Introduction to Stereochemistry

Reference: Smith, Chapter 5
Pre-lab assignment: Use Spartan to build all possible stereoisomers of 2-bromo-3-chlorobutane (consider only the conformations in which bromine and chlorine are anti). Minimize the energy of each molecule, and identify stereoisomers with identical energies. Are they enantiomers or diastereomers?

Stereochemistry involves the three-dimensional aspects of structures and reactions. The prefix stereo- means three dimensional, as in stereophonic sound, which is sound that seems to come from all sides.  Some of the terms that are associated with the study of stereochemistry seem as though they come from a foreign language. Indeed, many of these terms are derived from foreign words. You will become comfortable with these terms as you use them. This laboratory period focuses on the three-dimensional nature of organic molecules.  You will examine organic structures in three dimensions with the aid of a model kit.  Obtain a model kit from the side shelf.

Isomers

Iso- means the same, and -mer means part.  Thus, isomers have the same parts or the same atomic composition.  Thus, all structurally unique compounds that have the formula C4H8ClBr are isomers. They are isomers because they have the same parts.  In this case, the parts are atoms. Since the number and kind of atoms determines the molecular formula, isomers have the same molecular formula. Thus, two structurally different compounds that have the same molecular formula are isomers.  If two compounds have different molecular formulas, they are not isomers. If two structures are identical, they have the same molecular formula. Given two different molecular formulas such as C4H8ClBr and C5H10ClBr, we can tell immediately that they represent different molecules—hence different compounds.   

Sometimes, we are given two structural formulas to compare. Two structures may represent the same compound, two different compounds, or two isomers. If the structures differ by one or more atoms, they represent different compounds. If two structures match atom-per-atom in three dimensions, they represent the same compound. Structures that match atom-per-atom in three dimensions are said to be superposable.  If two structures with the same molecular formula are not superposable, they are isomers.  As a means of classification of organic compounds, we want to determine whether two compounds with identical molecular formulas are identical structurally or are isomers. If they are isomers, we want to determine what kind of isomers they are.  They may be constitutional isomers or they may be stereoisomers. If they are stereoisomers, we want to know whether they are enantiomers, diastereomers, or are a special kind called meso forms. Thus, we will always compare two compounds to determine their structural relationship.  If we are asked to compare three or more compounds, we will compare them two at a time.

I. Isomers

Requirement 1: Build models of 1-bromobutane and 1-bromopropane. (Note: If you have questions or doubts about what you are doing during this lab, ask the instructor for assistance.)
In the space below, draw skeletal formulas of these compounds. Then, write the molecular formula beneath each structure.

Are the molecular formulas identical?______
Are these compounds isomers or different compounds?_______________

When we compare two compounds and they are not isomers, we are finished with their classification. They are different compounds, not isomers.

Requirement 2: Build models of 1-bromobutane and 2-bromobutane. (Note: You can use the model of 1-bromobutane from requirement 1.) In the space below, draw structural formulas for these compounds and write the molecular formula beneath each structure.

Are the molecular formulas identical?______ Are these compounds isomers or different compounds?_______________

Requirement 3: Build two models of 1-bromobutane. These models are identical.

However, if you align them as BrCH2CH2CH2CH3 and as CH3CH2CH2CH2Br, they look different. Sometimes, we are given two identical structural formulas that are drawn differently, and we must recognize they are identical and classify them accordingly. In other words, two compounds with the same molecular formula may not be isomers; they may be the same compound. Thus, when we encounter two compounds with the same molecular formula, we must determine if the molecules represent the same compound or isomers. Consider 1-bromobutane written as BrCH2CH2CH2CH3 and as CH3CH2CH2CH2Br. If you rotate one of the molecules by 180o, it will match atom-per-atom with the other molecule. Two compounds are identical only if their molecules match atom-per-atom in three dimensions.  When two molecules with the same molecular formula match atom-per-atom in three dimensions, they are superposable. Superposable means that, when one molecule is placed on top of another molecule, the atoms match perfectly. If the atoms do not match perfectly, they are isomers. Are these models identical?____ Do they represent identical or different compounds?________________
Let’s review our thought processes.  We are given two compounds to classify.  First, we determine whether the two structures have identical molecular formulas. If they do not have the same molecular formula, they represent different compounds. If they have the same molecular formulas (the exact same number and kind of atoms), they may be identical compounds or isomers. If the structures of two molecules with the same molecular formulas are superposable, they represent the same compound. If they do not match atom-per-atom, they represent isomeric compounds. See Table I.
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First, we make sure we have isomers by performing the steps in Table I. Then, we go on to determine what kind of isomers we have. Classify the structures in the following Table as different, identical or isomeric. You may use models.
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II. Constitutional Isomers vs Stereoisomers

When we conclude that two compounds are isomers, we are not finished with the classification. We must next determine what kind of isomers they are (i.e., whether they are constitutional isomers or stereoisomers). Constitutional isomers differ in connectivity. Stereoisomers have the same connectivity but differ in three-dimensional space.

Requirement 4: Build models of 1-chloropropane and 2-chloropropane. These models represent isomers, but what kind of isomers? Draw skeletal structures for these molecules below. 

                   1-chloropropane                               2-chloropropane

These skeletal structures clearly show the connectivity of the carbon atoms and the chlorine atom. You can see that the chlorine atom is bonded to the end carbon in 1-chloropropane and to the middle carbon in 2-chloropropane. The connectivity for 1-chloropropane is Cl-C-C-C and for 2-chloropropane is C-C-(Cl)-C.  Are the connectivities identical?________ Compounds that differ in connectivity are called constitutional isomers. Are 1-choropropane and 2-chloropropane constitutional isomers? _____ Another way to consider connectivity is to consider the skeletal structure as a molecular backbone.  Are the two skeletons or molecular backbones identical for 1-chloropropane and 2-chloropropane?____
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Requirement 5: Build models of the compounds shown in the structures below.
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The heavy wedge points upward; the dashed wedge points downward. Are these structures identical? ___ (If you are unsure about your answer, refer to Table 1 for help.) If they are isomers, we must determine whether they are constitutional isomers or stereoisomers. Look at the bond-line structures above. Connectivity only considers bonding, not geometry. Thus, the connectivities of these two structures are their skeletons without wedges, as shown below.

Are the connectivities of these two structures the same or different? _________________

Are they constitutional isomers? _______ If they are not constitutional isomers, they are stereoisomers. Are they stereoisomers? ___

Let’s review. When we compare two compounds and they are isomers, we must determine what kind of isomers they are. We do this by first examining their constitutions. The constitution of a molecule is its bond-to-bond connectivity or skeleton. A molecule’s constitution is clearly shown in its skeletal structure, drawn without wedges or any other three-dimensional representations. A molecule’s constitution is like a skeleton, it shows only the connectivity or carbon-heteroatom framework. See Table II.
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Determine for each of the following isomeric pairs whether they are constitutional isomers or stereoisomers.

III. Classifying Stereoisomers as Enantiomers or Diastereomers

When we classify a pair of compounds as constitutional isomers, we are finished with the classification. However, when we classify compounds as stereoisomers, we must determine what kind of stereoisomers they are. Stereoisomers differ in three-dimensional space. Stereoisomers are either enantiomers or diastereomers. Enantiomers are mirror-image structures that are not superposable. Diastereomers are stereoisomers that are not enantiomers. Diastereomers are not mirror images of each other.  

A. Stereoisomers Containing Only One Chirality Center—Enantiomers

Many texts still refer to stereogenic center or stereocenter; the modern term is chirality center.  For consistency with our text, we shall use chirality center. Should you ever see the expression stereocenter, you should know that it means the same thing as chirality center. The basis of stereoisomerism is the fact that a sp3-hybridized carbon atom is tetrahedral. Thus, there are two different ways in which four different groups can bond to a single carbon atom.  These two structures differ in three-dimensional space and are called stereoisomers. The carbon atom from which the stereochemistry originates is called a chirality center. A three-dimensional structure originates at a chirality center. Consider bromochloroiodomethane. The compound contains carbon with a bromo group, chloro group, iodo group and hydrogen group bonded to it. Thus, the single carbon atom is a chirality center, because it has four different groups bonded to it. We signify a chirality center with a star (*). Draw a three-dimensional structure of bromochloroiodomethane and place a star on the carbon atom. The star means that the carbon atom has four different groups bonded to it. A compound with a single chirality center (one star) has one stereoisomer called an enantiomer. 

Bromochloroiodomethane

Requirement 6: Build a model of bromochloroiodomethane and a model of its mirror image. Try to superpose one model on the other model. Are the models superposable? ___

If they are superposable, they represent the same compound. Do these models represent the same compound? ______ If the models are nonsuperposable, they represent enantiomers. Do these models represent enantiomers? _____   You have discovered that a compound with only one star can have only one stereoisomer, and that stereoisomer is its enantiomer.  

Let’s review! Suppose we have two structures, which are isomers with identical constitutions. If the two isomers have only one chirality center (carbon with four different groups) or one starred carbon, they must be enantiomers. Since many compounds have only one chirality center, it pays dividends to know that compounds with one stereogenic center have a nonsuperposable mirror image called its enantiomer. A compound with one stereogenic center can be resolved into a pair of enantiomers. See Table III.
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Each of the following pairs of compounds contains one chirality center. Determine whether they are the same compound or enantiomers. If they are superposable, they are the same. If they are nonsuperposable mirror images, they are enantiomers.
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B. Stereoisomers Containing Two or More Chirality Centers—Enantiomers or Diastereomers

We saw above that after we find we have stereoisomers, we must then determine what kind of stereoisomers we have. Further, if our structure has only one chirality center (one star), then it has only two stereoisomeric forms called enantiomers. This is true because there are only two ways that four different groups can bond to a single carbon atom.

If we have two chirality centers (two starred carbon atoms), then the number of possible stereoisomers jumps to four. Every time we add a chirality center, the number of possible stereoisomers doubles because each new center can have two three-dimensional orientations. Thus, the maximum number of possible stereoisomers for a compound with n stars (chirality centers) is 2n. We can also write this expression as 2*, where * is the number of chirality centers in the structure. From this expression, we can clearly see that for n = 1 (a compound with one star), the maximum number of stereoisomers is 2, or one pair of enantiomers. We arrived at the same conclusion above. Namely, a compound with one star has an enantiomer as its only stereoisomer.

Every structure has one mirror image. If the mirror image is superposable on the original structure, the two structures are identical. Consider a structure with two stars (two chirality centers—two carbon atoms that have four different substituents). The maximum number of stereoisomers is 2* = 22 = 4. This means that one of the stereoisomers will be its enantiomer (nonsuperposable mirror image), and the other two stereoisomers cannot be its enantiomer, because a given structure has only one enantiomer. Thus, we need a new term to describe stereoisomers that are not enantiomers. Stereoisomers that are not enantiomers are called diastereomers. For tetrahedral carbon, we must have a minimum of two stars before we can have diastereomers. Let’s break down the word diastereomer into its parts di-a-stereo-mer. We might translate that into two (or more) three-dimensional parts. To which we can add “two or more stars or chirality centers” to be diastereomers. For a memory cue, let’s let di in diastereomer mean two, for two stars or more!
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Requirement 7: Build a model of 2-bromo-3-chlorobutane as shown in the sawhorse projection below.

Place a star on each chirality center in the above picture. What is the maximum possible number of stereoisomers for two stars? ___ Build a model of its mirror image and sketch its sawhorse projection to the right of the above projection. Is your second model superposable on the original model? ____ Nonsuperposable mirror images are called _____________________. Next, interchange the Br and H atoms bonded at C-2 and sketch the new structure below in a sawhorse projection. Then, sketch its mirror image to the right of it, with the aid of an invisible mirror. 

Are these two structures superposable? ___ Nonsuperposable mirror images are called _______________________. We have two pairs of enantiomers. What term describes how is the first pair related to the second pair?

They are stereoisomers that are not enantiomers. Stereoisomers that are not enantiomers are called _____________________________.

Let’s review. When we have more than one chirality center in a structure, we can have 2* stereoisomers as an absolute maximum number of stereoisomeric forms. Since each structure has a mirror image, each can have one enantiomer. If we are given a structure with three chirality centers, then there are 23 = 8 stereoisomers, and the structure has one enantiomer and 6 diastereomers. The following box shows the four stereoisomers of 2-bromo-3-chlorobutane.
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For each of the following pairs of structural formulas, tell whether the two represent identical molecular species, enantiomers or diastereomers.[image: image17.wmf]C
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C. Stereoisomers Containing Two or More Chirality Centers—Meso Forms

A special case arises when a structure has two or more chirality centers, yet is superposable on its mirror image. Since it is superposable, it has no enantiomer. We call a structure that contains two chirality centers, but is superposable on its mirror image, a meso form. However, a meso form does have diastereomers because it has more than one chirality center. A meso form is possible only when the structure possesses internal symmetry.  For the most common case, a structure with two stereocenters, the two stereocenters have exactly the same four groups bonded to them. A meso form reduces the maximum number of stereoisomeric forms by one, because it has no enantiomer (it is identical to its hypothetical enantiomer). In this course, we will consider structures with only one meso form, so the maximum number of stereoisomers that include a meso form is 2* – 1, where the * is the number of stereocenters. For two stereocenters with the same set of four groups bonded to them, the actual number of stereoisomeric forms is 22 – 1 = 3.
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Requirement 8: Build a model of 2-chloro-3-chlorobutane as shown in the structure below.

Build a model of its mirror image and sketch it to the right of the above structure. Are the mirror images superposable? ___ Nonsuperposable mirror images are called __________________________. Exchange the Cl and H atoms at C-2 and sketch the structure in the space below. Build a model of the new structure’s mirror image and sketch it to the right below. 

Are these structures superposable? ___ When two structures are superposable, they are identical. Identical mirror images of compounds that contain two or more stereocenters are called ________ forms. 

Let’s review. When we have more than one chirality center in a structure we can have 2* stereoisomers as an absolute maximum. However, the presence of a meso form reduces this number by one. We get meso forms when two (or more) carbon atoms have the same set of four substituents. The carbon atoms C-2 and C-3 in the above structures both have the same set of groups (Cl, H, and Me) as substituents. The three stereoisomeric forms are shown in the following box. Two of them are identical or meso forms.
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Classify the following isomers as diastereomers or meso forms.
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D. Cis-Trans Stereoisomers—Diastereomers

An important kind of stereoisomerism is cis-trans isomerism. Cis-trans isomerism occurs at trigonal or sp2-hybridized carbons. Consider cis- and trans-2-butene. The structures are shown below.
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These compounds have the same molecular formula, so they are isomers. What kind of isomers are they. Remember to exclude geometry when you consider connectivity. They have the same connectivity!!! 

                                         C-C=C-C   and   C-C=C-C

Constitutional isomers have different connectivities. Therefore, they are not constitutional isomers. Isomers with the same connectivity are stereoisomers. Are cis- and trans-2-butene enantiomers or diastereomers? Enantiomers are nonsuperposable mirror images. A cis form can never be a mirror image of a trans form, so they are not enantiomers. Stereoisomers that are not enantiomers are diastereomers. Cis and trans isomers are diastereomers.
Introduction to the Cahn-Ingold-Prelog priority rules.

Constitutional isomers have different connectivities, and stereoisomers have the same connectivity. If two compounds have different connectivities, the difference will be evident in their IUPAC names. If two compounds have the same connectivities, they will have the same basic IUPAC name, and we must supply a stereo prefix to provide the three-dimensional distinction. Every isomer has a unique IUPAC name. As we saw above, we can distinguish the two 2-butenes by the prefixes cis- and trans- in their names. Since every chirality center has two possible three-dimensional arrangements, we need two ways to describe a chirality center. The IUPAC has adopted a system developed by three internationally recognized authorities in stereochemistry. The system is named after them and is known as the Cahn-Ingold-Prelog priority rules. The system is very simple in concept. It uses atomic numbers (not mass) to distinguish atoms and bonded groups of atoms. In the Cahn-Ingold-Prelog system, the higher the atomic number the higher the priority. 

When we make a model with balls and sticks, we make rigid models. Earlier, you made models of the enantiomeric pair of R- and S-bromochloroiodomethane. The three-dimensional structure of each model is called its absolute configuration. For many years, chemists knew about the two stereoisomers, but they had no way of knowing which was R and which was S. Thus, chemistry was conducted on a relative basis. The advent of single-crystal x-ray crystallography gave chemists a technique to learn the exact or absolute configuration of a molecule. To describe the absolute configuration of a molecule, the absolute configuration of each stereocenter must be specified. The Cahn-Ingold-Prelog priority rules allow us to do this by describing each center as R or S. In this context, R means rectus, or right hand, and S means sinister or left hand. Consider the two enantiomers of bromochloroiodomethane shown below. 
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Recall that the solid wedges mean the Cl groups are pointing out of the page toward the viewer and the hashed wedges mean the H atoms are pointing into the page away from the viewer. Let’s take the compound on the left side. First, place a star on the stereocenter and find the atomic number of each atom bonded to the starred C. The atomic numbers are 1 for H, 17 for Cl, 35 for Br and 53 for I.
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In this case, the smallest number of all is 1 for H. The rules call for this group (i.e., the group with the lowest priority) to be pointed away from the viewer. The dashed wedge means it is pointing away, so the molecule has the correct orientation for finding R or S. In the next step, we ignore the smallest number (1). With the smallest numbered group pointing away, we strike an arc from the high number (53) through the middle number (35) to the low number (17). 
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In this case, our arc goes anti or counter clockwise. We designate this type of arc with an S configuration. Thus, our starred atom is called S. There is only one stereocenter in the structure and its name becomes (S)-bromochloroiodomethane. When an R or S is part of a name, it is italicized and placed in parenthesis at the beginning of the name. If the compound has more than one chirality center, the number of each center is also included, as in (2R),(3S)-2-bromo-3-chlorobutane. Apply the Cahn-Ingold-Prelog priority rules to the enantiomer of the above structure and determine its name.

For more complex structures, the application of the priority rules involves a principle known as the first point of difference. By the principle of first point of difference, an ethyl group outranks a methyl group as shown below.

[image: image22.wmf]c

i

s

-

2

-

b

u

t

e

n

e

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t

r

a

n

s

-

2

-

b

u

t

e

n

e


To use the principle of “first point of difference,” number each atom bonded to the chirality center, as above. When you find the same number, as is the case with a methyl and ethyl group, place a parenthesis after the number and number the three atoms further out on the chain in descending order (i.e., highest number first). The next three atoms in a methyl group are three hydrogen atoms. All have an atomic number of 1, so a methyl group is represented as 6(1,1,1). An ethyl group starts with a six, but that carbon is also bonded to a carbon with an atomic number 6 and to two hydrogen atoms, giving 6(6,1,1). So the first six represents the carbon bonded to the starred atom. The three numbers in parenthesis refer to the three atoms bonded to the carbon bonded to the chirality center. When we compare the two priorities one number at a time, we first get a tie, or no difference. However, the comparison of the next two numbers shows a difference—the first point of difference—a 6 versus a 1. Thus, ethyl outranks methyl.

When the lowest priority group points out instead of away, as required by the rules, apply the rules exactly the same way—then change the final answer from S to R or visa versa. See the examples below.
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Introduction to Fischer Projections Consider the three-dimensional structure of  

(S)-bromochloroiodomethane, shown below. How can we draw this structure without
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wedges and still convey the three-dimensional aspects? This problem was considered

over 100 years ago by Emil Fischer, a Nobel-Prize winning chemist. Fischer oriented the molecule with the chirality center (carbon atom) is in the center with each of the groups pointing toward a direction such as north, east, south, and west. Then, he made sure the east and west groups were pointing upward, which made the north-south groups point downward. Orient your model of (S)-bromochloroiodomethane so that Cl takes the west position in the Fischer system. Your model should then appear as shown below.
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With the north, south, east, west reference frame, Fischer realized that it was not necessary to show either the central carbon atom or the wedges. His work actually preceded wedges.

Thus, he drew the compound above in the following way.
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In order to envision the molecule in three dimensions, you must realize the Cl and I are 

projecting upward, and the Br and H are projecting downward. Draw three other Fischer

projections of the (S)-bromochloroiodomethane in the space below, showing each of the other three atoms in turn in the leftmost or west position. Check your answers with the

model.

Homework: Redo this experiment with Spartan.
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