NMR are given below: 
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The chemical shift is thus measured relative to TMS: 

       
         

           
     

The advantage of this scale is that it provides a measure that is independent of   . 

Chemical Equivalence 

Atoms in a molecule are considered as chemically equivalent, if they possess identical     . This 

means that they have identical “chemical environments” - e.g. same connectivity, same 3-D 

arrangement, etc. Chemically equivalent protons resonate at the same frequency. 

 

Coupling to 1 nucleus 
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Coupling to 2 nuclei 

 

Coupling to 3 nuclei 

 

If we have coupling to multiple different sets of non-equivalent nuclei, the multiplicity is: 
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Coupling to carbon generally does not occur as it is invisible on the spectrum. Also note that each set 

of chemically equivalent atoms will show one line on the spectrum, split in accordance with the 

interactions with each other group found in the molecule. 
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Homotopic, Enantiotopic and Diastereotopic 

 Homotopic protons are those that, when substituted for by deuterium, lead to the same structure. 

These are always equivalent, and will give one signal in the 1H NMR 

 

 Enantiotopic protons are those that, when substituted for by deuterium, lead to a pair of 

enantiomeric structures. These appear to be equivalent (and will usually give one signal in the  1H 

NMR), but can be made nonequivalent by placing the molecule in a chiral environment 

 

 Diastereotopic protons are those that, when substituted for by deuterium, lead to a pair of 

diastereomeric structures. These are not equivalent and will usually give different signals in the  1 H 

NMR. 

 

Spin-Spin Coupling 

The spectrum of a nuclei does not just depend upon the magnetic properties of that nucleus and its 

electrons; it also depends upon the other nuclei in the molecule. Through a process known as spin-

spin coupling, some nuclei can increase and others can decrease the field potential of the target 

nucleus. 
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The coupling constant,   (in Hz) is a measure of the interaction between a pair of protons. Note that 

it is always symmetric: the coupling of    with    (   ) must be equal to the coupling of    with    

(   ). As such  the spacing between the lines in the coupling patterns are the same. 

 

 

Integration 

The relative intensity of resonances in a spectrum correlates with the number of protons resonating 

at each frequency. The relative area under each resonance (found by integration) is proportional to 

the number of chemically equivalent and non-equivalent protons per molecule. 
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Note that the lower abundance of 13C means that integration of these signals is much more difficult 

than for 1H.  

Aromaticity 

Aromatic Compounds 

The Meaning of Aromaticity 

In the early days the word aromatic was used to describe fragrant substances. Today the word 

“aromatic” refers to benzene and its structural relatives (not to the fragrance any more).  

Although benzene it is an unsaturated compound, it reacts differently compared to alkenes: 

substitution instead of addition. There must be something special about the π system in benzene. 

 

Stability of Benzene 

The origin of this stability lies in the delocalization of the valence electrons through an extended π-

orbital system, as a result of the systems of extended systems of conjugated C=C double bonds. 

Conjugation refers to a series of alternating single and double bonds. 
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This additional stability can be observed by the much lower than expected heat of hydrogenation of 

benzene compared to comparable compounds. 

 

Requirements for Aromaticity 

 Orbital framework cyclic  

 Orbital framework planar  

 Orbital framework fully conjugated  

 Bond lengths identical  

 Number of π electrons in accordance with the Hückel rule (4n+2) 

Heteroaromatic Compounds 

Heteroaromatic compounds are those in which one or more C atoms are replaced by other atoms, 

often N, S, O. 

 

The lone pair of electrons at the heteroatoms participates in the π-system in pyrrole, furan, 

thiophene and indole, which allows aromaticity. 

Pyridine nitrogen is sp2 hybridized and is therefore planar. It behaves like a carbon compound, 

except that the lone pair of electrons lies in the plane of the 6-membered ring. 
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Pyridine can act as a base and a nucleophile without losing its aromaticity. 

 

Anti-Aromaticity 

Antiaromaticity is a characteristic of a cyclic molecule with a π electron system that has higher 

energy due to the presence of 4n electrons (as opposed to the 4n+2 Huckel rule). Unlike aromatic 

compounds, which are highly stable, antiaromatic compounds are highly unstable and reactive. To 

avoid the instability of antiaromaticity, molecules may change shape, becoming non-planar and 

therefore breaking some of the π interactions. 

Cyclobutadiene is an example of an antiaromatic compound. 

 

In practise, cyclobutadiene exists, but not with all bond lengths being the same. Cyclobutadiene has 

two alternating single and double bonds, but no resonance. 
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Reactions of Aromatic Compounds 

Substitution Reactions 

Aromatic compounds undergo substitution instead of addition, because by this the aromatic (and 

energetically favoured) electron system is retained. 

 

The first step is relatively slow because of the loss of aromaticity it is the rate determining step. 

 

Looking at the energy profile for the reaction we can say why substitution reactions are preferred 

over the addition reaction. 
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Examples of Electrophiles 

 

When the benzene ring carries already one substituent (for example X), a second substitution could 

lead to various different products. The position of the second substitution is determined by the 

character of the substituent already present in the ring. 

 

Inductive Effect 

Withdrawal or donation of electrons through a σ bond due to electronegativity and the polarity of 

bonds in functional groups. 

 

Halogens, carbonyl groups, CN and NO2 groups withdraw electrons, whereas Alkyl groups 

inductively donate electrons. 

Resonance Effect 

Withdrawal or donation of electrons through a π bond due to the overlap of a p orbital on the 

substituent with a p orbital on the aromatic ring.  
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Electron-donating substituents activate the aromatic ring (due to more electrons to react with the 

electrophile) - the reaction proceeds relatively easy. They direct the second substituent into the 

ortho and para position.  

Examples:                            

 

Electron-withdrawing substituents deactivate the aromatic ring (due to less electrons to react with 

the electrophile) - the electrophilic substitution is relatively slow. They direct the second substituent 

into the meta position. 

Examples:                         

 

Bromination of Anisole 

The OCH3  group is activating and ortho-para directing. To see why, we look at the resonance 

structures for each of the three hypothetical substitutions: 
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We notice that the first two cases have four resonance structures each, while the final case has only 

three, because here the lone pairs of the oxygen have no opportunity to participate in the charge 

delocalisation, as the positive charge is never found in a suitable position. Because the sigma-

complex is less stable, the meta form of this produce is thus kinetically disfavoured. 

Bromination of Benzoic acid 

The COOH group is deactivating and meta directing. To see why, we look at the resonance structures 

for each of the three hypothetical substitutions: 
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Notice that in the first two cases the positive charge is adjacent to the δ+ on the carbon, which is 

energetically disfavoured because of electrostatic repulsion. The only reaction to avoid this is the 

meta substitution, which thus has more stable resonance structures and so is kinetically favoured. 

Kinetic vs Thermodynamic Control 

Electrophilic aromatic substitutions on aromatic systems that contain already one substituent are 

kinetically controlled processes. This means that not the stability of the products formed but the 

height of the activation barrier is important. If the stability of the products would determine the 

outcome, the reaction is called thermodynamically controlled. 

 

This is relevant to electrophilic substitution reactions because the steric clash of adjacent 

substituents means that the ortho position is actually thermodynamically disfavoured: 

 

This can be seen in the synthesis of Mesitylene from Toluene. Toluene is an activated aromatic 

compound and so directs incoming substituents into the ortho and para position. So how can 
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Mesitylene be synthesised? The answer is to heat the reaction so that the higher activation energy 

can be overcome, and the system can reach its lower energy equilibrium state. 

 

Note that kinetically controlled reactions are irreversible (e.g. Friedel-Crafts acylation, nitration, 

halogenation), while thermodynamically controlled reactions are reversible (Friedel-Crafts alkylation 

and sulfonation). 

Substitution on Polycyclic Aromatic Compounds 

Naphthalene 

Naphthalene has only two different protons/sites, referred as α and β. 

 

In general, α substitution is preferred for naphthalene in kinetically-controlled reactions, but  -

substitution is preferred for thermodynamically-controlled reactions. 
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Resonance and Steric Interactions 

We can observe why by comparing the resonance structures of the two possible substitutions: 

 

 

Other resonance forms break up the aromaticity in the second ring, which is energetically highly 

disfavoured. Thus we see the alpha substitution has two resonance forms compared to only one for 

the beta substitution, making the alpha substitution kinetically preferred. 

The greater thermodynamic stability of the beta substitution is a result of steric interactions, as a 

result of an eclipsed relationship between the hydrogen and the new substituent. 
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Other Substitution Reactions of Naphthalene 

 

Substitution on Heteroaromatic Compounds 

Introduction 

Heterocyclic aromatic compounds can be substituted by electrophiles. We can distinguish between 

electron-rich and electron-poor heteroaromatic compounds. 

 

Electron-Poor vs Electron Rich 

Pyridine is an electron-poor aromatic system, as the lone pair of electrons are perpendicular to the 

aromatic pi system, and so do not contribute to the aromaticity. 
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Pyrrol is an electron-rich aromatic system, as the lone pair of electrons on the nitrogen contribute to 

the aromaticity of the ring. 

 

Regiochemistry in Pyridine Reactions 

As usual, the stability of the respective σ-complexes determines the site of the substitution. 

 

Regiochemistry in Pyrrol Reactions 

Again, the stability of the respective σ-complexes determines the site of the substitution. 
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Reactivity of Pyridine 

Because it is an electron-deficient compound, Pyridine reacts only with very strong electrophiles.   

 

Because of its reactivity, it is also quite easy to add electrons and so reduce the ring: 

 

Reactivity of Pyrrol 

Because it is an electron-rich heterocycle, Pyrrol undergoes electrophilic aromatic substitutions very 

easily (much easier than benzene). 
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Reactions of Indole 

Indole is an aromatic heterocyclic compound consisting of a six-membered benzene ring fused to a 

five-membered nitrogen-containing pyrrole ring. It can undergo substitution reactions, with the beta 

site being the most favourable for reactions. 

 

 

As can be seen in the diagrams above, the beta site has two possible resonance structures compared 

to only one for the alpha site. 

Quantum Chemistry 

Basic Quantum Mechanics 

The Wavefunction 

This is a mathematical function which contains all the observable information about the system. The 

most common representation is in terms of variables of position. The higher the value of the 

wavefunction at a point, the more likely it is that the particle will be found at that position. The more 

rapidly the wavefunction changes, the higher the kinetic energy of the particle in question. 

The schrodinger equation describes the evolution over time of quantum systems. It is written: 

       

That is, energies are eigenvalues of the Hamiltonian (total energy) operator. 

In one dimension, the Hamiltonian operator is: 
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Free Particle 

For a free particle, the potential energy is constant (so we might as well call it zero): 

          

The Schrödinger equation becomes: 

       

  
 

  

  

   
            

  

   
      

  

  
      

           
  

  
  

 
  

         
  

  
  

 
  

   

Particle in a Box 

A particle of mass   is free to move along the  -axis between     and     with no change in 

potential. 

                 

                 

  
 

  

  

   
            

                       

The boundary condition here is       , which eliminates the     option: 

              

We also require       , which means that; 

      

  
  

 
 

Thus we have our solutions of the form (after normalisation): 
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Harmonic Oscillator 

Molecules can be viewed as collections of masses held together by springs. The restoring force is 

proportional to displacement (x) from equilibrium: 

         

As such the potential energy is: 

     
 

 
    

Motion of two masses (called them m1 and m2) is equivalent to motion of single mass µ: 

  
    

     
 

Classically, masses moves back and forth with frequency: 
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Particle on Ring 

The solution for a particle on a ring is given by: 

       
 

  
     

Where: 

  
    

 
 

      

  
    

     
  

   
    

  
 

Benzene can be modelled quite well as six   electrons on a ring, where the radius   corresponds to 

the radius of the ring. The energy level diagrams for benzene are given by: 
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Quantum Systems Summary 

 

Rotation and Angular Momentum 

Angular Momentum 

Angular momentum is quantised in quantum systems. The quantised values are the quantum 

numbers   amd   , where: 

    

       

The magnitude of the angular momentum is given by: 

         

The projection of the angular momentum onto the z-axis is given by: 
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The angle that the angular momentum vector makes with the z-axis can be found using: 

     
  

       
 

 

 

Electron Spin 

Intrinsic angular momentum of electrons is also quantised, in accordance with: 

    
 

 
 

The magnitude of intrinsic angular momentum is therefore: 

          
 

 
 
 

 
     

  

 
  

The angle of spin can be found by: 
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Molecular Rotation 

Rotations of molecule are quantized. For a diatomic molecule (e.g. HCl), rotational energy levels are: 

               

Where   is the rotiational quantum number, and   is the rotational constant, which is given by: 

  
 

       
 

Where the reduced mass is: 

  
    

     
 

Associated with each rotational quantum number  , there are      equivalent energy levels 

Selection Rules 

A selection rule, or transition rule, formally constrains the possible transitions of a system from one 

quantum state to another. Selection rules have been derived for electronic, vibrational, and 

rotational transitions in molecules. These apply for diatomic molecules. 

The selection rule for rotational transitions is: 

      

Thus the energy difference between the different levels is: 
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So rotational transitional occur at energy units of        , with rotational lines spaced    apart. 

A change in a molecule’s vibrational state often also leads to a change in its rotational state. If we 

use   for the vibrational state quantum number and   for the rotational state quantum number we 

have the combined selection rules: 

      

      

The transition ∆J = 0 is forbidden, meaning that pure vibrational transition is not observed in most 

cases. The rotational selection rule gives rise to an R-branch (when ∆J = +1) and a P-branch (when ∆J 

= -1). Each line of the branch is labelled R(J) or P(J), where J represents the value of the lower state. 
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Interpreting a Rotational Spectra 

Rotational-vibrational transitions give rise to a transition spectrum which looks something like: 

 

Bond Distance 

The band gap occurs as a result of the      transition being forbidden, and since it is equal to   , 

it provides a useful method for calculating the radius: 

  
 

       
 

   
 

      
 

Bond Force Constant 

Taking the vibrational frequency from the centre of the spectrum (corresponding to the vibrational 

ground state), we can find  : 

  
 

  
 
 

 
 

         

Temperature 

To find the temperature, determine which value of   corresponds to the peak amplitude, then by the 

Boltzmann distribution: 
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Molecular Structure 

Born-Oppenheimer Approximation 

It is difficult to solve the Schrödinger equation for a molecule if motions of electrons and nuclei are 

considered simultaneously. A common simplification is called the Born-Oppenheimer approximation, 

which assumes that the electrons, being much lighter, move about the nuclei, which are considered 

to be fixed. 

First we select an internuclear separation, solve the SE for that separation, and than repeat for a 

different separation. This yields a molecular potential energy curve, which shows how the potential 

energy varies with the bond length. 

 

Molecular Orbital Theory 

Molecular orbital theory is a method for determining molecular structure in which electrons are not 

assigned to individual bonds between atoms, but are treated as moving under the influence of the 

nuclei in the whole molecule. 

A common method of approximating this is called Linear Combination of Atomic Orbitals (LCAO). 

Molecular orbitals are expressed as linear combinations of basis functions, which are selected to bee 

one-electron orbitals centered on nuclei of the component atoms of the molecule. The atomic 

orbitals used are typically those of hydrogen-like atoms since these are known analytically. 
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We can represent these composite orbitals using energy diagrams: 

 

The bond order is the number of electrons in bonding orbitals, minus the number in anti-bonding 

orbitals, divided by two. 
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Hückel Approximation 

The Hückel approximation is used for larger organic molecules with conjugated bonds. For organic 

molecules with alternating single/double bonds,   orbitals determine molecular shape and   orbitals 

determine electronic properties (HOMO, LUMO etc). 

We express   orbitals as a linear combination of 2p atomic orbitals: 

                    

Orbital energies and wavefunctions can be determined by solving for the secular determinant: 

 

Since this can be rather difficult to solve, we often use the Hückel approximation: 

 Overlap integrals are set to zero:     

 Resonance integrals between non-neighbours are set to zero:       

 Resonance integrals between neighbours are set to beta:      (usually negative) 

Example: Ethene 
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Example: Butadiene 

 

 

Example: Benzene 
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Example: Cyclo-butadiene radical 

 
 

Molecular orbital analysis enables us to understand the basis for Huckel's rule: 

 

Electronic Transitions 

When a molecule changes electronic state molecular geometry is affected. This is because length 

and force constants for bonds are altered by electronic rearrangement. For example, promotion of 

an electron from     to     orbital lengthens the C-C bond. 
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Spectroscopy 

Vibrations of Polyatomic Molecules 

A molecular vibration occurs when atoms in a molecule are in periodic motion while the molecule as 

a whole has constant translational and rotational motion. In general, a molecule with N atoms has 

3N-6 normal modes of vibration, but a linear molecule has 3N-5 such modes, as rotation about its 

molecular axis cannot be observed.  

 

Normal mode is a collective oscillation in which all the atoms in a vibrate at the same frequency, and 

maintaining the same phase relation. Normal mode frequencies depend on atomic masses, stiffness 

of the bonds (springs) and, for some modes, bond lengths and angles. 

 

Each normal mode has an associated harmonic oscillator wavefunction. 
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Infrared Absorption 

The infrared spectrum of a sample is recorded by passing a beam of infrared light through the 

sample. When the frequency of the IR is the same as the vibrational frequency of a bond, absorption 

occurs. Examination of the transmitted light reveals how much energy was absorbed at each 

frequency. 

Intensity of transmitted light depends on sample thickness ( ), concentration        and  absorption 

coefficient (  ), which depends on the wavelength. 

 

Raman Spectroscopy 

When photons are scattered from an atom or molecule, most photons are elastically scattered 

(Rayleigh scattering), such that the scattered photons have the same energy as the incident photons. 

A small fraction of the scattered photons (approximately 1 in 10 million) are scattered by an 

excitation, with the scattered photons having a frequency different from, and usually lower than, 

that of the incident photons. 
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Typically, in Raman spectroscopy high intensity laser radiation with wavelengths in either the visible 

or near-infrared regions of the spectrum is passed through a sample. Photons from the laser beam 

produce an oscillating polarization in the molecules, exciting them to a virtual energy state. The 

oscillating polarization of the molecule can couple with other possible polarizations of the molecule, 

including vibrational and electronic excitations. If the polarization in the molecule does not couple to 

these other possible polarization, then it will not change the vibrational state that the molecule 

started in and the scattered photon will have the same energy as the original photon. This type of 

scattering is known as Rayleigh scattering. 

Raman spectroscopy involves exposing molecules to an intense beam of light that is scattered at 

different frequencies which depend on the molecules’ vibrational frequencies. The  Raman effect is 

related to the polarizability (α) of a molecule by an electric field inducing a dipole moment     . 

 

If radiation with frequency ω L  is incident on a molecule oscillating with frequency ω vib , then light 

is scattered at frequencies of ω L , ω L -ω vib  and ω L +ω vib . These three frequencies correspond to 

Rayleigh, Stokes and anti-Stokes radiation. 

Raman effect is rather weak and requires an intense source of light. Raman spectroscopy has 

flourished since advent of lasers which provide a powerful source of monochromatic radiation. 

Spectroscopy Summary 
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Franck-Condon Principle 

The Franck–Condon principle is a rule in spectroscopy that explains the intensity of vibronic 

transitions. Vibronic transitions are the simultaneous changes in electronic and vibrational energy 

levels of a molecule due to the absorption or emission of a photon of the appropriate energy. The 

principle states that during a transition, a change from one vibrational energy level to another will 

be more likely to happen if the two vibrational wave functions overlap more significantly. 

 

 

Fluorescence 

For molecules in solution, higher vibrational levels in the upper electronic state are rapidly 

deactivated through collisions with solvent. Fluorescence occurs from the lowest vibrational level in 

the excited state. Absorption and emission curves tend to be “mirror images” of one another. 
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The fluorescence quantum yield gives the efficiency of the fluorescence process. It is defined as the 

ratio of the number of photons emitted to the number of photons absorbed.  

  

 

Radiationless processes include: intersystem crossing (spin-forbidden process whereby energy is 

transferred to state of different spin multiplicity, e.g. singlet to triplet) also called phosphorescence, 

and internal conversion (transfer to lower singlet state). Because it is a spin-forbidden process, 

phosphorescence is much slower than fluorescence.  
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Symmetry 

Group Representations 

Introduction to Representations 

A representation  of  a  Symmetry  Group  consists  of  a  collection  of  g  matrices  (or  numbers), 

where each matrix represents one symmetry operation of the Group, so that multiplication between 

these matrices reflects the closure property of the Group. 

 

A representation is obtained by applying each operation to a basis, which consists of a set of atomic 

or bond "decorations" of the 3D molecular shape. Examples of decorations that can be used include 

atomic labels, atomic orbitals, and nuclear displacement coordinates. The matrix or number we 

obtain then describes the effect of the symmetry operation on the chosen basis. 

Permutation Representation 

The permutation representation    uses the basis of atomic labels. 
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We often summarise the representation by taking the trace of each matrix. This yields a number 

called the character of each symmetry operation. It represents the number of basis elements that 

are left unchanged by the specific operation. 
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We can this show the entire process in a flowchart: 
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Vector Representation 

The basis in this representation consists of coordinates of the position of all the atoms in the 

molecule, centred at the origin of the molecule. 

 

Note that      and      and      

Atomic Orbital Representation 

We can also represent a symmetry group in terms of a basis of atomic orbitals centred at the origin. 

The characters for the three types of orbitals under the two different types of transformation are 

given as follows: 
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Atomic Orbitals at Nuclei Representation 

We can go one step further and represent the symmetry group of a molecule in terms of a basis of 

atomic orbitals centred at each atom. To do this, we obtain the character vector of the permutation 

representation of the molecule, and take the elementwise product of this with the character vector 

of the atomic orbital representation at the origin. 

 

Atomic Displacement Representation 

In this case we represent the symmetry of a molecule in terms of the displacement coordinates of 

each atom. We obtain this representation by taking the elementwise product of the character vector 

at the centre with the character vector of the permutation representation. 
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Summary 

The general from of this is: 

 

A summary of the various group representations: 

                              

                                     

                              

                                    

                                

Irreducible Representations 

Introduction to Irreducibility 

The  simplest  representations  of  a  group  are  called irreducible representations (“simplest” means 

generated by smallest  basis). In a given group, there are as many irreps as there are classes.  

 The  names  and  characters  of  the irreps  are  listed  in  the character  table of  the  group,  with  

examples  of  symmetry adapted basis sets. Every conceivable representation of a symmetry group 

can  be  decomposed  (reduced)  into  irreducible representations  (consequently  the  associated  

basis  can  be combined into a symmetry-adapted basis).  

While a reducible representation describes the symmetry transformation properties of a bunch of 

Atomic Decorations (e.g. Atomic Orbitals, Atomic Displacements), an Irreducible Representation 

describes the symmetry behaviour of a  generic Molecular Motion (MO electronic wavefunctions,  

normal modes of nuclear vibration). 
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Character Tables 

 

Decomposition 

Any symmetry representation can be decomposed into a sum of irreps. To do so we follow a two-

step process: 

1) Take our chosen representation  , and evaluate    by multiplying each element in   by the number 

of symmetry operations in its class 

2) We want to rewrite   in the form: 

      
     

     
     

       
     

 

 

To do this we calculate    by the formula: 

   
 

 
  
     

    

 

Degeneracy 

Note that the degeneracy of each irrep corresponds to the number in the first column. So A and B 

irreps always have degeneracy 1, while E always has degeneracy 2. This must always be born in mind 

when counting molecular orbitals. 

Molecular Vibrations and Spectroscopy 

Normal Modes 

The     irrep describe the normal modes of vibration of the molecule in terms of the different types 

of motion and their symmetries. 
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How do we know which of these possible motions represent the vibational modes? Just use the 

character table to subtract the translational and rotational modes. 

 

 

Molecular Orbitals 

The     irreps describe the molecular orbitals that can be obtained as linear combinations of the 

chosen atomic orbital basis. If we consider Benzene as an example: 
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Examining each of the possible molecular orbitals in turn we have: 
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The advantage of this analysis is that the irreps determine the shape of the MOs without solving any 

secular equations. 

Octahedral Complexes 

Metal orbitals and Ligand symmetry-orbitals can form Bonding and Antibonding molecular orbitals 

only if they have the same symmetry. Their interaction strength is given by the size of the overlap 

intergral, so this must be non-zero for interaction to occur: 
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Electric Dipole and Symmetry 

An electric dipole is a vector measuring the average separation between two charges. 

 

A molecular electric dipole can be thought of as a vector sum of "bond dipoles". A bond between 

atoms with different electronegativity can be described in terms of a bond dipole. 

 

Whether or not a permanent molecular electric dipole can exist is determined by molecular 

symmetry. 

 

There are two conditions for radiation-molecule energy exchange to occur:   

1. Energy match (Planck-Einstein): The energy carried by radiation must match exactly the energy 

needed to excite a molecular motion, corresponding to a molecule’s energy gap.  

2. Change of molecule’s electric dipole: Molecular motions can couple to radiation only if they move 

around nuclear and electronic charges, so to change the molecule’s electric dipole. 
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Microwave Spectroscopy 

 

Only molecules with the appropriate symmetries shown above can have a permanent dipole 

moment,  and hence can have a microwave spectrum. 

IR Spectroscopy 

This is caused by changes in the permanent electric dipole. 
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A normal mode is IR-active if and only if one of the following holds: 

 

Raman Spectroscopy 

This is the result of changes in the induced dipole of the molecule. 

 

A normal mode is Raman-active if and only if one of the following holds: 
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Rule of Mutual Exclusion: in centro-symmetric molecules (molecules with an inversion centre) a 

normal mode cannot be both IR and Raman active. 

Carbon Dioxide Example 
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Metal Carbonyls 
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Additional Notes 
Molecule Point Group 

HCl C v 

Benzene D6h 

CCl4 Td 

C3H3 D3h 

NH3 C3v 

B(OH)3 C3h 

fac-M C3v 

mer-M C2v 

cis-M C2v 

trans-M D4h 
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Metalorganic Chemistry 

Synthesis and Structure 

Electronegativity and Bonding 

The van Arkel -Ketelaar Triangle illustrates the relationship between the different bonding types and 

electronegativity, χ. 

 

Electronegativity trends across periods and down groups: 
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Sodium and Potassium 

 Unstable and highly reactive, pyrophoric in air and water 

 Prepared in organic solvents such as THF or dichloromethane 

 Sodium and Potassium compounds synthesised by transmetallation reaction: 

                       

Organo-Lithium 

 Lithium compounds synthesised by: 

                 

                    

                        

 Lithium compounds are soluable in organic hydrocarbons 

 Structure of tert-butyllithium, as determined by NMR experiment 

 

Organo-Beryllium 

 Beryllium similar to lithium: unstable, pyrophoric in air and water 

 Prepared by transmetallation: 

                        

 Use       as a solvent 

          is a monomer in hydrocarbon solvents, and a polymeric chain in solid state 
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 Electronic structure as shown below: 

 

 Readily forms compounds with cyclopentane to form beryllocene 

 

Organo-Magnesium 

 React vigorously with air and water 

 Very important as Grignard reagents in organic synthesis, activated by   : 

           

 Monomeric 4 or 6 coordinate in organic solvent solution 

 

Organo-Aluminium 

 Unstable and highly reactive, pyrophoric in air and water 

 Stored in hydrocarbon solvents 

 Alkylaluminium prepared in laboratory by transmetallation: 
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 Prepared industrially by the (unbalanced) reaction: 

                          

 

 Found as a dimer with smaller R groups, but a monomer with bulky R groups 

 

Organo-Gallium 

 Gallium is actually more electronegative than Aluminium 

 Synthesized by transmetallation: 

                      

 Trigonal planar structure in solution, forms complex four atom structure in solids 

 Important in preparing semiconductors 

Ligand Field Theory 

Spectrochemical Series 

This refers to the ordering of ligands based on their ability to give larger   . Need to consider orbital 

interaction within molecular orbital framework in order to properly explain the series.  
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For     may get: 

 Bonding  (overlap gives  greater e- density between atoms) 

 Antibonding (gives lower e- density between atoms) 

 Nonbonding (no net bonding overall) 

To determine which of these will obtain, we need to identify which combinations of metal and ligand 

orbitals will interact - this is best done using symmetry. If orbitals on metal and the ligand overlap 

and have the same symmetry, then we get bonding and antibonding combinations (A+B and A-B). If 

orbitals on metal or ligand don’t have orbitals of the same symmetry on the other partner, then 

those metal or ligand orbitals nonbonding re. the M–L interaction. 
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Molecular Orbitals 
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Ligands and Pi Bonding 
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Metathesis 

 Changing of partners for ligands and metals 
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Ligands 

CO Ligand 

   acceptor 

 Multiple possible bonding modes: linear, bridging, capping 

   refers to number of metal atoms per ligand 

 

Phosphines 

   acceptor  

 Electronic and steric properties controlled by R groups 

 

Dihydrogen and Hydride 

 Hydride has single 1s   bond, so is   neutral 

 Dihydride has pi backbonding to empty    orbital, so is   acceptor 

 Both σ donation and π acceptor interactions require sideways bound 

 

Sigma Alkyl Ligands 

   neutral 

 Reaction of alkyl, alkyenyl, alkynyl, and aryl ligands 
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Pi Alkyl Ligands 

   acceptor 

 Reaction of the pi bonds in alkene and alkyne ligands 

 Works according o the Dewar-Chatt-Duncanson model: The pi-acid alkene donates electron density 

into a metal d-orbital from a π-symmetry bonding orbital between the carbon atoms. The metal 

donates electrons back from (a different) filled d-orbital into the empty π* antibonding orbital 

 Strong σ donation by ligand makes M more e- rich, thus raising energy of other Metal orbitals (e-e 

repulsions), and making it a better donor, hence enhancing pi backdonation 

 

Nonconjugated Diene 

   acceptor 

 Non-conjugated diene -C=C-C-C=C- is quite stable because of chelate-like effects 

 

Dinitrogen 

   acceptor 
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 Can bond 'face on' or 'edge on', though 'face on' more  

 

Butadiene 

 Similar to allyl (side on coordination) 

 Facilitates protonation to give allyl form (actually addition of   ) 

 

Cyclobutadiene 

 Example of a so called “anti-aromatic” cyclic polyene 

 However, presence of the metal distortes bonds, leading to aromatic form being stabalised and so 

preferred 

 

Benzene 

 Interaction with π MO’s through side-on binding 

 Designate number of bound atoms  using η nomenclature 

 

Allyl Ligand 

 Similar bonding to alkene (backbonding) 

 Has two different possible bonding configurations 
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Ligands Summary 
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Counting Electrons 

Two Methods 

 

Metal-Metal Bonding 

 

Bridging Ligands 
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More Examples 

 

 

Reactions of Organometallic Compounds 

Substitution Reactions 

 Replace one 2e donor by another 

 Ring slip of aromatic ligands 

 Change in binding mode (e.g. allyl) 
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Oxidative Addition 

 Addition of substrate X-Y (main examples are H-H, H-X, R-X, X-X) 

 Increases… oxidation state by 2 and coordination number by 2 

 Require metal in LOW oxidation state and LOW coordination number 
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Reductive Elimination 

 Reverse of oxidative addition 

 Lowers oxidation state, e- count and coordination number by 2 

 

Alkyl Migratory Insertion 

 Lowers electron count by 2 and coordination number by 1 

 Important for polymerization reactions 
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β-hydride Elimination 

 Hydride migration and reverse of Hydride migration 

 Changes electron count by 2 and coordination site by 1 

 

Carbenes 

 A molecule containing a neutral carbon atom with a valence of two and two unshared valence 

electrons 

 Electrophilic attack if complex/group electron rich 

 

Catalysis 

Characteristics of a Good Catalyst 

 Coordinatively and electronically unsaturated during cycle, i.e. substrate must be able to access and 

bind to the metal 

 Coordinatively unsaturated: < 6 (for normal ligands) 

 Electronically unsaturated:  <18 electrons (usually 16) 

Catalytic Deuteriation of Benzene 

 Sequential reductive elimination/oxidative addition 
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Zeigler-Natta Polymerisation 

Used industrially to synthesize alkene polymers. 
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Iron-Catalysed Water Gas Shift Reaction 

This reaction is a cheap and convenient way to produce hydrogen gas. 
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Hydroformylation 

An alkene, H2 and CO combine to give an aldehyde containing one or more C atoms of the original 

alkene. 

 

 

 


