                The Synthesis of Cyclohexene from Bromocyclohexane

                                    An Elimination (E2) Reaction

Reference: Smith, Chapter 8 (Elimination Reactions)
Pre-lab assignment: Learn the mechanisms of E2 and E1 reactions. 
Introduction: An elimination reaction is the opposite of an addition reaction. In an addition reaction, a reagent adds to a  bond. An example of an addition reaction is the acid-catalyzed hydration of 1-hexene.
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According to Markovnikov’s rule, the addition occurs with 2-hexanol as the major product. The reason the hydration reaction is stereoselective (gives more of one constitutional isomer, 2-ol, than another, 1-ol) is because the more stable of two possible carbocations forms as the intermediate. The two carbocation intermediates for the hydration of 1-hexene are shown below.
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The first step in the hydration reaction is protonation of the alkene to give a carbocation. The proton or H+ can add to C-1 or C-2 in the first step. The proton adds to C-1, giving us the IIo or more stable carbocation. The formation of the more stable carbocation leads to the secondary alcohol instead of the primary alcohol. The mechanism for the hydration of 1-hexene is shown on the next page. A mechanism shows how bonds are formed and broken during a reaction. Curved arrows show how the electrons in these bonds move from one location to another during the reaction.

Note the following things about the mechanism. Electrons move in pairs, so a double-headed curved arrow shows the change in location of two electrons. Since two bonded electrons make a covalent bond, their movement indicates that a bond has broken or formed. When two bonded electrons move, their bond must break. When two nonbonded electrons (lone pair) move, a new bond forms. A catalyst is not “used up” during a reaction. A proton (H+) adds in Step 1 and a proton (H+) leaves in Step 3. Thus, overall the H+ is not used up. The H+ is a catalyst. Since H+ is an acid, the reaction is acid catalyzed. The transfer of a proton is always fast relative to other steps. Therefore, Step 2 is the slowest step in the reaction and is the rate-determining step. In hydration reactions, the H+ usually comes from the mineral acid sulfuric acid, H2SO4. A  bond disappears and an H and OH or H2O adds. Since H2O adds, the reaction is called a hydration. A reaction in which water, H2O, adds to the  bond of an alkene is called a hydration reaction. Hydr- means water and –ation means addition. Thus, hydration literally means the addition of water. Since two chemical species, the carbocation and water, are involved in the rate-determining step, the reaction is said to be bimolecular. The rate-determining step is rapid, because it involves a highly energetic carbocation. However, the other two steps are very fast, because they involve proton transfers. The molecularity of a reaction is determined by how many chemical reactants take part in the rate-determining or slowest step in a multi-step reaction. 
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Summary of an Addition Reaction to an Alkene: A reagent adds to a  bond of the organic substrate. The reagent may be ionic or covalent but, in both cases, the positive portion of the reagent adds first. The positive parts of the reagent bonds to one of the carbon atoms of the alkene with the  electrons of the double bond. The curved arrow is drawn from the pair of  electrons to the proton. Curved arrows always start with the pair of electrons that move. This leaves the other carbon atom of the double bond with three bonds and a positive charge. A three-bonded carbon atom with a positive charge is called a carbocation. Carbo- means carbon and cation means positive ion. Two different carbocations are possible, because the positive part of the reagent might bond to either carbon of the alkene. We get the more stable of the two possible carbocations (tertiary more stable than secondary, secondary more stable than primary, primary very unstable). None of the carbocations are stable enough under normal lab conditions to be bottled up. Thus, carbocations are intermediates in reactions. An intermediate is a transient chemical species, high in energy and low in stability that forms between reactants and products. Three-bonded carbon atoms, carbocations, carbanions, and radicals are the most common intermediates in organic reactions. Since the carbocation formed in a reaction is not very stable, it quickly accepts a pair of electrons from the negative part of the reagent. The hydration of 1-hexene, shown in the graphic above, follows this pattern.
Elimination Reactions: The word elimination is the opposite of addition and simply means that a portion of each molecule is removed (i.e., eliminated) from an organic substrate. Hydration is the addition of water, and dehydration is the elimination of water. Hence, the prefix de- means to reverse whatever follows. For example, dehydrohalogenation means the reverse of hydrohalogenation. Hydrohalogenation means the addition of a hydrogen and a halogen. Dehydrohalogenation means the subtraction of a hydrogen and a halogen. Hydration reactions are reversible. That means water can be added to an alkene to make an alcohol, and water can be removed from an alcohol to make an alkene. However, in the reverse process, the intermediate carbocation can lose a proton in three ways, forming 1-hexene, cis-2-hexene or trans-2-hexene. The major product is the most stable alkene possible. In this case, the major product is trans-2-hexene.
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In the three-step dehydration of an alcohol, the second step is the rate-limiting or rate-determining step, because the other two steps (1 and 3) involve the transfer of a proton. Step 2 is unimolecular (i.e., the protonated alcohol is the only chemical reactant). The mechanism of the three-step dehydration reaction is given the shorthand notation E1. The E1 means that the reaction is an elimination reaction and that the molecularity of the reaction is one. Note that this unimolecular reaction takes three steps. The number of steps is independent of the molecularity!
Just because a reaction is reversible does not mean that we can start with a compound, run a reaction, then reverse the reaction and get the same compound back. The stability of the products (thermodynamics) plays an important role in determining what we get.

Consider the reversible hydration-dehydration of cyclohexanol shown below.
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This reaction is perfectly reversible. Each intermediate in the reversible process is the same for the forward and reverse reaction. These facts are summarized in the principle of microscopic reversibility, which states that the reaction pathway for a forward reaction is exactly the opposite for the pathway for the reverse reaction of an overall reversible reaction. The mechanism for the dehydration of cyclohexanol is exactly the reverse of the mechanism for the hydration of cyclohexene. This reaction is not complicated by an alternative pathway to a more stable alkene.
LéChâtlier’s Principle: A system at equilibrium adjusts to a change on the system in such a way as to restore the equilibrium. Thus, an alcohol and alkene may be in equilibrium in the presence of water and acid. The removal of water shifts the equilibrium toward the alkene, and the addition of water shifts the equilibrium toward the alcohol. To make an alkene from an alcohol, we add a trace (catalyst) of sulfuric acid and distil the mixture to remove water. To make an alcohol from an alkene, we add a trace (catalyst) of sulfuric acid and an excess of water and heat the mixture. Thus, we use LéChâtlier’s Principle to “drive” the reaction in the direction we wish it to go.
The hydration and dehydration reactions both require an acid catalyst to facilitate the reaction. Because of the presence of the acid catalysts, these reactions are said to be acid-catalyzed reactions. In our experiment today, we will use the base potassium hydroxide, KOH, to effect the reaction. Since one mole of base is required for every mole of organic substrate, the base is not a catalyst but a reactant. When a stoichiometric amount and not a catalytic amount of base is required in a reaction, the reaction is said to be a base-promoted reaction. Today’s reaction is the base-promoted dehydrohalogenation of bromocyclohexane.

Dehydrohalogenation: Dehydrohalogenation means the elimination of H-X, where X = Br, Cl or I. In this experiment, we will remove H-Br from bromocyclohexane. Thus, we will do a dehydrobromination. As noted earlier, the prefix hydra- means water. Hydr- can also mean hydrogen. After all, hydrogen is a major component of water. Dehydration and dehydrohalogenation reactions are both examples of elimination reactions. 
The reaction: The equation for the dehydrobromination of bromocyclohexane is shown below.
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The graphic above shows the overall reaction, but it tells us nothing about the mechanism of the reaction. To fully understand the mechanism, we must first fully understand the conformations of cyclohexane. Covalently bonded molecules have a fixed structure known as the absolute configuration. The rotation about carbon-carbon single bonds within a molecule produces different conformations of the same configuration.
The Cyclohexane Ring: We have seen earlier that the cyclohexane ring is in constant internal motion, constantly flipping between equivalent chair conformations. When a large substituent is bonded to cyclohexane, the most stable conformation is the one in which the substituent lies equatorial to the ring. Click on the following icons to view cyclohexane as a chime molecule with the Br atom equatorial and axial. Convert the structures to ball and stick models and compare their steric interactions. Which model has fewer steric interactions?

[image: image7.wmf]eq br-cyclohexane.pdb


[image: image8.wmf]ax Br-cyclohexane.pdb


The Chime plug-in must be loaded on your computer in order to view the molecules.

The following picture shows a model of bromocyclohexane with the Br in an equatorial position.
[image: image9.jpg]


 
In this conformation, the three kinds of strain are minimized. In order to talk about the various atoms bonded to the ring, we need to understand certain conventions (rules) that pertain to ring systems. Molecules are in constant motion and a bond that is pointing up one moment may be pointing down in another moment. However, when we draw cyclohexane on a page, we establish a frame of reference for the viewer. Thus, we can label bonds as up or down, and also as axial or equatorial. The following graphic shows bromocyclohexane in two conformers, its most stable chair conformation and its least stable chair conformation. To go from the most to least stable chair, the ring undergoes a ring flip. At room temperature, most of the molecules are in the most stable (lowest energy) conformation. Heating increases the number of molecules in the least stable conformation. The bromine atom in the stable conformation is said to lie equatorial to the ring. In the unstable conformation, the Br lies axial to the ring. Thus, heat promotes a ring flip in which Br goes from equatorial to axial.

[image: image10.wmf]B

r

H

B

r

H

B

r

 

e

q

u

a

t

o

r

i

a

l

B

r

 

a

x

i

a

l

R

i

n

g

 

F

l

i

p

 

o

f

 

B

r

o

m

o

c

y

c

l

o

h

e

x

a

n

e


The Br and an H atom are bonded to the same carbon atom. As Br changes from equatorial to axial, the H changes from axial to equatorial. When a cyclohexane ring undergoes a ring flip, every group bonded directly to the ring changes its orientation from axial to equatorial, or equatorial to axial. As drawn above, the Br is above the H in both pictures. As drawn, cyclohexane has two faces, one above the ring and one below the ring. Thus, of the 12 atoms bonded directly to the ring, six are on the top face above the ring and six are on the bottom face below the ring. We refer to any atom or group bonded to the top face above the ring as having a beta () orientation. Likewise, any atom or group bonded to the bottom face below the ring has an alpha () orientation. Look at the above graphic. The Br lies above the H in both views. Thus, Br has a  orientation before and after the ring flip. During the ring flip, the Br changed from equatorial to axial but remained  to the ring. The H changed from axial to equatorial but remained  to the ring. Thus, the axial-equatorial orientation changes, whereas the alpha-beta orientation does not change during a ring flip.

[image: image11.wmf]B

r

H

B

r

H

B

r

 

b

e

t

a

B

r

 

b

e

t

a

R

i

n

g

 

F

l

i

p

 

o

f

 

B

r

o

m

o

c

y

c

l

o

h

e

x

a

n

e


Mechanism: Many research studies have led to the conclusion that base-promoted dehydrohalogenation reactions occur primarily by an E2 mechanism. E2 means elimination, bimolecular; two chemical reactants (2) take part in the slowest step in the elimination (E) reaction. This elimination reaction takes place in one step as shown by the mechanism in the graphic below.
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In this reaction, –OH abstracts a proton from bromocyclohexane, the pair of electrons that held the H atom to the ring become the  electrons of the new double bond, and the bromine atom is expelled with its bonding pair of electrons as bromide ion. This all occurs in a single step. There are two chemical reactants, the base –OH and the halide, so the molecularity of the reaction is two (bimolecular). It’s an elimination, so it’s an E2 reaction. A reaction in which several bonds are formed or broken in a single step, with one transition state, is called a concerted reaction. The bond breaking and making occur so fast they appear to occur all at once.  However, it is more like a string of dominoes dropping one after another but very fast. In the transition state, all of the reacting atoms in this E2 reaction lie very nearly in a plane. Atoms that are nearly coplanar are said to be periplanar. The dihedral angle made by H-C-C-Br is very near 180o, which is described as an anti conformation. Thus, in order to carry out the E2 elimination, bromocyclohexane must be in its least stable conformation, because that is the only way it can achieve the correct dihedral angle between the bonded atoms that depart.
In today’s reaction, the preponderance of molecules in the reaction flask will undergo the sequence shown in the following graphic.
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The function of a base in an organic reaction is almost always to abstract a proton. Thus, as soon as we know that base is a reactant, our first question should be, “which H will it abstract?” One consequence of an elimination reaction is the formation of a new  bond. In this case, we make a double bond. Elimination reactions produce new  bonds (i.e., either double bonds or triple bonds).  Thus, the answer to the question is that the base must abstract an H bonded to the next carbon atom over from the carbon to which the Br is bonded. That is the only way we can make a new  bond. Unfortunately, chemists use alpha and beta to refer to certain carbon atoms as well as to describe ring orientations. In the case of an alkyl halide, the halide is said to be bonded to the alpha ( carbon atom. The H atom abstracted by the base is bonded to the next carbon atom or the beta (carbon atom. Hence, this reaction is sometimes called a -elimination reaction, because the H atom is bonded to a beta carbon atom. Always note whether alpha or beta refers to a ring orientation or to a carbon atom.
Summary: Because base is a reactant and not a catalyst, the reaction is base-promoted not base-catalyzed. The elimination of bromocyclohexane occurs via an E2 mechanism. It is a bimolecular reaction that occurs in one step. (Molecularity is independent of the number of steps.) It occurs through a periplanar transition state in which the departing H and Br atoms are anti to each other. In order to attain this transition state, molecules must adopt the least stable conformation in which the bulky Br group lies axial to the ring. Heat promotes the equatorial to axial ring flip. The product of the reaction is cyclohexene.

Procedure

We will conduct this dehydrobromination reaction using a lab technique called refluxing. First, you will set up the reaction apparatus, then you will remove the reaction flask, add the organic compound and reagents, reassemble the apparatus, and commence the refluxing. After the reaction is complete, you will perform the post-reaction steps necessary to produce pure cyclohexene. This process is known as the workup of the reaction.

Dehydrobromination Reaction

1. Obtain a metal heating mantle from its storage location (the bench cabinet across the isle from the balances) and fill it with sand.

2. Obtain a rheostat from its storage location (the bench cabinet, second isle from the lab entrance) and plug it into an electrical outlet on your bench top.

3. Set the large dial on top of the rheostat to 70 but do not turn the on-off switch to the on position at this time.

4. Plug the cord from the heating mantle into the rheostat. [The rheostat controls the amount of electricity getting to the heating mantle. No heating mantle should ever be plugged directly into an electrical outlet, because mantles can overheat.]
5. Obtain a micro kit from its storage location (the lab bench next to the instructor’s white board.)

6. Attach the condenser from your micro-kit to a 15-mL round-bottom (RB) flask (provided) with the blue connector from the kit. 
7. Clamp the condenser to a ring stand in a vertical position so that the RB flask is nestled into the sand of the heating mantle.
[image: image14.jpg]



Lab Setup for the Reflux Condenser 
8. Loosen the clamp holding the condenser to the ring stand. Slide the apparatus upward until the RB flask can be removed. Then remove the RB flask and tighten the clamp holding the condenser.

9. Place the RB flask in a beaker that is just large enough to hold the flask. [The beaker serves as a convenient container for handling the round flask.]

10. Place the beaker containing the flask on a balance and tare the balance to zero. 

11. Add bromocyclohexane (cyclohexyl bromide) to the RB flask one drop at a time, until you have added 0.5 g. [Record the exact mass in your lab notebook.]

12. Return to your lab bench and add 3 mL of ethanol (ethyl alcohol) to the RB flask.

13. Add a boiling chip to the RB flask.

14. Add one-half of a solid potassium hydroxide (KOH) pellet to the RB flask. [Estimate the mass of the KOH as 0.25 g.]

15. Reattach the RB flask to the condenser with the blue connector.

16. Adjust the apparatus until the RB flask is again snug in the sand of the heating mantle.

17. Obtain two orange hose-connecting adapters from the micro kit and screw them onto the water inlet and outlet ports on the condenser.

18. Connect one end of a rubber hose to the cold water tap at your bench and the other end of the 
hose to the lower water port on the condenser. 
19. Connect one end of another rubber hose to the top water port of the condenser and place the other end of the hose in the drain.

20. Gently, turn on the cold water. Allow the water to flow through the condenser and into the drain at a very slow rate. As long as water is flowing through the system, the condenser will function properly.
21. Check your entire setup. It should be vertical and firmly in place, with no loose connections. Water should be flowing through the condenser and not leaking or spewing. If necessary, make any corrections to the setup.

22. Flip the on-off switch on the rheostat to the on position. [The reaction mixture will boil at a constant temperature, which establishes the temperature at which the reaction is conducted. The solvent ethanol will boil out of the RB flask as a gas, condense in the condenser as a liquid, and drip back into the RB flask. Hence, this setup allows the reaction mixture to boil without boiling the solvent away. This process is called refluxing. With the proper rheostat adjustment, the ethanol will drip back into the RB flask at a steady rate.] 
23. Control the refluxing rate with the rheostat, if necessary.
24. Allow the mixture to reflux for 45 minutes.
25. Unplug the rheostat, raise the apparatus from the sand and allow the RB flask to cool to room temperature.

Workup of Reaction

1. Carefully pour the reaction mixture into a test tube (TT), and leave the boiling chip in the RB flask.

2. Add 1 mL of tertiary-butyl methyl ether and 1 mL of water to the TT. [You will isolate the cyclohexene product by extraction. Cyclohexene is soluble in the ether and insoluble in water.]

3. Mix the contents of the TT thoroughly. Hold the top of the TT firmly in one hand, while you vigorously tap the lower portion of the TT with the index finger of your other hand.

4. Place the TT in an Erlenmeyer flask (EF) and allow the ether and water layers to separate. [The top layer is the ether layer and contains your cyclohexene. You will transfer the top layer to another TT, while being careful not to transfer any of the bottom layer.]

5. Use a Pasteur pipette to transfer the top layer to a small TT that is clean and dry. Do not allow the pipette to dip into the water (lower) layer. Leave a small portion of the top layer behind. [The small TT now contains an ether solution of cyclohexene and traces of water. You will remove the water with a drying agent.]

6. Add a small amount of anhydrous sodium sulfate (the drying agent) to the small TT and thoroughly mix the contents of tube. [The drying agent absorbs the small amount of water that is present but not visible in the ether. This process is call drying even though we are dealing with liquids. Drying in this context means removing water from an organic compound or mixture.]

7. Place the small TT in a test-tube rack or a glass container such as a beaker. [You will confirm the presence of a double bond in your product by the Bayer test (Br2/CCl4) for unsaturation and by the potassium permanganate (KMnO4) test for unsaturation.]

Bayer Test for Unsaturation

1. Obtain three small test tubes (TT). 

2. Mark the tubes 1, 2, and 3.

3. Add 0.5 mL carbon tetrachloride (CCl4) to each TT.

4. Add 2 drops of your product, which should be cyclohexene (in ether), to TT 1.

5. Add 2 drops of authentic cyclohexene (provided) to TT2.

6. Add 2 drops of bromocyclohexane, the starting material, to TT3.

7. Add 2 drops of a 2% (0.12 M) solution of bromine in carbon tetrachloride to each test tube and shake each tube vigorously.

8. Record the color of the solution in each TT in your notebook. 

9. Answer the following question in your notebook. What structural feature in a hydrocarbon accounts for the disappearance of the bromine color?

Potassium Permanganate Test for Unsaturation

1. Obtain three small test tubes (TT).

2. Add 0.5 mL of acetone to each TT.
3. Add 2 drops of your product, which should be cyclohexene (in ether), to TT 1.

4. Add 2 drops of authentic cyclohexene (provided) to TT2.

5. Add 2 drops of bromocyclohexane, the starting material, to TT3.

6. Add 2 drops of 1% (0.06 M) aqueous solution of potassium permanganate (KMnO4) to each TT and 
shake each tube vigorously.

7. Record the color of each solution in your notebook.

8. Clean up your area and common lab areas. Replace all lab equipment, etc.
Tabulation of Results

Complete the following table in your notebook and summarize the results in your lab report.
	Compound
	Br2/CCl4 (initial color)

	Br2/CCl4 (final color)
	KMnO4 (initial color)
	KMnO4 (final color)

	Bromocyclohexane


	
	
	
	

	Cyclohexene
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_1086835142.bin

_1086921236.bin

_1254027053/eq br-cyclohexane.pdb
HEADER

REMARK Spartan `02 exported Molecule001

HETATM    1  H   UNK  0001       0.054  -0.058  -0.025

HETATM    2  C   UNK  0001      -0.008  -0.000   1.069

HETATM    3  C   UNK  0001       0.136   1.561   3.055

HETATM    4  C   UNK  0001      -1.570  -0.303   3.031

HETATM    5  C   UNK  0001      -1.254   1.114   3.505

HETATM    6  C   UNK  0001      -1.397  -0.445   1.521

HETATM    7  C   UNK  0001       0.296   1.417   1.545

HETATM    8  H   UNK  0001       0.891   0.961   3.579

HETATM    9  H   UNK  0001      -0.909  -1.013   3.542

HETATM   10  H   UNK  0001      -2.006   1.807   3.108

HETATM   11  H   UNK  0001      -2.158   0.157   1.008

HETATM   12  H   UNK  0001      -0.345   2.138   1.024

HETATM   13  H   UNK  0001       0.738  -0.704   1.461

HETATM   14  H   UNK  0001       0.299   2.602   3.359

HETATM   15  H   UNK  0001      -2.597  -0.564   3.311

HETATM   16  H   UNK  0001      -1.321   1.161   4.598

HETATM   17  H   UNK  0001      -1.564  -1.488   1.228

HETATM   18 Br   UNK  0001       2.125   1.889   1.042

CONECT    1    2

CONECT    2    1   13    6    7

CONECT    3    8   14    5    7

CONECT    4    9   15    6    5

CONECT    5    3    4   10   16

CONECT    6    2    4   11   17

CONECT    7    2    3   12   18

CONECT    8    3

CONECT    9    4

CONECT   10    5

CONECT   11    6

CONECT   12    7

CONECT   13    2

CONECT   14    3

CONECT   15    4

CONECT   16    5

CONECT   17    6

CONECT   18    7

END




_1254027080/ax Br-cyclohexane.pdb
HEADER

REMARK Spartan `02 exported Molecule001

HETATM    1  H   UNK  0001       0.069  -0.033  -0.024

HETATM    2  C   UNK  0001       0.010   0.030   1.069

HETATM    3  C   UNK  0001       0.075   1.642   3.014

HETATM    4  C   UNK  0001      -1.533  -0.308   3.070

HETATM    5  C   UNK  0001      -1.286   1.142   3.488

HETATM    6  C   UNK  0001      -1.302  -0.559   1.581

HETATM    7  C   UNK  0001       0.241   1.476   1.508

HETATM    8  H   UNK  0001       0.868   1.091   3.533

HETATM    9  H   UNK  0001      -0.844  -0.948   3.637

HETATM   10  H   UNK  0001      -2.074   1.788   3.085

HETATM   11  H   UNK  0001      -0.456   2.142   0.987

HETATM   12  H   UNK  0001       0.835  -0.580   1.458

HETATM   13  H   UNK  0001       0.192   2.698   3.283

HETATM   14  H   UNK  0001      -2.546  -0.606   3.366

HETATM   15  H   UNK  0001      -1.345   1.221   4.580

HETATM   16  H   UNK  0001      -1.330  -1.635   1.378

HETATM   17  H   UNK  0001       1.250   1.788   1.215

HETATM   18 Br   UNK  0001      -2.806   0.150   0.541

CONECT    1    2

CONECT    2    1   12    6    7

CONECT    3    8   13    5    7

CONECT    4    9   14    6    5

CONECT    5    3    4   10   15

CONECT    6    2    4   16   18

CONECT    7    2    3   11   17

CONECT    8    3

CONECT    9    4

CONECT   10    5

CONECT   11    7

CONECT   12    2

CONECT   13    3

CONECT   14    4

CONECT   15    5

CONECT   16    6

CONECT   17    7

CONECT   18    6

END




_1086923776.bin

_1217033644.bin

_1086922631.bin

_1086917021.bin

_1086917756.bin

_1086835854.bin

_1086829851.bin

_1086831005.bin

_1086829508.bin

