An Epoxidation Reaction: The Epoxidation of Cholesterol to 5,6-Epoxycholestan-3-ol
Reference: Smith, pp 438-440 and Chapter 9
Ethers

Water, alcohols and ethers are similar in that they all contain a single oxygen atom. Figure 1 shows the structural relationships among them.
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Figure 1. Structures of water, alcohols and ethers.

Esters are acid derivatives and contain a carbonyl group; whereas, ethers are water or alcohol derivatives and do not contain a carbonyl group. Alcohols are named by finding the longest carbon chain to which the OH group is bonded and naming the alcohol accordingly. Ethers have two R groups, which may be either alkyl or aryl groups. When both groups are alkyl groups, the longer one is named last and the shorter alkyl group is called alkoxy (i.e., methoxyethane means that a methyl is on one side of oxygen and an ethyl is on the other side). Examples of alkoxy groups are shown in Figure 2.
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Figure 2. Alkoxy groups.

When the partial structures shown in Figure 2 are bonded to an alkyl group with a longer chain than the alkyl group shown, the names shown in Figure 2 become the first part of the ether’s name. Figure 3 shows the groups in Figure 2 bonded to a four-carbon chain, which makes each ether’s name end in –butane in the IUPAC system. The common name is given by the two alkyl groups of the ether in alphabetical order followed by ether (e.g., ethyl methyl ether).
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Figure 3. Aliphatic or dialkyl ethers. Note: IUPAC name above and common name in blue.
Aromatic Ethers


Aromatic ethers are named in the same way as aliphatic ethers, except that the longer chain is generally an aromatic ring. Many aromatic ethers have common names. For example, methoxybenzene is anisole. Figure 4 shows the structures of some aromatic ethers and their names. Me often represents CH3- (methyl) in structures, and Et represents ethyl (CH3CH2-).
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Figure 4. Aromatic ethers.
Cyclic Ethers


Because oxygen is divalent, it fits nicely between two carbon atoms. Thus, oxygen is found in cyclic ethers. Cyclic ethers containing three, four, five and six atoms are commonplace. Figure 5 shows the structures of the simplest three, four, five and six-membered ring ethers.
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Figure 5. Cyclic ethers.

The names in Figure 5 refer to the entire ring system. The common names tetrahydrofuran and tetrahydropyran are derived from the names of furan and pyran, because the former arises from the addition of four hydrogen atoms (i.e., tetrahydro) to the latter. Figure 6 shows the structures of furan and pyran. Tetrahydrofuran and tetrahydropyran structures are found in cyclic sugars that bear their names (i.e., furanose and pyranose).
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Figure 6. Furan and pyran.

Preparation of Ethers

Williamson Ether Synthesis


The Williamson ether synthesis is a general method for making ethers. It involves the alkylation of an alcohol or phenol oxygen atom. The alcohol or phenol is converted into an alkoxide or phenoxide. The alkoxide or phenoxide then displaces a halide or tosylate to make an ether. Two examples are shown below.


[image: image7.wmf]C

H

3

C

H

2

C

H

2

C

H

2

O

H

N

a

H

C

H

3

C

H

2

C

H

2

C

H

2

O

-

N

a

+

S

t

e

p

 

1

C

H

3

C

H

2

C

H

2

C

H

2

O

-

N

a

+

C

H

3

B

r

C

H

3

C

H

2

C

H

2

C

H

2

O

C

H

3

 

+

 

 

N

a

B

r

O

H

S

t

e

p

 

2

N

a

O

H

O

-

N

a

+

S

t

e

p

 

1

S

t

e

p

 

2

C

H

3

B

r

O

C

H

3

p

h

e

n

o

l

s

o

d

i

u

m

 

p

h

e

n

o

x

i

d

e

p

h

e

n

y

l

 

m

e

t

h

y

l

 

e

t

h

e

r

a

n

i

s

o

l

e

b

u

t

a

n

o

l

s

o

d

i

u

m

 

b

u

t

o

x

i

d

e

s

o

d

i

u

m

 

b

u

t

o

x

i

d

e

b

u

t

y

l

 

m

e

t

h

y

l

 

e

t

h

e

r

m

e

t

h

y

o

x

y

b

u

t

a

n

e

 

Figure 7. Examples of the Williamson ether synthesis.
Alkoxymercuration—Demercuration of Alkenes

To prepare an ether, an alcohol and mercuric acetate or trifluroacetate is allowed to react with an alkene. The addition occurs regiospecifically, so that Hg is bonded to the lower numbered carbon atom. The Hg is removed by NaBH4 to yield an ether. This reaction yields a Markovnikov product, because a skeletal rearrangement cannot occur. Figure 8 shows an example of the synthesis of an ether by an alkoxymercuration—demercuration reaction.
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Figure 8. Alkoxymercuration—demercuration reaction.
Epoxides or Oxiranes

A compound that contains a three-membered ring ether or oxirane ring is also known as an epoxide. Epoxides may be made by treating a halohydrin with base. Figure 9 shows the transformation of a trans-halohydrin into an epoxide.
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Figure 9. Formation of a halohydrin and epoxide.

The transfer of an oxygen atom from a peroxyacid to a double bond is a common lab method for preparing an epoxide. m-Chloroperoxybenzoic acid (MCPBA) is often selected as the peroxyacid, because it is a solid, easy to use, and produces m-chlorobenzoic acid as a byproduct. m-Chlorobenzoic acid is easily separated from the desired product. A peroxyacid contains an extra oxygen atom. Figure 10 shows the structures of benzoic acid, peroxybenzoic acid and m-chloroperoxybenzoic acid. 
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Figure 10. Acids.

Figure 11 shows the mechanism for the epoxidation of cyclohexene by m-chloroperoxybenzoic acid.
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Figure 11. Mechanism of peroxyacid epoxidation.
The Experimental Reaction

In this experiment, we will prepare an epoxide or oxirane by epoxidizing chlolesterol. Cholesterol is the most common compound in the class of compounds called sterols. As the name implies, sterols contain a hydroxyl (-OH) group. Because sterols are alcohols, they have the characteristic name ending –ol of an alcohol. Sterols contain four trans-fused rings that are labeled A, B, C, and D. The hydroxyl group in cholesterol is located at carbon-3. The 3-OH group is oriented upward (i.e., toward the viewer) when the four rings are drawn in the standard manner as shown below. The upward orientation is shown with a dark wedge in structures. An upward orientation is called a beta () orientation. A downward orientation is called an alpha () orientation. An alpha orientation is drawn with a hashed wedge as the bond. The two angular methyl groups at C-18 and C-19 have  orientations. Cholesterol contains a double bond between carbon atoms 5 and 6. A double bond may be indicated in the name of a compound by the use of a delta () for double bond. In the case of cholesterol, the double bond might be indicated as 5 to show that a double bond lies between C-5 and C-6. This double bond will be epoxidized in this experiment. The epoxide product will be separated from the byproduct m-chlorobenzoic acid by trapping the highly polar acid on an alumina chromatography column. The relatively non-polar epoxide, dissolved in t-butyl methyl ether, flows quickly through the column.
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Figure 12. Epoxidation of cholesterol.

The epoxide forms on the  side of the molecule because of the steric hindrance of the C-18 methyl group, which precludes the MCPBA from approaching from the top of the molecule. 

Procedure

1. Prepare a hot-water bath by adding 50-mL water to a 100-mL beaker placed on a hot plate at a low setting (~ 1).
2. Weigh approximately 0.2-g cholesterol on a creased wax paper and record the exact amount (e.g., 0.209 g) directly in your notebook.

3. Transfer the cholesterol to a small test tube.

4. Add 16 drops (0.8 mL) of the solvent dichloromethane (also called methylene chloride, CH2Cl2) to the test tube containing the cholesterol.

5. Gently warm the test tube containing the mixture in the hot-water bath and quickly add more dichloromethane, drop by drop, while keeping the test tube in the hot-water bath, until it does dissolve.
6. When the cholesterol is in solution, place the test tube containing it into a beaker on your bench top to cool.

7. Weigh 0.19 g of 50% m-chloroperoxybenzoic acid on a creased weighing paper and record the mass directly into your lab notebook.


Use 50% of the mass of m-chloroperoxybenzoic acid in your calculations.

8. Transfer the m-chloroperoxybenzoic acid to another small test tube and add 16 drops of dichloromethane to the test tube to dissolve the sample.

9. Allow the contents of both test tubes to reach room temperature, and then pour the solution of m-chloroperoxybenzoic acid into the test tube containing the cholesterol. Clean the empty test tube with acetone and set it aside to dry.
10. Remove the hot-water beaker from the hot plate, let the water cool to 40 oC (use a thermometer). Then, place the test tube containing the reaction mixture in the bath and keep it there for 10 min.


The reaction is going to completion at this time.

11. Prepare an alumina microchromatography column.


(1) Fasten a Pasteur pipette to a ring stand in a vertical position.


(2) Insert a tiny piece of cotton into the pipette and gently push it to the tip of the pipette. The cotton will hold the alumina in place.


(3) Add a small amount (i.e., about 1.5 cm) of alumina (Al2O3) to the pipette.

(4) Place a small beaker under the pipette to collect the eluant.


(5) Add tert-butyl methyl ether to the pipette, which is now your microchromatography column, to ensure that the liquid flows through the column. 


If the liquid does not flow freely, you have added too much alumina or too much cotton, and you should make a new column.
12. Let the tert-butyl methyl ether flow through the column until none is left above the alumina in the pipette. Replace the small beaker under the pipette with an evaporating dish.

13. Transfer the reaction mixture to the top of the column and collect the eluant in the evaporating dish.
13. As soon as the reaction mixture disappears into the column, add tert-butyl methyl ether to the column until a total of 10 mL is added. Collect all of the eluant in the evaporating dish.
14. When no more liquid emerges from the column, take the evaporating dish to the fume hood and give it to the instructor, who will carefully evaporate the ether on a hot plate set on low.

Ether is flammable and will burst into flames if it encounters a source of ignition. Heating the ether on a hot plate that is too hot can result in a bumping of the ether onto the hot plate and a fire. In addition, heating an ether solution to complete dryness can produce an explosive mixture. Therefore, the instructor will either conduct this evaporation or closely supervise it. It is not necessary to remove all of the ether. When almost all of the ether has vaporized, the product left in the evaporating dish will be a gummy semi-solid; it is a mixture of the epoxide product and tert-butyl methyl ether. The viscous semi-solid will crystallize when the remaining steps of the procedure are followed.
15. The instructor will remove the evaporating dish from the hot plate with tongs and allow the evaporating dish to cool to room temperature and then give it to you.

16. Take the evaporating dish to your lab bench and add 1.5-mL acetone to the warm evaporating dish. Transfer the solution to a clean, small test tube.


Sterols are very soluble in acetone, but insoluble in water. Therefore, the mixture is taken up in acetone and water is added to precipitate the sterol. These steps complete the preparation of the ether.
17. Add 4 or 5 drops of distilled water to the test tube; then cool the test tube in an ice-water bath.

18. The epoxide will crystallize. Collect the crystals on a Hirsh funnel. Continue the suction until the crystals are as dry as possible, then transfer them to a weighing paper, determine their mass and show the crystals to the instructor.
19. Return the hot plate, ring stand, etc. to their storage locations. Clean all glassware and return it to the storage location. Check the balance area. Return any chemicals to their original locations and turn off all balances. 
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