Organic Chemistry - Hydrocarbon Compounds, Functional Groups and Organic Reactions
13

Organic chemistry stated as the chemistry of living things. Chemists believed that organic compounds had living things as the only source of organic compounds. Chemists held the belief that there had to be a “vital force” present in living things to make organic compounds. A German chemist, Wohler (1828) produced urea in the lab. Urea is an organic compound found in urine. The urea was produced in the laboratory without a living thing, no vital force present.

 

Today the chemist views organic chemistry as the study of carbon compounds. There are millions of organic compounds. Why are so many compounds possible? The answer must rest with the carbon atom.
1. Carbon is a member of group 14 with 4 valence electrons; the ground state electron configuration for carbon is 1s22s22p2. The bonding state for carbon is 1s22s12p3, one of the 2s electrons is promoted to a 2p orbital, all valence orbitals are half full. The configuration of the valence shell becomes 2s12px12py12pz1; carbon has 4 bonding electrons and can form 4 single covalent bonds. 
2. Carbon can bond with other carbons to form chains of varying lengths. 

3. The carbons in the chain can be arranged in many different ways.

 

The Alkane Family

The simplest organic compounds are composed of carbon and hydrogen. Organic compounds that contain only carbon and hydrogen are called hydrocarbons. The simplest hydrocarbon would be CH4 methane, which is a major component of nature gas. Methane is produced by the anaerobic decay of vegetation and is sometimes called “swamp gas”.  In methane the carbon atom in the molecule is surrounded by single covalent bonds. As a result, the molecule has a tetrahedral shape and is a non-polar molecule since all of the C-H bond dipoles cancel each other. The structural formula for methane:
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If one of the H is removed, it can be replaced with a C atom, which can hold three additional H atoms. The new molecule would look like:
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The compound has a molecular formula of C2H6 and is called ethane. Note that the C–C is a single covalent bond.

If we repeat this process there would be three carbons in the chain and there would be eight hydrogens bonded to these carbons. The molecular formula is C3H8 and the structural formula would be:

[image: image3.png]



The molecular formulas for these three compounds are:

CH4; C2H6; and C3H8
One formula differs from the next formula by CH2.

The next compound in the series would be C3H8 + CH2 = C4H10 which is butane.

A group of compounds form a homologous series if there is a constant increment from one member of a group to the next member the group. Methane, ethane, propane and butane are members of a homologous series called the alkanes. The following table contains the first ten members of the alkane series (all C–C bonds are single covalent):

 

Molecular Formula      Structural Formula       IUPAC Name        Number of carbons in the chain

 

CH4                                    CH4                         Methane                                    1

C2H6                                 CH3-CH3                   Ethane                                       2

C3H8                             CH3-CH2-CH3              Propane                                      3

C4H10                          CH3-(CH2)2-CH3            Butane                                        4

C5H12                          CH3-(CH2)3-CH3            Pentane                                       5

C6H14                          CH3-(CH2)4-CH3            Hexane                                        6

C7H16                          CH3-(CH2)5-CH3            Heptane                                       7

C8H18                          CH3-(CH2)6-CH3            Octane                                         8

C9H20                          CH3-(CH2)7-CH3            Nonane                                        9

C10H22                         CH3-(CH2)8-CH3            Decane                                       10

Notice that the alkanes end in "ane". This is considered the official IUPAC ending for alkanes. Note that the prefix denotes the number of carbon atoms in the continuous chain. A continuous chain is sometimes called a straight chain. The number of carbons in the straight is counted through carbon – carbon bonds.

 

If you look at the molecular formula you may notice that there is a mathematical relationship for the alkane series. Let n represent the number of carbon atoms, the number of hydrogen atoms will be given by 2n+2. The general molecular formula for the alkane series is CnH2n+2.

 

Branched Chain Alkanes

Not all carbon chains are straight (continuous) chains. Some chains have branches that are created by a carbon substituting for hydrogen. A substituent is an atom or group of atoms that can take the place of a hydrogen atom on a parent chain. The parent chain is the longest continuous carbon chain. Example:
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A hydrocarbon substituent is from the alkyl group. The name of the substituent branch is determined from the suffix alkane name and the ending is changed from ane to yl. 

CH3 is methyl (one carbon)

C2H5 is ethyl (two carbon)

C3H7 is propyl (three carbon)

 

Because there are so many compounds possible it is very important to identify a particular compound by giving it a unique name. IUPAC has proposed a set of rules to use in naming branched carbon chains.

1. Name the parent chain (longest continuous chain).

2. Identify each substituent group.

3. Number the carbons in the parent chain to give the lowest numbers to indicate the position of substituent groups.

4. Use prefixes for groups that appear more than once. The prefix will indicate the number of times the group appears.

The Greek prefixes used are as follows: 

di for 2 

tri for three 

tetra for four 

penta for five 

hexa for six 

hepta for seven 

octa for eight 

5. List the substituent groups in alphabetical order.

6. Use proper punctuations, the name is written as one word. Commas separate numbers. Hyphens are used to separate numbers and names.

 

Use these rules to name the following:
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1. The longest continuous chain has 7 carbons. (heptane)

2. The substituent groups are methyl, methyl and ethyl.

3. The position of the substituents. Numbering from the right to left gives 2, 3, 4 and numbering from the left to right gives 4, 5, 6. The lowest numbers are 2, 3, 4, so numbering is done from the right to left.

4. There are two methyl substituent groups so it is dimethyl.

5. Ethyl comes before methyl. 

6. Putting it all together: 4-ethyl-2,3-dimethylheptane.

 

Name the following hydrocarbons:
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Structural Formula

When you have the name of the compound it is easy to construct the molecule (structural formula). The following rules may help.

1. From the name identify and draw the parent chain (longest continuous chain).

2. Number the carbons on the parent chain.

3. Attach the substituent groups their numbered positions on the parent chain.

Draw 2,3-dimethylpentane.

 

The parent chain is pentane (5 carbon)

There are two substituent methyl groups. (C), one on C number 2 and another on C number 3.
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Draw: 3-ethyl-4-methylhexane and 2, 2, 4-trimethylpentane.

 

Physical Properties of Alkanes

Boiling points

The boiling point of an organic compound is affected by molecular size and the strength of intermolecular force that exists between the molecules. The boiling points of alkanes are the low because the intermolecular forces holding the alkane molecules together are very weak London Dispersion forces (Van derWaals force). As a result of these weak intermolecular forces the temperature required to separate the molecules into the vapor state is low. The strength of Van der Waals forces is affected by surface area, the greater the surface area the greater the force.  Longer carbon chain leads to a greater surface area, which increases the intermolecular force of attraction and thus a higher boiling temperature. Branching in a compound tends to lower the surface area so branching tends to lower the boiling. Normal (straight chain) butane (C4H10) boils at 0ºC and methylpropane (C4H10) is a branched chain and has a boiling point of -10ºC.

Compounds that have the same molecular formula but different molecular structures are called structural isomers.  C10H22 has 75 structural isomers and C20H42 has 366 319 isomers.

 

A useful pattern for drawing isomers is to start with the normal (straight) chain. Next reduce the length of the longest chain (parent chain) by one and place the methyl group on an interior carbon. This methyl cannot be placed on an end carbon because it will simply make the chain longer again. Once all isomers of this length are drawn reduce the length of the parent chain by one again and place on an interior carbon. The most common mistake is to draw isomers that on paper look different but are the same. The best way to see if the isomers are different is to use the IUPAC rules to name the isomers. If the isomers have the same name, they are the same. To be different they must have different names. 

 

Example: draw the structural isomers of butane

1. draw a straight chain with 4 C (C–C–C–C name is normal butane)

2. take off one carbon (parent chain now 3C) and place the other C in a position that does not lengthen the chain (this eliminates the C at each end of the  chain )

               C–C–C

                    |

                   C  (name is methyl propane)

If we try to reduce the parent chain to two C, the other 2 C can only be only be added to the end, thus making the chain longer (three C which was already done).

 

Draw the structural isomers of pentane.

 

The Alkene Family

The carbon-carbon bonds in the alkane family were all single covalent bonds; carbon can form multiple covalent bonds, double or triple. Hydrocarbons containing one carbon-carbon double bond are called alkenes. The simplest alkene must contain two carbons, the structure would be:
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The molecular formula would be C2H4. To get the next member of this family (homologous series) substitute a hydrogen atom with a carbon:

C=C–C. The molecular formula would be C3H6.

To name alkenes:

1. Determine the longest continuous chain of carbons that has the double bond between two carbons. The "longest continuous chain" means through carbon – carbon bonds. 

2. Number the carbons in the chain with the double bond to give the lowest designated number. This means that you have to decide whether to number beginning on the right end or left end of the chain. If it makes no difference to the double bond then shift attention to the branched groups. 

3. Identify the various branching groups attached to this continuous chain of carbons by name 

4. Name the branched groups as we did in the Alkane series. 

5. Attach a numerical prefix indicating the lowest carbon number for the double onto the normal alkane name but drop the "ane" ending and add the "ene" ending associated with the Alkene family

 

The name of the above compounds: C2H2 – ethene; C3H6 – propene. For each of these molecules there is only one location possible for the double bond. The next alkene is butene (C4H8). Note that alkenes have a general formula CnH2n. 

What is the structure of butene (C4H8)?

 

1.   C=C–C–C                 1-butene

2.   C–C=C–C                 2- butene

3   C=C–C                      2-methylpropene (location of double bond not stated – only one position 

          |                                                          possible)

         C

There are three structural isomers of butene.

 

Name the following: 

1.   C–C=C–C–C–C

 

2.    C–C–C–C–C–C=C–C

            |         |   |

           C       C C

                     |

                    C

 

Draw the structural formula for each of the following:

1.   2-methyl-3-heptene

2.   4-ethyl-2,3-dimethyl-2-hexene

 

Physical Properties of Alkenes

The boiling points and solubilities of alkenes are very similar to the alkanes. Both families have members that are non-polar and the intermolecular forces (Van der Waals forces) are very weak.

 

The Alkyne Family

Hydrocarbons containing one carbon-carbon triple bond are called alkynes. The simplest alkyne must contain two carbons, the structure would be:
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The molecular formula is C2H2. To get the next member substitute hydrogen with a carbon.
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The molecular formula is C3H4.

 

To name alkynes:

Determine the longest continuous chain of carbons that has the triple bond between two carbons. The "longest continuous chain" means through carbon – carbon bonds. Use the same rules as the Alkene family except the ending for the parent chain is “yne”.

 

C2H2 is ethyne; C3H4 is propyne. The general formula for the Alkyne family is CnH2n-2. The next compound in the family would be C4H6, the possible structures are:
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1-butyne
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2-butyne

There are two structural isomers for butyne.

 

Name the following: 
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Draw the structural formula for each of the following:

a) 4-methyl-2-pentyne

b) 4,6-dimethyl-2-heptyne

 

Physical Properties of Alkynes

The boiling points and solubilities of alkynes are very similar to the alkanes and alkenes. All the families have members that are non-polar and the intermolecular forces (Van der Waals forces) are very weak.

 

Cyclic and Aromatic Hydrocarbons

In some hydrocarbons the carbons at the ends of the chain join together to form a ring and are called cyclic hydrocarbons. 
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Bonding angles for carbon should be 109º; if the bonding angle is less than this value there is a strain on the bond that makes the molecule unstable. The most stable (most abundant) rings have 5 or 6 carbons (smallest ring strain). Cycloalkanes are named using the alkane parent with the prefix cyclo. The general formula for the cycloalkanes is CnH2n. 

 

Cyclic hydrocarbons with multiple carbon – carbon double bonds form a special group of compounds called aromatic hydrocarbons. The simplest member of this group is benzene (C6H6). The structure of benzene is given by:
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The carbon – carbon double bonds can alternate position but neither isomer can be isolated. The chemist will use a combination of both structures (resonance structure) to represent the structure of benzene (c). Substituent groups replace the hydrogen and are named as derivatives of benzene (benzene is the parent chain). When there are two substituent groups there are three possible isomers as shown below:
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IUPAC Name                                         Common Name                Prefix
1,2-dimethylbenzene                               o-dimethylbenzene         o – ortho

1,3-dimethylbenzene                               m-dimethylbenzene        m – meta 

1,4-dimethylbenzene                               p-dimethylbenzene         p – para

 

Para-dichlorobenzene is often used as a bathroom deodorizer; draw the structure for this compound.

 

The petroleum industry is an important source of hydrocarbons. Crude oil is a mixture of hydrocarbon chains that are continuous chains and branched chains. The crude oil hydrocarbon chains vary in length and can therefore be separated by their different boiling points. Fractional distillation uses the different boiling points to separate the crude oil mixture. The boiling point is determined by the strength of van der Waals force; which is determined by length and shape of the molecule. Each fraction contains several hydrocarbon chains similar in length. These fractions serve as the starting materials for the manufacture of many plastics, fabrics and construction materials (paints, glues chalking asphalt to mention a few). Larger (longer) chains can be broken down into smaller more useful chains by a process called cracking.

 

Review

The general molecular formulas for the Alkane, Alkene, and Alkyne and Cycloalkane families:

 

        Family                  Molecular Formula            

        Alkane                             CnH2n+2
        Alkene                             CnH2n
        Cycloalkane                     CnH2n
        Alkyne                             CnH2n-2
Functional Groups

In a previous section on organic chemistry you studied hydrocarbons that are essential components of every organic compound. Hydrocarbons molecules are chemically inert (fairly unreactive). Most organic reactions involve substituents on the hydrocarbon chain. These substituents determine the major chemical properties of the individual organic compounds. The substituent, which is the focus of the present section of organic chemistry, is called a functional group. The term functional group is used because it is the substituent that determines how the compound functions chemically (how the compound reacts). The type of chemical reactions will be determined by the functional group because it is the chemically active part (site) on the molecule. Organic chemists classify organic compounds according to their functional group. The chemist uses the symbol R- to represent a hydrocarbon chain (alkyl) or ring (cyclic). 

The following table shows the functional group and structure that will be studied in detail.

 [image: image17.jpg]Functional Group Structure Compound Classfication

Halogen(-Xis F, C1, Br, ) R-X Halocatbon
Hydrozyl (-OH) R-OH Alcohol
o o
u n
Carboxyl  -C-OH R-C-OH Carbozylic acid
R-C=0 Aldehyde
Carbongl (-C=0)
o o
n
R_C-R Ketone
o o
Eser 1l n Ester

~C-0- R-C-0-R




 

Halocarbon 

Halocarbons are a class of organic compounds containing a hydrocarbon parent covalently bonded with fluorine, chlorine, bromine or iodine.

The IUPAC rules for naming halocarbons uses the same rules as is used for Alkanes if the parent chain is saturated, or for Alkenes or Alkynes if the parent chain is unsaturated. The halogen(s) is treated as a branched group and is located on the continuous chain of carbons as you would locate and name any alkyl branch. For example, the structure below would be called 

 

       Br

        |

C – C – C – C – C – C – C                                           2,3-dibromoheptane

              |

             Br

The longest continuous chain of carbons with the halogen atoms attached is seven. The chain is numbered from the end that will give the lowest carbon number designators for the halogen atoms and any existing alkyl branch. 

 

Physical Properties

Boiling points

Halocarbons are more polar than the hydrocarbon families. Therefore the boiling points will be larger for the same sized molecules. The London Dispersion and the dipole-dipole interactions are the intermolecular forces holding the halocarbon molecules together. 

 

Water Solubility

The halocarbons are insoluble in water because there is very little attraction that the halide molecules have for the solvent water. Hydrogen bonding is not present and for that reason most halocarbons are insoluble in water but tend to be soluble in hydrocarbon solvents and other alkyl halide solvents. 

 

Density of Alkyl Halides

The densities of halocarbons tend to be greater than that of water because of the relatively massive halogen atoms. 

 

Production of halocarbons

Halocarbons can be produced using two methods:

1. Substitution Reaction (inorganic chemistry calls this single replacement)
A halogen is mixed with a saturated hydrocarbon; the halogen atom substitutes hydrogen from the hydrocarbon chain. This reaction can be shown by the general equation:

 

X2 + R-H → R-X + HX

 

Example:

Cl2(g) + CH3-CH3(g) → CH3-CH2Cl(g)  + HCl(g)

                                        chloroethane  (only one possible isomer)

 

2. Addition Reaction (inorganic chemistry calls this combination or composition) 

A halogen is mixed with an unsaturated hydrocarbon; a halogen atom adds on to each of the two carbons from the carbon-carbon double bond in the hydrocarbon chain. This reaction can be shown by the general equation:

 

                                  X    X

                                   |      |

X2 + R-C=C-R' → R-C – C -R'                R and R' represent alkyl groups

 

Example:

Cl2(g) + CH2=CH2(g) → CH2Cl-CH2Cl(g) 

                                        1,2-dichloroethane  (more than one isomer possible but only one can be produced by this reaction)

 

Alcohol

Alcohols are a family of organic compounds that share a common chemically active group called the hydroxyl group (– O-H). Do not confuse the hydroxyl group with the hydroxide ion (OH-) (a negatively charged ion). The hydroxyl group is electrically neutral and forms a covalent bond. The hydroxyl group (– OH) represents the position in an alcohol molecule where the chemical change takes place. The general symbol to represent any alcohol with only one hydroxyl group attached to one of its carbons is R –OH. Alcohols can have two or more hydroxyl groups attached to the molecule and are called "diols", "triols".

 

Naming

Simple alcohols can be named using the common name approach of identifying and naming the alkyl portion and follow it with the word alcohol. For example, CH3-OH could be called methyl alcohol since the CH3 group is the methyl group. This method works as long as you have simple alcohols. When the alcohols become more complex and more branched, then IUPAC has come up with a set of rules that are used to name any alcohol regardless of its complexity. These rules are as follows: 

1. Identify the longest continuous (parent) chain of carbons with the hydroxyl group attached to one of the carbons in the chain. 

2. Number the chain so that the hydroxyl group is attached to the lowest numbered carbons. 

3. Identify and locate the other branches on the chain so that they are named alphabetically and their carbon number is hyphenated onto the front of the name. If more than one of the same group is present use the Greek prefix attached to the branch name. (di=2, tri=3, etc) 

4. After all the branches have been named and located then attach the carbon number that is attached to the hydroxyl group onto the alkane name associated with the number of carbons found in the parent chain in step 1. Drop the "e" on the alkane name and attach the IUPAC ending ol to the rest of the alkane name. 

5. For alcohols with more than one hydroxyl group you would have to locate two or more carbons which the hydroxyl groups were attached and hyphenate those carbon numbers to the front of the alkane name and attach "diol" if two are involved, "triol" if three hydroxyl groups were involved.

 

Examples:

         CH3                                                                 OH

          |                                                                       |

CH3-CH-CH2-CH2-CH2-CH2-OH                  C-C-C-C-OH

 

5-methyl-1-hexanol                                           1,2-butandiol

 

Physical Properties
Boiling points

The boiling points of alcohols are in general much higher than comparably sized hydrocarbons. There are extra intermolecular forces between the alcohol molecules due to the hydrogen bonding. There is no such hydrogen bonding between the hydrocarbon molecules because all the hydrogen atoms are bonded to carbon and not oxygen or nitrogen. Because there is no hydrogen bonding, the forces between the hydrocarbon molecules are much weaker and the molecules can be much more easily vaporized. As an example, the boiling point of ethanol, CH3-CH2-OH, is 78ºC; ethane has a boiling point of –88.5ºC.

 

Water Solubility

The alcohols are soluble in water because there is very strong attraction between alcohol molecules and the solvent water molecules. Hydrogen bonding is present in both and for that reason most alcohols are soluble in water. Alcohols also have a nonpolar part of the molecule that tends to make them soluble in hydrocarbon solvents.

 

Aldehydes and Ketones

Aldehydes are organic compounds that have a carbonyl group (–C=O) attached to the end carbon in a chain and has the general formula, R–C=O. There is hydrogen bonded to the carbonyl carbon (double bonded carbon). 

Ketones are a part of another carbonyl family with the carbonyl group (–C=O), attached to two carbons so that the carbonyl group is in the central part of the carbon chain. The general formula for the ketone would be:

     R'

     |

R-C=O 

There are two alkyl groups, R and R', connected to the carbonyl carbon. 

 

To name Aldehydes, use the name of the longest carbon (parent) chain containing the carbonyl group and change the –e ending to –al. C-C-C=O is propanal.

 

To name Ketones, use the name of the longest carbon (parent) chain containing the carbonyl group and change the –e ending to –one. 

    O

    ║

C-C-C  is propanone.

 

Aldehydes and Ketones have similar chemistry activity because of the fact that they both have a carbonyl carbon.

 

Carboxylic Acid Family

The Carboxylic Acid Family is a family of organic compounds with the functional group being the carboxyl group, –COOH. This group is attached to one of the carbons in the rest of the molecule. The carboxyl group is actually a carbonyl group, C=O,  bonded to a hydroxyl group,    –OH. Taking the first four letters of the word carbonyl and the last four letters of the word hydroxyl you get the word carboxyl. This family is a weak acid.

 

To name carboxylic acids

1. Determine the longest continuous chain of carbons that have the Carbonyl carbon as part of the continuous chain. 

2.  Number the carbons in the chain beginning with the carbonyl carbon as the C-1 carbon. 

3.  Identify the various branching groups attached to this continuous chain of carbons by name and name the branched groups as we did before.

4. If it is a saturated acid use the normal alkane name corresponding to the number of carbons in the continuous chain. If it has an unsaturated center that is a double bond then use the alkene name and prefix the name with the lowest carbon involving the double bond. If a triple bond is involved then use the alkyne name and prefix the name with the lowest carbon number involving the triple bond 

5. Drop the last “e” in "ane", "ene", or "yne" ending and add the IUPAC ending for this family which is "oic acid".

 

Identify the IUPAC name for the following: 

 

CH3-CH2-CH2-CH2-CH2-COOH   Hexanoic Acid

 

CH3-CH2-CH-COOH         2-methylbutanoic acid

                 |

                CH3
 

Physical Properties
Boiling points

The boiling points of carboxylic acids are the high because of the hydrogen bonding involved in the hydroxyl group. Carboxylic acids have higher boiling points than alcohols of the same number of carbons. The solubilities of carboxylic acids are very similar to the alcohols. Both families have molecules that are polar. 

 

Carboxylic acids are weak acids: R-COOH -----> RCOO- + H+ 

 

Esters

The reaction of a carboxylic acid with an alcohol is called an esterification (results in an ester being formed). The reaction is relatively slow sometimes requiring a catalyst and also a period of refluxing (vaporizing and condensing repeatedly). 

 

Net Reaction: RCOOH + R'OH → RCOOR' + H2O 

 

    O                                    O 

    ║                                    ║   

R-C –OH + H-O-R' →  R-C–O-R'   +   H2O
 

The mechanism has the alcohol molecule releasing a H+ and the carboxyl group releasing the hydroxide (OH-) group. The carboxyl group hydroxide ion removes the hydrogen ion the alcohol to produce the ester. 

To name an ester you name it as the salt of the carboxylic acid used to produce the ester, find the longest chain that contains the carbonyl group (this is the part from the acid). The acid ending –ic changes to –ate. The prefix from the alcohol, the alkyl branch name, is used as the first part of the ester name.

 

    O                                      O

    ║                                      ║

C-C-OH + C-OH    →     C-C-O-C       +          H2O

Ethanoic  + methanol →  methylethanoate       water

Acid

 
Review Questions

1. Name the following compounds using IUPAC rules. 
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2. Draw the following structural formulas: 

(a) 3,3-dimethylpentane

(b) 3-ethylhexane

(c) 2,2,4-trimethylpentane

3. Draw the structural isomers of hexane and name each isomer. 

4. Give the IUPAC names for the following alkenes: 
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5. Draw the following structural formulas: 

(a) 3,4-dimethyl-1-pentene

(b) 3-ethyl-2-hexene

(c) 2,3,4-trimethyl-2-pentene

6. Draw the structural isomers of pentene and name each isomer. 

7. Give the IUPAC names for the following alkynes: 
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8. Draw the following structural formulas: 

(a) 3,3-dimethyl-1-pentyne

(b) 4-ethyl-2-hexyne

(c) 4,4,5-trimethyl-2-heptyne

9. Draw the structural isomers of pentyne and name each isomer. 

10. Classify the following compounds as aromatic or aliphatic and give the IUPAC name for each. 
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11. Use the functional group to classify the following compounds and use IUPAC rules to name each compound. 
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