Lecture III
Receptors and drug action at receptors.
Drug-receptor accordance and stereochemistry
Enzymes are one major target for drugs. Receptors are another. Drugs which interact
with receptors are amongst the most important in medicine and provide treatment for ailments such as pain, depression, Parkinson's disease, psychosis, heart failure, asthma, and many other problems. What are these receptors and what do they do.
Cells are all individual, but in a complex organism such as ourselves, they have to
'get along' with their neighbours. There has to be some sort of communication system. After all, it would be pointless if individual heart cells were to contract at different times. The heart would then be a wobbly jelly and totally useless in its function as a pump. Communication is essential to ensure that all heart muscle cells contract at the same time. The same holds true for all the body's organs and functions. Communication is essential if the body is to operate in a coordinated and controlled fashion. Control and communication come primarily from the brain and spinal column (the central nervous system—CNS) which receives and sends messages via a vast network of nerves (Fig. 5.1). The detailed mechanism by which nerves transmit messages along their length need not concern us here (see Appendix 2). It is sufficient for our purposes to think of the message as being an electrical 'pulse' which travels down the nerve cell towards the target, whether that be a muscle cell or another nerve. If that was all there was to it, it would be difficult to. imagine how drugs could affect this communication system. However, there is one important feature of this system which is crucial to our understanding of drug action. The nerves do not connect directly to their target cells. They stop just short of the cell surface. The distance is minute, about 100 A, but it is a space which the electrical impulse is unable to 'jump'. Therefore, there has to be a way of carrying the message across the gap between the nerve ending and the cell. The problem is solved by the release of a chemical messenger (neurotransmitter) from the nerve cell (Fig. 5.2). Once released, this chemical messenger can diffuse across the gap to the target cell, where it can bind and interact with a specific protein (receptor) embedded in the cell membrane. This process of binding leads to a series or cascade of secondary effects which result either in a flow of ions across the cell membrane or in the switching on (or off) of enzymes inside the target cell. A biological response then results, such as the contraction of a muscle cell or the activation of fatty acid metabolism in a fat cell.
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We shaU consider these secondary effects and how they result in a biological action at a later stage, but for the moment the important thing to note is that the communication system depends crucially on a chemical messenger. Since a chemical process is involved, it should be possible for other chemicals (drugs) to interfere or to take part in the process.
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Let us now look a bit closer at neurotransmitters and receptors, and consider first the
messengers. What are they. There are a large variety of messengers, many of them quite simple molecules. Neurotransmitters include such compounds as acetylcholine, noradrenaline, dopamine, 7-aminobutanoic acid (GABA), serotonin, 5-hydroxytryptophan, and even glycine.
In general, a nerve releases only one type of neurotransmitter1 and the receptor which awaits it on the target cell will be specific for that messenger. However, that does not mean that the target cell has only one type of receptor protein. Each target cell has a large number of nerves communicating with it and they do not all use the same neurotransmitter. Therefore, the target cell will have other types of receptors specific for those other neurotransmitters. It may also have receptors waiting to receive messages from chemical messengers which have longer distances to
travel. These are the hormones released into the circulatory system by various glands in the body. The best known example of a hormone is adrenaline. When danger or exercise is anticipated, the adrenal medulla gland releases adrenaline into the bloodstream where it is carried round the body, preparing it for violent exercise.
Hormones and neurotransmitters can be distinguished by the route they travel and by the way they are released, but their action when they reach the target cell is the same. They both interact with a receptor and a message is received. The cell responds to that message, adjusts its internal chemistry accordingly and a biological response results.
Communication is clearly essential for the normal working of the human body, and
if the communication should become faulty then it could lead to such ailments as depression, heart problems, schizophrenia, muscle fatigue, and many other problems.What sort of things could go wrong?
One problem would be if too many messengers were released. The target cell could
start to 'overheat'. Alternatively, if too few messengers were sent out, the cell could become 'sluggish'. It is at this point that drugs can play a role by either acting as replacement messengers (if there is a lack of the body's own messengers), or by blocking the receptors for the natural messengers (if there are too many host messengers). Drugs of the former type are known as agonists. Those of the latter type are  known as antagonists. What determines whether a drug is an agonist or an antagonist and is it possible to predict whether a new drug will act as one or the other. In order to answer that, we have to move down once more to the molecular level
and understand what happens when a small molecule such as a drug or a neurotransmitter
interacts with a receptor protein. Let us first look at what happens when one of the body's own messengers (neurotransmitters or hormones) interacts with its receptor.
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Receptors
A receptor is a protein molecule embedded within the cell membrane with part of its
structure facing the outside of the cell. The protein surface will be a complicated shape containing hollows, ravines, and ridges, and somewhere amidst this complicated geography, there will be an area which has the correct shape to accept the incoming messenger. This area is known as the binding site and is analogous to the active site of an enzyme. When the chemical messenger fits into this site, it 'switches on' the receptor molecule and a message is received.
However, there is an important difference between enzymes and receptors in that the chemical messenger does not undergo a chemical reaction. It fits into the binding site of the receptor protein, passes on its message and then leaves unchanged. If no reaction takes place, what has happened? How does the chemical messenger tell the receptor its message and how is this message conveyed to the cell. 
How does the message get received
It all has to do with shape. Put simply, the messenger binds to the receptor and induces it to change shape. This change subsequently affects other components of the cell membrane and leads to a biological effect.
There are two main components involved:
(1) ion channels
(2) membrane-bound enzymes
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Ion channels and their control
Some neurotransmitters operate by controlling ion channels. What are these ion
channels and why are they necessary? Let us look again at the structure of the cell membrane. As described in Chapter 2, the membrane is made up of a bilayer of fatty molecules, and so the middle of the cell membrane is 'fatty' and hydrophobic. Such a barrier makes it difficult for polar molecules or ions to move in or out of the cell. Yet it is important that these species should cross. For example, the movement of sodium and potassium ions across the membrane is crucial to the function of nerves (Appendix 2), while polar compounds such as amino acids are needed by the cell to build essential macromolecules such as proteins. It seems an intractable problem, but once again the ubiquitous proteins come up with the answer. There are proteins present in the cell membrane which can smuggle polar molecules such as amino acids across the unfriendly medium of the cell membrane. These socalled 'transport proteins' bind the polar molecule at the outside of the cell, 'wrap it up' and ferry it across the membrane to release it on the other side.
The ions, meanwhile, are assisted by a protein structure called an ion channel. This structure traverses the cell membrane and consists of a protein complexccmade up of several subunits. The centre of the complex is hollow and is lined withcpolar amino acids to give a hydrophilic pore.
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Ions can now cross the fatty barrier of the cell membrane by moving through these hydrophilic channels or tunnels. But there has to be some control. In other words, there has to be a 'lock-gate' which can be opened or closed as required. It makes sense  that the control of this lock-gate should be associated with the message received from a neurotransmitter or hormone.
One possible mechanism is that the receptor protein itself is the lock-gate which seals the ion channel. When a chemical messenger binds to the receptor, the resulting change of shape could pull the lock-gate open and allow ions to pass.
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It is worth emphasizing one important point at this stage. If the messenger is to make the receptor protein change shape, then the binding site cannot be a 'negative image' of the messenger molecule. This must be true, otherwise how could a change of shape result? Therefore, when the binding site receives its messenger it is 'moulded' into the correct shape for the ideal fit. (This theory of an induced fit has already been described in the previous chapter to explain the interaction etween enzymes and their substrates.) The operation of an ion channel helps to explain why the relatively small number of neurotransmitter molecules released by a nerve is able to have such a significant
biological effect on the target cell. By opening a few ion channels, several thousand ions are mobilized for each neurotransmitter molecule involved.
Membrane-bound enzymes—activation/deactivation
This is the second possible mechanism by which neurotransmitters can pass on their message to a cell. The receptor protein is situated on the outer surface of the cell membrane as before. This time, however, it is associated with a protein or enzyme situated at the inner surface of the membrane. When the receptor protein binds to its neurotransmitter, it changes shape and this forces the enzyme to change shape as well. Such a change might then reveal an active site in the enzyme which had previously been concealed, and thus start a new reaction within the cell.
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Alternatively, the membrane-bound enzyme may be working normally and the change in shape conceals the active site, shutting down that particular reaction.
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Neurotransmitters switch on and off membrane-bound enzymes, but to date there is no evidence that a receptor protein is directly linked to an enzyme as described above. The current theory is more complicated and is described in Appendix 3. Regardless of the mechanism involved, the overall result is the same. A change in receptor shape (or tertiary structure) leads eventually to the activation (or deactivation) of enzymes. Since enzymes can catalyse the reaction of a large umber of molecules, there is once again an amplification of the original message such that a relatively small number of neurotransmitter molecules can lead to a biological result. To conclude, the mechanisms by which neurotransmitters pass on their message involve changes in molecular shape rather than chemical reactions. These changes in shape will ultimately lead to some sort of chemical reaction involving enzymes. This topic is covered more fully in Appendix 3. We come now to a question which has been avoided until now.
How does a receptor change shape.
We have seen already that it is the messenger molecule which induces the receptor to
change shape, but how does it do it? It is not simply, as one might think, a moulding process whereby the receptor wraps itself around the shape of the messenger molecule. The answer lies rather in specific binding interactions between messenger and receptor. These are the same interactions already described in Chapter 4 for enzyme/substrate binding, i.e. ionic bonding, hydrogen-bonding, and van der Waals bonding. The messenger and the receptor protein both take up conformations or shapes to maximize these bonding forces. As with enzyme substrate binding, there is a fine balance involved in receptor/messenger bonding. The bonding forces must be large enough to change the shape of the receptor in the first place but not so strong that the messenger is unable to leave again. Most neurotransmitters bind quickly to their receptors, then 'shake themselves loose again' as soon as the message has been received. As an example of the various binding forces involved, let us consider a scenario involving a hypothetical neurotransmitter and receptor as shown in. 
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The neurotransmitter has an aromatic ring which can interact with a hydrophobic binding
site by van der Waals forces, an alcoholic group which can interact by hydrogen bonding, and a charged nitrogen centre which can interact by ionic forces. The hypothetical receptor protein is positioned in the cell membrane such that it is sealing an ion channel and contains three binding areas.
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If the binding site has complementary binding groups for the groups described above, then the drug can fit into the binding site and bind strongly. This is all very well, but now that it has docked, how does it make the receptor change shape? As before, we have to propose that the fit is not quite exact or else there would be no reason for the receptor to change shape. In this example, we can envisage our messenger molecule fitting into the binding site and binding well to two of the three
possible binding sites. The third binding site, however, (the ionic one), is not quite in the right position. 
[image: ]
It is close enough to have a weak interaction, but not
close enough for the optimum interaction. The receptor protein is therefore forced to alter shape in order to get the best binding interaction. The carboxylate group is pulled closer to the positively charged nitrogen on the messenger molecule and, as a result, the lock-gate is opened and will remain open until the messenger molecule detaches from the binding site, and allows the receptor to return to its original shape.
The design of agonists
We are now at the stage of understanding how drugs might be designed such that they
mimic the natural neurotransmitters. Assuming that we know what binding groups are present in the receptor site and where they are, we can design drug molecules to interact with the receptor. Let us look at this more closely and consider the following requirements in turn.
1. The drug must have the correct binding groups.
2. The drug must have these binding groups correctly positioned.
3. The drug must be the right size for the binding site.
Binding groups
If we consider our hypothetical receptor and its natural neurotransmitter, then we
might reasonably predict which of a series of molecules would interact with the receptor and which would not. For example, consider the structures in. 
They all look different, but they all contain the necessary binding groups to interact with the receptor. Therefore, they may well be potential agonists or alternatives for the natural neurotransmitter. However, the structures in Fig. 5.15 lack one or more of the required binding
groups and might therefore be expected to have poor activity. We would expect them to drift into the receptor site and then drift back out again, binding only weakly if at all.
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Of course, we are making an assumption here; that all three binding groups are essential. It might be argued that a compound such as structure II in might be effective even though it lacks a suitable hydrogen bonding group. Why, for example, could it not bind initially by van der Waals forces alone and then alter the  shape of the receptor protein via ionic bonding. In fact, this seems unlikely when we consider that neurotransmitters appear to bind, pass on their message and then leave the binding site very quickly. In order to do that, there must be a fine balance in the binding forces between receptor and neurotransmitter. The binding forces must be strong enough to bind the neurotransmitter effectively such that the receptor changes shape. However, the binding forces
cannot be too strong, or else the neurotransmitter would not be able to leave and the receptor would not be able to return to its original shape. Therefore, it is reasonable to assume that a neurotransmitter needs all of its binding interactions to be effective. The lack of even one of these interactions would lead to a significant loss in activity.
Position of binding groups
The molecule may have the correct binding groups, but if they are in the wrong
positions, they will not all be able to form bonds at the same time. As a result, bonding
would be weak and the molecule would very quickly drift away. Result—no activity.
A molecule such as the one shown in Fig. 5.16 obviously has its binding groups in
the wrong position, but there are more subtle examples of molecules which do not have the correct arrangement of binding groups. For example, the mirror image of our hypothetical neurotransmitter would not fit. 
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The structure has the same formula and the same constitutional structure as our original structure. It will have the same physical properties and undergo the same chemical reactions, but it is not the same shape. It is a non-superimposable mirror image and it cannot fit the receptor site.
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Compounds which have non-superimposable mirror images are termed chiral or asymmetric. There are only two detectable differences between the two mirror images (or enantiomers) of a chiral compound. They rotate plane polarized light in opposite directions and they interact differently with other chiral systems such as enzymes. This has very important consequences for the pharmaceutical industry. Pharmaceutical agents are usually synthesized from simple starting materials using
simple achiral (symmetrical) chemical reagents. These reagents are incapable of distinguishing between the two mirror images of a chiral compound. As a result, most chiral drugs are synthesized as a mixture of both mirror images (a racemate). However, we have seen from our own simple example that only one of these enantiomers is going to interact with a receptor. What happens to the other enantiomer. At best, it floats about in the body doing nothing. At worst, it interacts with a
totally different receptor and results in an undesired side-effect. Herein lies the explanation for the thalidomide tragedy. One of the enantiomers was an excellent sedative. The other reacted elsewhere in the body as a poison and was teratogenic (induced abnormalities in human embryos). If the two enantiomers had been separated, then the tragedy would not have occurred. Even if the 'wrong' enantiomer does not do any harm, it seems to be a great waste of time, money and effort to synthesize drugs which are only 50 per cent efficient. That is why one of the biggest areas of chemical research in recent years has been in the field of asymmetric synthesis—the synthesis in the laboratory of a single enantiomer of a chiral compound. Of course, nature has been at it for millions of years. Since nature has chosen to work with only the 'left-handed' enantiomer of amino acids,2 enzymes (made up of left-handed ammo acids) are also present as single enantiomers and therefore catalyse enantiospecific reactions—reactions which give only one enantiomer. The mportance of having binding groups in the correct position has led medicinal chemists to design drugs based on what is considered to be the important pharmacophore of the messenger molecule. In this approach, it is assumed that the correct positioning of the binding groups is what decides whether the drug will act as a messenger or not, and that the rest of the molecule serves only to hold the groups in these positions. Therefore, the activity of apparently disparate structures at a receptor
can be explained if they all contain the correct binding forces at the correct positions. The design of totally novel structures or molecular frameworks to hold these binding groups in the correct positions could then be proposed, leading to a new series of drugs. There is, however, a limiting factor to this which will now be discussed.
Size and shape
It is possible for a compound to have the correct binding groups in the correct positions and yet fail to interact effectively if it has the wrong size or shape. As an example, let us consider the structure shown in as a possible candidate for our hypothetical receptor system.
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The structure has a m^a-methyl group on the aromatic ring and a long alkyl chain containing the nitrogen atom. By considering size factors alone, we could conclude that both these features would prevent this molecule from binding effectively to the receptor. The meta-methyl group would act as a buffer and prevent the structure from 'sinking' deep enough into the binding site for effective binding. Furthermore, the long alkyl chain on the nitrogen atom would make that part of the molecule too long for the space available to it. A thorough understanding of the space available in the binding site is therefore necessary when designing analogues which will fit it.
The design of antagonists
Antagonists acting at the binding site
We have seen how it might be possible to design drugs to mimic the natural eurotransmitters
(agonists) and how these would be useful in treating a shortage of the natural neurotransmitter. However, suppose that we have too much neurotransmitter operating in the body. How could a drug counteract that. There are several strategies, but in theory we could design a drug (an antagonist)
which would be the right shape to bind to the receptor site, but which would either fail to change the shape of the receptor protein or would distort it too much. Consider the following scenario.
The compound shown in fits the binding site perfectly and as a result does not cause any change of shape. Therefore, there is no biological effect and the binding site is blocked to the natural neurotransmitter.
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In such a situation, the antagonist has to compete with the agonist for the receptor,
but usually the antagonist will get the better of this contest since it often binds more strongly.
To sum up, if we know the shape and make-up of receptor binding sites, then we should be able to design drugs to act as agonists or antagonists. Unfortunately, it is not as straightforward as it sounds. Finding the receptor and determining the layout of its binding site is no easy task. In reality, the theoretical shape of many receptor sites have been worked out by synthesizing a large number of compounds and considering those molecules which fit and those which do not-a bit like a 3D jigsaw. However, the recent advent of computer-based molecular graphics and the availability
of X-ray crystallographic data now allow a more accurate representation of proteins and their binding sites (Chapter 7) and promise to spark off a new phase of drug development.
Antagonists acting outwith the binding site
Even if the 'layout' of a binding site is known, it may not help in the design of 
antagonists. There are many example of antagonists which bear no apparent structural similarity to the native neurotransmitter and could not possibly fit the geometrical requirements of the binding site. Such antagonists frequently contain one or more aromatic rings, suggesting van der Waals interactions are important in their binding, yet there may not be any corresponding area in the binding site. How then do such antagonists work? There are two possible explanations.
Allosteric antagonists The antagonist may bind to a totally different part of the receptor. The process of binding could alter the shape of the receptor protein such that the neurotransmitter
binding site is distorted and is unable to recognize the natural neurotransmitter. 
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Therefore, binding between neurotransmitter and receptor would be prevented and the message lost. This form of antagonism is a non-competitive form of antagonism since the antagonist is not competing with the neurotransmitter for the same binding site (compare allosteric inhibitors of enzymes—Chapter 4).
It has to be remembered that the receptor protein is bristling with amino acid residues, all of which are capable of interacting with a visiting molecule. Therefore, it is unrealistic to think of the neurotransmitter binding site as an isolated 'landing pad', surrounded by a bland, featureless 'no go zone'. There will almost certainly be areas close to the binding site which are capable of binding through van der Waals, ionic, or hydrogen bonding forces. These areas may not be used by the natural neurotransmitter, but they can be used by other molecules. If these molecules bind to such areas and happen to lie over or partially lie over the neurotransmitter binding site, then they will act as antagonists and prevent the neurotransmitter reaching its binding site. 
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This form of antagonism has also been dubbed the 'umbrella effect' and is a form of competitive
antagonism since the normal binding site is directly affected. Many antagonists are capable of binding to both the normal binding site and the neighbouring sites. Such antagonists will clearly bind far more strongly than agonists. Because of this stronger binding, antagonists have been useful in the isolation and identification of specific receptors present in tissues. A further tactic in this respect is to incorporate a highly reactive chemical group-usually an electrophilic group-into such a powerful antagonist. The electrophilic group will then react with any convenient
nucleophilic group on the receptor surface and alkylate it to form a strong covalent bond. The antagonist will then be irreversibly tied to the receptor and can act as a molecular label. One example is tritium-labelled propylbenzilylcholine mustard-used to label the muscarinic acetylcholine receptor (see also Chapter 10).
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Partial agonists
Frequently drugs are discovered which cannot be defined as pure antagonists or pure
agonists. Such compounds bind to the receptor site and block access to the natural neurotransmitter, and so in this sense they are antagonists. However, they also activate the
receptor very weakly such that a slight signal is received. In our hypothetical situation, we could imagine a partial agonist being a molecule which is almost a perfect fit for the binding site, such that binding results in only a very slight distortion of the receptor. This would then only partly open the ion channel.
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An alternative explanation for partial agonism is that the molecule in question might be capable of binding to a receptor in two different ways by using different binding groups. One method of binding would activate the receptor, while the other would not. The balance of agonism versus antagonism would then depend on the relative proportions of molecules binding by either method. Examples of partial agonists are discussed in Chapters 11 and 12.

Desensitization
Some drugs bind relatively strongly to a receptor, switch it on, but then subsequently
block the receptor. Thus, they are acting as agonists, then antagonists. The mechanism of how this takes place is not clear. One theory is that receptors can only remain activated for a certain period of time. Once that period is up, another change in the tertiary structure takes place which switches the receptor off, despite the binding site being occupied (Fig. 5.25). This altered tertiary structure is then maintained as long as the binding site is occupied. When the drug eventually leaves, the receptor returns to its original resting shape.
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In conclusion, it is thought that the best agonists bind swiftly to the receptor, pass
on their message and then leave quickly. Antagonists, in contrast, tend to be slow to
add and slow to leave.
Tolerance and dependence
It has been discovered that 'starving' a target cell of a certain neurotransmitter induces
that cell to synthesize more receptors. By doing so, the cell gains a greater sensitivity for what little neurotransmitter is available. This process can explain the phenomena of tolerance and dependence.
Tolerance is a situation where higher levels of a drug are required to get the same  biological response. If a drug is acting to suppress the binding of a neurotransmitter, then the cell may respond by increasing the number of receptors. This would require increasing the dose to regain the same level of antagonism. If the drug was suddenly stopped, then all the receptors would suddenly become available. There would now be an excess of receptors which would make the cell supersensitive to normal levels of neurotransmitter. This would be equivalent to
receiving a drug overdose. The resulting biological effects would explain the distressing withdrawal symptoms resulting from stopping certain drugs. These withdrawal symptoms would continue until the number of receptors returned to their original level. During this period, the patient may be tempted to take the drug again in order to 'return to normal' and will have then gained a dependence on the drug. The problem of tolerance is also discussed in Appendix 3.
It is only in recent years that medicinal chemists have begun to understand receptors and drug receptor interactions. This increased understanding should revolutionize the subject in the years to come.
STEREOCHEMISTRY
Stereochemistry deals with three dimensional representation of molecule in space. This has sweeping implications in biological systems. For example, most drugs are often composed of a single stereoisomer of a compound. Among stereoisomers one may have positive effects on the body and another stereoisomer may not or could even be toxic. An example of this is the drug thalidomide which was used during the 1950s to suppress the morning sickness. The drug unfortunately, was prescribed as a mixture of stereoisomers, and while one stereoisomer actively worked on controlling morning sickness, the other stereoisomer caused serious birth defects.
The study of stereochemistry focuses on stereoisomers and spans the entire spectrum of organic, inorganic, biological, physical and especially supramolecular chemistry. Stereochemistry includes method for determining and describing these relationships; the effect on the physical or biological properties.
So to have the sound knowledge of stereochemistry we should have good command over their basic concepts.
	OBJECTIVES
· Classification of stereoisomers
· Recognize a stereogenic (chiral) center in a molecular structure
· Various representation of three dimentional molecules
· To be able to predict, identify and distinguish between enantiomers and diastereomers.
· Various nomenclature of stereoisomers to define them properly

	STEREOCHEMISTRY:  DEFINITION
The branch of chemistry which deals with three dimensional structure of molecule and their effect on physical and chemical properties is known as stereochemistry. To represent molecule as three dimensional object we need at least one carbon sp3- hybridized.
Example:


H

1



Cl
I	Br




H


Cl

2D drawing Not appropriate for steriochemistry







3D drawing appropriate for steriochemistry
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TERMINOLOGY USED IN STEREOCHEMISTRY
	ISOMERS AND THEIR CLASSIFICATION
You are already familiar with the concept of isomers: different compounds which have the same molecular formula. Here we will learn to make distinction between various kinds of isomers, especially the stereoisomers.
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	OPTICAL ACTIVITY
We know that ordinary lights are composed of rays of different wavelengths vibrating in all directions perpendicular to the path of its propagation. These vibrations can be made to occur in a single plane by passing ordinary light through the polarizing Nicol prism. Such light whose vibrations occur in only one plane is called plane polarized light.[image: ]
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Compounds which rotate the plane of polarized light are called optically active compounds and this property is known as optical activity. Rotation of plane of polarized light can be of two types.
· Dextrorotatory : If the compound rotates the plane of polarization to the right(clockwise) it is said to be dextrorotatory (Latin: dexter-right) and is denoted by (+), or ‘d’.
· Laevorotatory : If the compound rotates the plane of polarization to the left(anticlockwise) it is said to be laevorotatory (Latin: laevus-left) and is denoted by (-) or ‘l’
The change in the angle of plane of polarization is known as optical rotation. The optical rotation is detected and measured by an instrument called polarimeter. The measurement of optical activity is reported in terms of specific rotation [α], which is given as,
[α] λ t = α/lc
[α]= specific rotation
t = temperature of measurement λ=wavelength of the light used α= observed angle of rotation
l= length of sample tube in decimeter c=concentration of the sample in g/mL of solution
A. CHIRALITY
· The term Chiral- The word chiral (Greek word Chier,meaning hand) is used for those objects which have right-handed and left-handed forms, i.e., molecules which have “handedness” and the general property of “handedness” is termed chirality. An object which is not superimposable upon its mirror image is chiral.
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· The term Achiral-
Object and molecules which are superimposable on their mirror images is achiral. Achiral molecule has internal plane of symmetry, a hypothetical plane which bisects an object or molecule into mirror-reflactive halves. An object or molecule with an internal plane of symmetry is achiral.[image: ]
· The term Asymmetric center and chiral center- Three terms are used to designate, a carbon atom bonded tetrahedrally to four different substituents in a chiral molecule: Asymmetric atom, chiral center or stereocenter.
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Let us understand chiral and achiral center taking few more examples.
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Chiral centres are shown by astrik (*)

· The term stereogenic center or stereocenter-
A stereogenic center is defined as an atom on which an interchange of any two atoms or groups result in a new stereoisomer, When the new stereoisomers is an enantiomer ,the stereocenter is called chiral center. All stereocenters are not tetrahedral.
Example 1
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First and second are enantiomers (non superimposible mirror images), Hence the steriocentre is a chiral centre
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Cis isomer III

New sterioisomer IV

III and IV are not enantiomers . they are diasteriomers hence in this case sterio centres are not chiral centres. Also these are not tetrahedral.
Thus, all chiral centres are sterio centres but all steriocentres are not chiral centres. If a molecule contains only one chiral centres it must be chiral. Molecule containing two or more chiral centres may or may not be chiral. For example: meso tartaric acid has two chiral centres but it is achiral.
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Achiral due to presence of plane of symmetry

	STEREOISOMERS- Isomers having the same molecular formula but different spatial arrangement of their atoms are known as stereoisomer. They are of following types:

· Enantiomers: Stereoisomers which are non superimposable mirror images of each other are called enantiomers. Chirality is necessary and sufficient condition for existence of enantiomers. These always exist as discrete pairs.
Eg.
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Two isomers of Lactic acid


· Diastereomers: Stereoisomers that are not mirror images of each other are called diastereomers.
Example.
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Four isomers of 3-Bromo-2-butanol

· Geomatrical Isomers:
	Geometrical isomers occurs as a result of restricted rotation about a carbon-carbon bond. This is also called cis-trans isomerism.
	This isomerism exhibited by variety of compounds such as compound containing double bond C=C, C=N, N=N, compound containing cyclic structure or compound containing restricted rotation due to steric hindrance.
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Cis isomer	Trans isomer
	Conformational isomers: Conformational isomers are the isomers that can be converted into one another by rotation around a single bond.
	Example: eclipsed, gauche and anti butane are all conformational isomers of one another.(eclipsed means that identical groups are all directly in line with one another, gauche means that identical groups are 60 degree from one another and anti means that identical groups are 180 degree from one another.)
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CH3 H


Eclipsed	Anti	Gauche
These molecules can be interconverted by rotating around the central carbon-carbon single bond.
	REPRESENTATION OF THREE DIMENSIONAL MOLECULES
	FLYING-WEDGE OR WEDGE-DASH PROJECTION
         The Flying-Wedge Projection is the most widely used three dimensional representation of a molecule on a two dimensional surface (paper). This kind of representation is usually done for molecule containing chiral centre. In this type of representation three types of lines are used.

· A solid wedge or thick line (	) - it represents bond projection towards the observer or above the plane of paper.
· A continuous line or ordinary line (	) - it represents bond in the plane of paper.
· [image: ]A dashed wedge or broken line (	) - it represents bond projection away from the observer or below the plane of paper. Example:- CH4 (methane)
[image: ]H


H
H
H
“Ball and stick” model	sketched 3-D structural
of 3-D structure of methane	formula of methane
	FISCHER PROJECTION
Fischer projection provide an easy way to draw three dimensional molecule on two dimensional paper and all the bonds are drawn as solid lines around asymmetric carbon atom.

[image: ]


The Fischer rules for showing the arrangement around asymmetric carbon.
· The carbon chain of the compound is projected vertically, with the most oxidized carbon at the top or place the carbon number one at the top (as defined by nomenclature rule).
· The chiral carbon atom lies in the plane of the paper and usually omitted. The intersection of cross lines represents asymmetric carbon.
· The horizontal bonds attached to the chiral carbon are considered to be above the plane of paper or point towards the observer.
· The vertical bonds attached to the chiral carbon are considered to be below the plane of paper or point away from the observer.
[image: ]




Example: glyceraldehyde


CHO

H	OH

CH2OH

	SAWHORSE FORMULA

CHO




H	OH

CH2OH

The sawhorse formula indicates the arrangement of all the atoms or groups on two adjacent carbon atoms. The bonds between the two carbon atoms are drawn diagonally and of relatively greater length for the sake of clarity. The lower left hand carbon is taken as the front carbon or towards the observer and the upper right hand carbon as the back carbon or away from the observer. e.g. ethane
[image: ][image: ]
Anti conformation	eclipsed conformation
[image: ]
All parallel bonds in sawhorse formula are eclipsed and all anti parallel bonds are opposite or scattered. Gauche representation is that in which bulky groups are nearer to each other at 600 angles.
	NEWMAN PROJECTION
	Newman devised a very simple method of projecting three dimensional formulas on two dimensional paper which are known as Newman projection.
· In these formulae the molecule is viewed from the front or along the axis of a carbon-carbon bond.
· The carbon nearer to the eye is represented by a point and the carbon atom towards the rear by circle.
· The three atoms or groups on the carbon atoms are shown as being bonded to dot or circle by an angle of 1200 to each other.
· In Newman formula all parallel bonds are eclipsed or all anti parallel or opposite bonds are staggered.
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CH3 H

Eclipsed	Anti	Gauche


	ELEMENTS OF SYMMETRY
Elements of symmetry offer a simple device to decide whether a molecule is chiral or achiral, i.e., whether it is superimposable on its mirror image or not. When a molecule has no plane of symmetry, no centre of symmetry and no alternating axis of symmetry, it is non superimposable on its mirror image and is chiral (optically active).
PLANE OF SYMMETRY
The plane which divides a molecule in to two equal halves which are related as object and mirror image is known as plane of symmetry. For example

[image: ]	[image: ]

The molecules having plane of symmetry are achiral (optically inactive).
CENTER OF SYMMETRY
A center of symmetry in a molecule is said to exist if a line is drawn from any atom or group to this point and when extended to an equal distance beyond this point, meets the identical atom or group.
All lines are passing through this point, hence it is the center point of the molecule.
A centre of symmetry is usually present only in an even number ring. For example, the molecule of trans -2,4-dimethyl-cyclobutane –trans-1,3- dicarboxaylic acid has a center of symmetry.
(All lines are passing through this point, hence it is the center point of the molecule)



H3C

H
H

COOH


H
H




COOH

CH3


I
Another interesting example is dimethyl ketopiperizine. This has two isomers, cis and trans. The cis form has no plane of symmetry or centre of symmetry. The trans form on other hand, has a centre of symmetry.

H
CO	NH

C

NH	CO

H		CO-CO and NH-NH are symmetrical but CH3 and H are not mirror images i.e.,
C	not symmetrical with respect to centre point.

CH3

CH3




H
CO	NH

CH NH-NH, CO-CO, CH3 - CH3 and H-H
they are symmetrical with respect to centre3

of the molecule.

C	C

NH	CO

CH3

H
(Centre point)

	ALTERNATING AXIS OF SYMMETRY
A molecule possesses an alternating axis of symmetry if, when rotated through an angle 3600/n about this axis and then followed by reflection in a plane perpendicular to the axis, the molecule is indistinguishable from the original molecule. Alternating axis of symmetry is rare and can be present in cyclic as well as open chain compounds.

[image: ]


	NOMENCLATURE OF OPTICAL ISOMERS
Following three nomenclatures are used for optically active compounds:
            D, L SYSTEM OF NOMENCLATURE
This nomenclature is mainly used in sugar chemistry or optically active polyhydric carbonyl compounds. This is a relative nomenclature because all the configurations described with respect to glyceraldehydes.
All sugars whose Fischer projection formula shows the OH group on the right hand side of the chiral atom belong to the D-series.


H	C	OH

CH2OH

D-series.

Similarly, if OH is on the left hand side, then the sugar belongs to the L-series.

HO	C	H

CH2OH

L-series

Examples:


CHO


CHO




H 	 C	OH

CH2OH

HO	C	H

CH2OH


D(+) glyceraldehyde	L(-) glyceraldehydes


· It must be noted that there is no relation between sign of rotation and (+, - or d,l ) and configuration (D and L) of enentiomer.
· Any compound that can be prepared from, or converted in to D(+) glyceraldehydes will belong to D-series and similarly any compound that can be prepared from, or converted in to L(-) glyceraldehydes will belongs to the L-series.
	ERYTHRO AND THREO SYSTEM OF NOMENCLATURE
This nomenclature is mainly used only in those compounds which have only two chiral carbons and the following structures:
R’-Cab-Cab-R’’	or	R’-Cab-Cbc-R’’
i.e. out of six substituent on two asymmetric carbons, at least one should be same in both the carbons.
When two like groups in fisher projection formula are drawn on the same side of vertical line, the isomer is called erythro form; if these are placed on the opposite sides the isomer is said to be threo form.
R'	R'




R''


a	b





R''

a	b
b	a
a	b



erythro form	threo form


Following are some examples of threo and erythro form.

CH3



CH3



H	Cl




C6H5


H	Br

H	Cl

Br	H


C6H5



erythro form	threo form




CH3

CH3



H	Br




C6H5


H	Br

H	Br

Br	H




C6H5





erythro form	threo form

	R.S. NOMENCLATURE
The order of rearrangement of four groups around a chiral carbon is called the absolute configuration around that atom. System which indicates absolute configuration was given by three chemists R.S. Cahn, C.K. Ingold and V. Prelog. This system is known as (R) and (S) system or the Cahn-Ingold Prelog system. The letter (R) comes from the Latin rectus (means right) while (S) comes from the Latin sinister (means left). Any Chiral carbon atoms have either an (R) configuration or a (S) configuration. Therefore one enantiomer is (R) and the other is (S). A recemic mixture may be designated as (RS), meaning a mixture of the two.
The R, S nomenclature involves two steps:
Step I: The four ligands (atom or groups) attached to the chiral centre are assigned a
sequence of priority according to sequence rules.
Rule 1: If all the four atoms directly attached to the chiral carbon are different, priority depends on their atomic number. The atom having highest atomic number gets the highest priority, i.e., (1).The atom with lowest atomic number is given lowest priority, i.e. (2), the group with next higher atomic number is given the next higher priority (3) and so on.

For example:	Cl


F	C	I

3
4 	 C	1


2
Br
F	Cl	Br	I
Increasing atomic number
4	3	2	1
Increasing Priority

Rule 2: if two or more than two isotopes of the same element are present, the isotope of higher mass receives the higher priority.
1H1	1H2	H31


increasing priority
Rule 3: if two or more of the atoms directly bonded to the chiral carbon are identical, the atomic number of the next atom is used for priority assignment. If these atoms also have identical atoms attached to them, priority is determined at the first point of difference along the chain. The atom that has attached to it an atom of higher priority gets the higher priority.

I	2 H and Br



I	CH2	CH2	C

1
CH2	Br





2H and C

3	2
CH2	CH2	CH3
4
2H and C

· In the above example, the atoms connected directly to the chiral carbon are iodine and three carbons.
· Iodine has the highest priority.
· Connectivity of other three carbons are 2H and Br, 2H and C and 2H and C.
· Bromine has the highest atomic number amongst C, H, Br and thus CH2Br has highest priority among these three groups (i.e. priority number 2).
· The remaining two carbon are still identical (C and 2H) connected to the second carbon of these groups are 2H and I and 2H and C. Iodine has highest priority.
· Amongst these atoms, so that-CH2-CH2-I is next in priority list and CH2-CH2-CH3 has the last priority.
Rule 4: If a double or a triple bond is linked to chiral centre, the involved electrons are duplicated or triplicated respectively.

O	N



	 C	O	C

C 	 N
O				 C	N


N

O
	 C	O	C	O

OH	OH

· By this rule, we obtain the following priority sequence:

	HC	CR2	N	CHO	CO	COOHC




Increasing priority
[image: ][image: ]STEP-II: The molecule is then visualised so that the group of lowest priority (4) is directed away from the observer (at this position the lowest priority is at the bottom of the plane). The remaining three groups are in a plane facing the observer. If the eye travels clockwise as we look from the group of highest priority to the group of second and third priority (i.e. 1   2
3 with respect to 4) the configuration is designated R. If arrangement of groups is in anticlockwise direction, the configuration is designated as S.
For example:
2
1
3
4
2
3
1
4


Clockwise arrangement of	Anticlockwise arrangement of1
2


[image: ]and	R1
2
3


and	S

[image: ]Let us apply the whole sequence to bromochlorofluoromethane.3



F3
1
4
2



Br	H


Cl


In this Fischer projection, the least priority number is not at the bottom of the plane.
In such cases, the Fisher projection formula of the compound is converted in to another equivalent projection formula in such a manner that atom the lowest priority is placed vertically downward. This may be drawn by two interchanges between four priority numbers. The first interchange involves the two priority numbers, one is the least priority number and the other is the priority number which is present at the bottom of the plane. In the above case, first interchanges will takes place between 2 and 4.


First interchange between 2 and 43
1
4
2
3
1
2
4





                                         A                                                               B
A second inter change creates the original molecule (i.e. A).

Second interchange between remaining groups, i.e., 1 and 31
3
2
4
3
1
2
4
1
3
2

 	




B

Example:-


                   A                           arrangement of 1,2 and 3 are
	clockwise, hence
configuration is R


2


CHO


H	OH4



First interchange between 3 and 4
 	1



Second interchange between
  1 and 2	2
3
1
4




CH2OH3

B
1
3
2
1
3
2
4

clockwise, hence configuration is R

Note:-
	An odd number of interchange of positions of groups on chiral carbon gives different compound.
	An even number of interchange of positions of groups on chiral carbon gives same compound.
An alternative, simple and most widely accepted procedure used now (Epling,1982) to assign R,S configuration in the case of Fischer projections is as followes:
Case-I: R and S nomenclature from Fischer projection formula (Golden rule): If in a Fischer projection, the group of lowest priority (4) is on a vertical line, then the assignment of configuration is R for a clockwise sequence of 1 to 2to 3 and S for anticlockwise sequence.
For example:

F4
2
1
3
2
1
3


Br	I

Cl

Anticlockwise arrangement hence S- configuration
However, if the group of lowest priority is on horizontal line, then the assignment of configuration is S for a clockwise sequence of 1 to 2 to 3, and R for the anticlockwise sequence.

CHO2
4
1
3
2
1
3


H	OH

CH2OH

Anticlockwise arrangement
but lowest priority at horizontal line hence R- configuration
When molecule contain two or more chiral centres, each chiral centre is assigned an R or S configuration according to the sequence and conversion rules. Thus (+) tartaric acid is (2R, 3R) (+) tartaric acid.

COOHH
2
O
HO
3
H


H



COOH


Configuration at chiral carbon - 2.


COOH2
4
1
3
2
1
3


H	OH

CHOHCOOH





Configuration at chiral carbon - 3.

Anticlockwise arrangement
but lowest priority at horizontal line hence R- configuration




CHOHCOOHHO
H
3
1
4
2
3
1
2

COOH

Anticlockwise arrangement
but lowest priority at horizontal line hence R- configuration
Case-II: R, S- nomenclature from flying-wedge formula.
[image: ][image: ]If the group of the lowest priority is away from the observer (i.e., bonded by dashed line) and the priority sequence (1  2  3) is clockwise, then the configuration is assigned as R. If the priority sequence is anticlockwise then the configuration is S.
1


OH1
3
2


4
H3 H3C

CH2OH2




Clockwise arrangement thus configuration is R
[image: ]	2
1
3

This is R configuration, which means that the original compoundI has S configuration
Another class of stereoisomers is the so called diastereomers which have different chemical and physical properties. Such compounds may include geometrical isomers- the cis and trans isomers (Figutre 4).



H

H3C

H

CH3

H

H3C

CH3

H

cis-but-2-ene	trans-but-2-ene
Figure 4
A different type of isomerism may exist in disubstituted cyclic compounds. Thus, in 4- tert-butylcyclohexanol, two isomers-cis and trans exist (Fig 5).
OH	OH

[image: ]H3C
H3C CH3

	H3C H3C


CH3

OH	H3C
[image: ]H3C CH3

	H3C H3C


CH3	OH

cis-4-tert-butylcyclohexanol



Figure 5

trans-4-tert-butylcyclohexanol
Diastereomeric compounds may or may not be chiral. The above two examples are both achiral, each having a plane running through them. However, when cis and trans epoxides are compared, it can be easily seen that they may be chiral compounds. As an example, the comparison of cis and trans isomers of 2,3-dimethyloxirane, the cis-isomer is achiral having a plane of symmetry in the molecule. However, the trans isomer does not have any plane of symmetry through the molecule and as such it is a chiral molecule (Figure 6).
O




H3C


CH3

O
H3C


CH3

O
H3C


CH3


cis-2,3-dimethyloxirane	trans-2,3-dimethyloxirane
Achiral compound	Chiral compound

Figure 6

A similar observation can be made for 3-methyloxirane-2-carboxylic acid but here both the cis and trans isomers are chiral compounds each of which exist as a pair of enantiomers (Figure 7).



H3C

O
COOH


H3C

O
COOH


H3C

O
COOH

O
H3C



COOH

cis-3-methyloxirane-2-carboxylic acid	trans-3-methyloxirane-2-carboxylic acid

Figure 7
The term chiral centre used so far is actually a subset of the term stereogenic centre. A stereogenic centre is defined as an element where the interchange of two substituents will lead to a stereoisomer. Not all stereogenic centres are chiral centres and even achiral molecules may have stereogenic centres.
The actual arrangement of the atoms or groups in a molecule about a stereocentre is called absolute configuration. It is mostly determined by X-ray crystallography or by inference based on chemical reactions of specific stereochemistry involving a compound whose absolute configuration is known, whereas the relative configuration is defined as the correlation between the different stereogenic centres within the molecule.
In case of nomenclature of unsaturated diastereomeric compounds which are geometric isomers, a different nomenclature is allowed. However, the CIP rules for determining priority are still used. Then the groups on each carbon of the double bond are marked according to priority. Now if the groups having higher priority are on the same side, then the group is labelled Z (Zusamenn- german for together) while if the groups of higher priority are not on the same side of the double bond then the compound is labelled as E (Entgegen –german for opposite)This system may be understood from the examples below.


a   b

If priority order is a>b, c>d then copmound is Z-compound

c	d	If priority order is a>b, c<d then copmound is E-compound

[image: ][image: ][image: ][image: ]1	1	1	2

H3C

CH3
[image: ]HH 2


H3C
H

H

[image: ]CH3

2
cis-butane (Z)-but-2-ene

2	1
[image: ]trans-butane (E)-but-2-ene



Br
H3C

Br

H3C	R
I


	 
R1	I

Following rule 2, methyl group gets third priority.
For the alkene part, priority order is as follows. Following rule 1, iodo group gets first priority on C1. Following rule 3, R1 gets first priority on C2.  


H	H2	1
R1
2
2


ZI
1
1

Br
H3C
I
(R,Z)-4-bromo-1-iodopent-1-ene
The discussion so far concerns the enantiomers only on paper, but to separate them experimentally is altogether new ball game. The process of separating a racemic mixture into its component enantiomers is called resolution. Historically, Louis Pasteur had resolved tartaric acid by crystallization and then separating the enantiomers by tweezers on the basis of hemihedral faces. However, as Pasteur said “Chance favours the prepared mind”, he was indeed fortuitous in this case. As it happened, he prepared the solution of racemic tartaric acid below 23 °C. Had the temperature been any higher, he would have got crystals having both the enantiomers i.e.; racemic crystals. If the enantiomers in racemic mixture crystallize out of solution as pure enantiomers, then the enantiomers are said to form a conglomerate. It is usually rare and also depends on temperature and therefore the process is mainly of historical interest only. Sometimes seeding by the optically pure crystals of one enantiomer causes it to preferentially come out of solution.A method that can be used practically is the based on the fact that enantiomers same physical and chemical properties but not diastereomers. This process involves the conversion of an enantiomer to a diastereomer by treating with a chiral reagent. The diastereomers are then separated by the usual methods. The separated diastereomers are then treated with appropriate reagents to regenerate the original enantiomers. An example of this method is the resolution of a racemic mixture of chiral acids by treatment with an optically pure base (Figure 7).
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)-2-hydroxy-2-phenylacetic acid

3	O

O
(-)-brucine


Mixture of diastereomeric salts
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Separated by crytallization
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COOH OH
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Figure 7

Beside the formation of diastereomeric salts, enantiomers can be separated by resolution. Here, enantiomers react with chiral inclusion hosts to form diastereomeric inclusion complexes. This is called chiral recognition. So, if a particular host is employed, only one enantiomer forms inclusion complex while other remains in solution. However, mostly, both of the enantiomers form complexes but vary in the rate of formation of inclusion complexes. An example of this technique is the use of crown ether for the resolution of 1- phenylethanaminium hexafluorophosphate in chloroform (Figure 1).
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Figure 1
Similarly, enantiomers react at the same rate only with achiral reagents, but react differently with chiral reagents can be used to separate the enantiomers in a process called Kinetic Resolution. An example of application of this technique is the resolution of allylic alcohols with an enantiomer of chiral epoxidizing agent. In this case, only the (R) enantiomer was converted to the epoxide while the (S) isomer was unaffected. However, this method is sacrificial in nature as the recovery of one enantiomer often leads to the destruction of the other (Figure 2).


CH3
OH

Chiral epoxizing	O agent

OH

CH3	+


CH3
OH

hept-1-en-3-ol

(1R)-1-(oxiran-2-yl)pentan-1-ol
Figure 2

(S)-hept-1-en-3-ol

A variation of the sacrificial method for the resolution of a racemate involves treating it with some bacteria which contains a chiral enzyme that reacts at different rate with the different enantiomers. Since enzymes are very specific in their response to enantiomers, only one enantiomers is degraded and the other enantiomer is obtained with a very high purity (ee). This method however has only limited scope as the availability of such organisms or enzymes cannot be met easily. Thus, the enzyme emulsion from bitter almonds acts upon (±)-mandelonitrile to hydrolyze the (+)-form more rapidly.
With the advent of technology, column chromatography, the definitive tool for separation of organic compounds can also be applied for separation of enantiomers. The principle for the separation remains the same-differential adsorption-one enantiomer binds with the chiral stationary phase more strongly than the other thereby causing them to have different retention time in the column. Chiral stationary phase can consist of starch, which for instance allows almost complete resolution of mandelic acid (2-hydroxy-2- pheylethanoic acid), PhCH(OH)COOH. Synthetic stationary phases such as A, derived from the enantiomerically pure amino acid alanine, and B, likewise from valine, are effective in resolution of alcohols, amines and amino acids (both α and β) ( Figure 3).
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Figure 3
So far, all stereoisomers discussed differ in configuration but a separate class of stereoisomers also exist which are called conformational isomers. The difference between them being that in a set of conformational isomers, the isomers can be converted from one isomer to the other by mere rotation of bonds. On the other hand, configurational isomers cannot be achieved in this fashion. A bond needs to be broken and reconnected at the same stereocentre in a different spatial arrangement to obtain a configurational isomer from another. As an example, the molecule of ethane is to be considered. Now, it cannot possibly have any configurational isomers since none of the carbons are dissymmetric. However, it may have conformational isomers. The atoms remain connected in the same order during conformational change. If the C1-C2-bond is considered in ethane, then it is possible to draw two structures, one in which the hydrogen atoms on one of carbon atoms eclipse the other and another where they are as far away from each other as possible. There is a difference in energy between the two structures. The eclipsed form has a higher potential energy than the staggered form (12 kJ mol-1) (Figure 4).
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Figure 4
The rotational barrier in this case is said to be 12 kJ mol-1. This is the energy required to convert the stable staggered form to the unstable eclipsed form (Figure 5). The change in energy on going from staggered form to eclipsed form and vice versa is plotted in with respect to the dihedral angle. The angle between two intersecting planes on a third plane normal to the intersection of the two planes is called dihedral angle. In this case the dihedral angle is angle between the planes containing the atoms 1 and 2 and the plane containing the atoms 3 and 4.
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Figure 5

The conformational analysis of ethane is given below. Thus, between these two extremes, there are lots of other conformations and energy change is gradual is nature. However, this does not mean that the ethane spends equal time in all conformations. In fact it mostly stays at the bottom of the potential well (staggered conformation). Obviously, it comes to mind whether the hydrogen atoms are bulky enough to cause a change in the energy states of the eclipsed and staggered conformation. As a matter of fact, this occurs due to the fact that the electrons in the bonds repel each other and this repulsion is at a maximum in the eclipsed conformation. There may be some stabilizing interaction between the C–H σ-bonding orbital on one carbon and the C-H σ* anti-bonding orbital on the other carbon, which is greatest when the two orbitals are exactly parallel: this only happens in the staggered conformation (Figure 6).
As the hydrocarbon chain size increases, more complex effects seem to effect the energy considerations of the conformations (Figure 7). In the conformational study of propane, the conformational analysis can be done either along the C1-C2 bond or the C2-C3 bond- both being identical. In this case, the rotational barrier being 14 kJmol-1 is only slightly more than that of ethane. Thus the conformational analysis diagram is almost similar to ethane.
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the staggered conformation of propane	the eclipsed conformation of propane

Figure 7

With butane, there are two methyl groups if we consider the C2-C3 bond as the pivotal bond for rotation. Here, the two methyl groups could eclipse each other in a conformation and since the steric hindrance due to this should be significant enough, so the potential energy will be highest for this conformation. The other eclipsed conformations will have a methyl group eclipsed by hydrogen which will be lower in energy than the former. Similarly, for the staggered conformations, there will two types of staggered conformations differing in energy. Hence the terms eclipsed and staggered are insufficient to describe the conformations.
A new system of naming the conformational isomers is thus devised (Figure 8). The term torsion angle is defined as the angle (having an absolute value between 0° and 180°) between bonds to two specified groups, one from the atom nearer (proximal) to the observer and the other from the further (distal) atom in a Newman projection. The torsion angle between groups A and D is then considered to be positive if the bond A-B is rotated in a clockwise direction through less than 180° in order that it may eclipse the bond C-D: a negative torsion angle requires rotation in the opposite sense. Stereochemical arrangements corresponding to torsion angles between 0° and ±90° are called syn (s), those corresponding to torsion angles between ±90° and 180° anti (a). Similarly, the arrangements corresponding to torsion angles between 30° and 150° or between -30° and
-150° are called clinal (c) and those between 0° and 30° or 150° and 180° are called periplanar (p). The two types of terms can be combined so as to define four ranges of torsion angle; 0° to 30° synperiplanar (sp); 30° to 90° and -30° to -90° synclinal (sc); 90°
to 150°, and -90° to -150° anticlinal (ac); ±150° to 180° antiperiplanar (ap). The synperiplanar conformation is also known as the syn- or cis-conformation; antiperiplanar as anti or trans and synclinal as gauche or skew.
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According to this system, the conformational isomers of butane due to rotation about the C2-C3 bond may be named as:
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Thus, the conformational analysis diagram of the different conformational isomers of n- butane due to rotation about C2-C3 bond as a function of dihedral angle is given below (Figure 10). As expected the synperiplanar conformer having methyl groups eclipsed with each other has the highest energy and is least stable. The other eclipsed conformations have lower energy than the synperiplanar conformer. These are the two anticlinal conformations. The staggered conformers also show a similar pattern. Thus, there are two synclinal conformers (also called gauche conformers) where the two methyl groups are at an angle of 60° to each other. If we consider angle of torsion the then the two anticlinal conformers may be differentiated according to the sense of rotation of the angle of torsion. Thus they may be termed as +anticlinal (P-gauche) for a positive angle of torsion or –anticlinal (M-gauche) for a negative angle of torsion. The anticlinal conformations may also be prefixed with + or – to denote the angle of torsion.

syn-periplanar Me Me
H




anti-clinical




anti-clinical

syn-periplanar Me Me
H

H	H
H
20	syn-clinicalrelative energy /KJmol
-1

15	Me

H Me
H
H	H



anti-periplanar

H Me
Me
H	H

H	H
syn-clinical	H
Me

Me

10	H

H	Me
H

Me		H	H	Me H	H		H	 H

H	H	H	H
5	Me

0


0	60	120	180	240	300	360
dihedral angle  in degrees
Figure 9

The compounds considered so far are linear compounds and thus rotation about carbon- carbon bond is easily possible. However, it is expected that this rotation will be hindered in cyclic compounds. Also, the hindrance will large in small rings compared to large rings. This brings to a new concept- Bayer’s ring strain.
In a alicyclic compounds, all the carbons are sp3 hybridized and thus the bond angle should be 109° ideally. But in a small planar ring, like that of cyclopropane it is not possible to achieve this bond angle. As such the actual bond angle in cyclopropane is 60° instead of 109°. This thus introduces a strain in the molecule known as ring strain. According to Bayer, this strain would increase as rings grow larger and smaller than cyclopentane, they should show increasing angular strain and increasing strain energy.
In reality, a different scenario emerges as it is observed that, the cyclopropane ring is highly strained, the ring strain decreases with ring size and reaches a minimum for cyclohexane and not cyclopropane. The ring strain then increases but not as rapidly as is expected by Bayer’s theory and reaches a maximum at cyclononane and then decreases again. As the number of ring carbons increase beyond 14, the ring strain remains roughly constant.
This apparent deviation between theory and observed fact could be explained by the erroneous assumption that the rings are planar. In 1890 Hermann Sachse argued that, cyclohexane exist as non-planar chair and boat conformations which could rapidly interconvert into one other. This was experimentally observed by O. Hassel and D. Barton, who using X-ray crystallography one half of the twelve bonds of cyclohexane in the chair conformation of cyclohexane were arranged parallel to 3-fold rotational axis (C3 axis) while the remaining half were close to the imaginary equator plane of the ring system. The former group of hydrogens are called axial hydrogen while the later are called equatorial hydrogens (Figure 10).
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In the chair conformation, all the bond angles are 109° and hence there is no angle strain. The same may be said of the boat conformation, where all the angles are also 109°. However, it will be seen later that this conformation is higher potential energy than the chair form. In this case, the different groups of hydrogens are shown below (Figure 11).
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flagpole hydrogens

bowspirit hydrogens
To understand why the boat conformation has higher energy than the chair conformation, they need to be drawn in the Newmann projection. As can be seen from the Newmann conformational formula, in chair conformation, there is no eclipsing of the C-H bonds. However, in boat conformations, there are several eclipsing interactions. Besides these, there is also an interaction between the two flagstaff hydrogen atoms. These interactions cause the boat conformation to have 25 kJ mol-1 higher energy than the chair conformation (Figure 12).
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Figure 12
Thus the non-planarity of the cyclohexane ring causes the ring strain to decrease. Thus, it may be expected that the phenomena may be occurring in other smaller ring system to
relieve the ring strain (Scheme 13). In fact, the cyclobutane and cyclopropane rings are not planar as well. But, non-planarity alone cannot relieve ring strain because the smaller size of ring does not allow the freedom required to twist the C-C bonds out of plane without cleaving the ring. The high value of heat of combustion of cyclopropane is a clue to the ring strain due to deviation from the normal bond angle of a sp3 hybridized carbon and also the result of eclipsing of all C-H bonds. In cyclobutane, the ring bends to adopt a so called “puckered ring” shape. This shape though alleviates the eclipsing of C- H bonds but decreases the bond angles to 88.5°, even further to increase the ring strain. Thus, it appears that the eclipsing effect is impotant. Thus, in cyclopentane, even when the bond angles (108°) are close to the ideal value, there is some strain in the molecule and this causes the cyclopentane to adopt an open enevelope form which in turn decreases bond angle and increases angle strain.
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So far, all the stereogenic centres discussed involve a carbon atom with 4 different substituents attached to it (asymmetric centre). However, in case of trivalent central atoms having a lone pair of electrons, the lone pair of electrons may be considered as a fourth substituent. Usually, in such cases, the enantiomers will undergo Walden inversion from one form to other. The Walden inversion may however be prevented by locking using bulky substituents. Here, while the trisubstituted aliphatic amines easily undergo inversion, the same is not possible for aziridines as it would require twisting of the 3- membered ring. Similarly, in Troger’s base, the trivalent nitrogen is present on bridge head and cannot undergo inversion (Figure 1).


Walden Inversion

NC 3



CH3 H3C N CH3



H3C
N

No Walden Inversion CH3
N
N



CH3

H3C

H
CH3	H	H
H CN


3
Aziridines exist as enantiomers
Figure 1

Troger's base

It is also to be remembered that for a compound to have enantiomers, it must be non- superimposable on its mirror image. This condition can also be satisfied by certain other compounds which do not have asymmetric centre. As an example, cis-octahedral complexes may exhibit enantiomers even though they lack an asymmetric centre (Figure 2).
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Figure 2

Some compounds which do not have asymmetrically substituted carbon atoms (no stereogenic centre) may still be chiral if they feature two perpendicular planes which are not symmetry planes. If these disymmetric (chiral) planes cannot freely rotate against each other, the corresponding compounds are chiral. Compounds of this type are said to be axially chiral. Some examples of this type involve unsymmetrically substituted allenes, biphenyl derivatives and spiro compounds (Figure 3).
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In case of biphenyl derivatives, if both aromatic ring systems are asymmetrically substituted, the compounds are chiral. As the chirality of these structures originates not from an asymmetrically substituted atom center, but from an asymmetric axis around which rotation is hindered, these enantiomers are also called atropisomers. In the biphenyls, the ortho-substitutents must be large enough to prevent rotation around the central single bond. Since only the hindered rotation about the central C-C single bond leads to the stereoisomerism of these compounds. Therefore, biphenyl- and binaphtyl- derivatives are conformational stereoisomers (not configurational stereoisomers).
Planar chirality may arise if an appropriately substituted planar group of atoms or ring system is bridged by a linker-chain extending into the space above or below of this plane. Some common examples are the planar chirality of cyclophanes or alkenes as shown below (Figure 4).
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Helices are also chiral as they can exist in enantiomeric left- or right-handed forms. Typical examples for helical strutures are provided by the helicenes (benzologues of phenanthrene). With four or more rings, steric hinderance at both ends of these molecule prevents the formation of planar conformations, and helicenes rather adopt non-planar, but helical and enantiomeric structures with C2 symmetry (Figure 5).
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Figure 5

dimethyl 5,6,8,10-tetramethylheptalene-1,2-dicarboxylate

The stereochemistry of a substrate may have profound effect on the rate of a reaction or the composition of the products of a particular reaction. With respect to the composition of products obtained by a reaction two terms are important.
Stereoselective reactions are those reactions which give one predominant product of the two or more products possible because the reaction pathway has a choice. Either the pathway of lower activation energy is preferred (kinetic control) or the more stable product (thermodynamic control). Thus, E1 dehydration of 1-phenylpropan-1- ol provides (E)-prop-1-enylbenzene as the major product (Scheme 1).
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	On the other hand, stereospecific reactions lead to the production of a single isomer as a direct result of the mechanism of the reaction and the stereochemistry of the starting material. There is no choice. The reaction gives a different diastereoisomer of the product from each stereoisomer of the starting material. In case of E2 elimination of ((1S,2R)-1-bromopropane-1,2-diyl)dibenzene, only the E-alkene is formed as the product (Scheme 2).
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(E)-prop-1-ene-1,2-diyldibenzene


These two classes of reactions may further be subdivided into enantioselective or diastereoselective reactions and enantiospecific or enantiospecific reactions based on the product formed. In some reactions, an achiral centre may be converted to a chiral centre. Similarly, a double bond may be converted into chiral centres. To understand the relationship between an achirl substate and chiral product, two new terms need to be introduced. Prochirality is the geometric property of an achiral object (or spatial arrangement of points or atoms) which is capable of becoming chiral in a single desymmetrization step (Figure . An achiral molecular entity, or a part of it considered on its own, is thus called prochiral if it can be made chiral by the replacement of an existing atom (or achiral group) by a different one. An achiral object which is capable of becoming chiral in two desymmetrization steps is sometimes described as proprochiral (Scheme 3).
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Scheme 3

In the case of addition reactions, multiple bonds may be reduced to single bonds giving rise to chiral centres (Scheme 4). In these cases, there are no prochiral centres but rather prochiral faces. Thus, the term prochirality also applies to an achiral molecule or entity which contains a trigonal system and which can be made chiral by the addition to the trigonal system of a new atom or achiral group. The addition of hydrogen to one of the faces of the prochiral ketone methyl ethyl ketone gives one of the enantiomers of the chiral alcohol. Since the addition of hydrogen generates an enantiomer and not a diastereomeric alcohol, so the faces in this case are referred to as enantiotopic faces. However, the same faces may regarded as diastereotopic if the addition of a nucleophile generates a diastereomic species. Thus, addition of cyanide anion to one of the diastereotopic faces of the chiral aldehyde shown below converts it into one of the diastereoisomers of the cyanohydrin. The two faces of the trigonal system may be described as Re and Si. The allotment of the descriptor follows a rule similar to the allotment of R and descriptors. First, the substituents are assigned priority according to the CIP rules. Next, consider the molecule in the plane of paper. Then, looking from the top, an arrow from the first-priority group, through the second, to the third. If the arrow points clockwise, the face is called (Re). If the arrow points counter-clockwise, the face is called (Si).
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In the next few pages, some of the reactions discussed in various chapters will be discussed from a perspective of stereochemistry (Scheme 5). S 2 reactions of cyclohexane derivatives present a nice case. If the conformation of the molecule is fixed by a locking group, the inversion mechanism of the S 2 reaction, means that, if the leaving group is axial, then the incoming nucleophile will end up equatorial and vice versa.N
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Scheme 5

It is, however, found that the substitution of an axial substituent proceeds faster than the substitution of an equatorial substituent. This is because, in the formation of the transition state, the nucleophile attacks the σ*-molecular orbital of the carbon-leaving group (C-X) bond. In the case of an axial attack, this line of attack is hindered by the axial groups at 3 and 5 positions. For an equatorial attack the direction of attack is parallel with the axial groups antiperiplanar to the leaving group and hence much less hindered (Figure 6).
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Figure 6

Similarly, the ring closing to form epoxides occurs only in the trans isomer. The cis isomer adopts a conformation where one of the groups is axial (less bulky one), while the other is equatorial. In this conformation the two groups are not antiperiplanar as required for a S 2 reaction. The trans isomer, on the other hand adopts a conformation where both the groups are equatorial to each other. Though, it still seems not suited for a S 2 attack but the attack can take place in the diaxial conformation which may be generated from the diequitorial conformation by ring flipping. Though the former is less stable than the latter, a small amount of the molecule in diaxial conformation may drive the reaction forward (Le Chatelier’s principle) (Scheme 6).N
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As with substitution, the elimination reaction in cyclohexane derivatives is also dependent on the conformation. Since E2 reactions can occur only through an antiperiplanar transition state so they must be stereospecific in nature. Thus, in the elimination of trans-1-chloro-2-methyl cyclohexane, the elimination takes place from the diaxial isomer (Scheme 7).
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One of the most profilic stereoselective reactions is the nucleophillic attack on carbonyl compounds. These compounds have two stereogenic faces and, thus, it is a question on which face will the attack preferentially take place. In this respect two empirical rules have been developed which predict the same result.
	Cram’s rule: According to this rule, if the molecule is observed along the axis, (represented as shown below), where S, M and L stand for small, medium and large, respectively. The oxygen of the carbonyl orients itself between the small and the medium sized groups. The rule is that the incoming group preferentially attacks on the side of the plane containing the small group (Scheme 8).
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But, when chelation may occur between the carbonyl oxygen and the counteraction of the incoming nucleophile, then the result of Cram’s rule may be reversed. In this case the large group chelates counter cation of attacking nucleophile and carbonyl oxygen.
	Felkin Ahn model: The statement of the rule is same as that of Cram’s rule but the objective is achieved by reasoning from a different angle. Assuming that there isn’t an unusually electronegative atom on the carbon next to the carbonyl, the largest group (L) prefers a conformation where it is perpendicular to the carbonyl C=O. This gives two relatively competitive lowest energy conformations, with the medium (M) and smallest (S) groups differing in their proximity to the carbonyl oxygen.
O	O
S	S
L	L
M R	R M
It is further determined that the nucleophile prefers to attack away from the large group at an angle of 107°. Thus, it attacks nearer to the small (S) group giving rise to only one diastereomer.
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If, however, there is an electronegative atom or group at the site α- to the carbonyl, there is a slight change. This ‘slight change’ is that this electronegative group(X) becomes the equivalent of the ‘large’ group in the Felkin-Ahn model. The reason for this that the energy of the C-X σ* antibonding orbital is rather low, and so it overlaps with the π*of the carbonyl to make a new, lower energy LUMO (lowest unoccupied molecular orbital). This really means is that this conformational arrangement is more reactive than any other.
A few examples will clarify the case of application of these rules. The major product for reduction of (R)-2-phenylpropanal can be predicted according to the Cram’s rule (Scheme 9)
.
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Scheme 9
However, to determine the configuration of the product of the reaction between (R)-2- methoxypropanal and dimethyl zinc, the Cram’s chelate rule needs to be applied. In this case a chelate is formed between methoxy group’s oxygen and carbonyl group with zinc (Scheme 10).


O	H3C O

Zn2+ H CO O


HO	OCH3


H3C


CH3

CH3

3	H C	CH	H	H

H
OCH3

OCH3
H H	H H

CH3


CH -3


3	3
H	H	H3CO	OH

(R)-2-methoxypropanal


Scheme 10

(2R,3S)-3-methoxybutan-2-ol


Similarly Felkin Anh model is applied for the following example. Here, the large, medium and small groups are phenyl, ethyl and methyl groups, respectively. The attack of hydride (R)-2-phenylpentan-3-one takes from the side of the smallest group (Scheme 11).
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In this case, there is an electronegative atom containing a lone pair of electrons. Here, also classification of the groups into large, medium and small group. As a result of the overlap between C-N σ* antibonding orbital π*of the carbonyl makes this conformation shown below even more important. This results in great increase in the degree of diastereoselectivity (Scheme 12).

In case of cyclohexanone derivatives, a cyclic system, the addition of a nucleophile generates either a conformation with the nucleophile at an equatorial or an axial position. However, unless the molecule is locked in a particular conformation, it does not matter whether the nucleophile is attacking a line to the equatorial or axial position since a ring inversion can put the molecule in a favourable conformation. However, in 4- tbutylcyclohexanone, the t-butyl group always occupies equatorial conformation. Now, with the increase in steric bulk of the attacking nucleophile, there will be tendency to attack at the equatorial position as compared to the axial position. Thus, the reduction of 4-tbutylcyclohexanone with LiAlH4 results in mostly in trans alcohol while Grignard addition of C2H5MgBr results in mostly cis-alcohol (Scheme 13).


Steric hindrance often slows down a reaction. Similarly, sometimes steric assistance increases the rate of a reaction. The phenomena can be seen in the ester hydrolysis of conformationally locked cyclohexane deivatives. In the ester hydrolysis the rate limimting slow step is the formation of sp3 hybrid intermediate by the nucleophilic addition on the trigonal carbonyl group. This imparts some steric bulk to the intermediate as well as decreases its degree of solvation as the species is now negatively charged. Thus, on going from the ester to the intermediate, the steric requirement of the ester group increases as it passes through the transition state. As a result, the difference in free energies of the axial and equatorial isomers is enhanced in the transition state than in the ground states and the axial isomer reacts at a slower rate. This is an example of steric hindrance. However, in the chromic acid oxidation of cyclohexyl alcohols a different scenario. This reaction is supposed to consist of two steps, the rapid formation of a chromate ester followed by its rate determining decomposition into a ketone. In this case the axial alcohols are oxidized faster than their equatorial isomers. This occurs because the difference in free energies between the axial and the equatorial chromate esters in the ground state exceeds that between the respective transition states due to more ketone like structure of the latter
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