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Chapter 1 reviewed many of the structural principles learned in general chemistry: bonding, 
charges, the octet rule, resonance, molecular geometry, orbital hybridization, bond and molecular 
polarity, intermolecular forces, and physical properties.  This review was entirely appropriate 
because organic chemistry, indeed, grows out of general chemistry.  In this chapter we will discuss 
ideas more specific to organic molecules.  Alkanes and cycloalkanes will illustrate important 
structural principles applicable to all kinds of organic molecules.  In contrast, the reactions of 
alkanes and cycloalkanes are less important to the basic principles of organic chemistry, although 
vital to daily life. 
 

2.1  Notable Alkanes 
 
 Alkanes are most noteworthy for their combustibility.  The smallest alkane, methane, is the 
principle component of natural gas.  Propane composes most of bottled (i.e., LP) gas.  Disposable 
lighters and camping stoves use butane.  A standard for smooth burning (without knocking) in 
internal combustion engines is isooctane with an octane rating of 100.  Gasoline itself comprises 
alkanes with 5 to 12 carbon atoms (among other compounds).  One alkane not used for combustion 
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is 2-methylheptadecane, which the female tiger moth uses to attract a mate. 
 
                                                  CH3 CH3 
                                                   |   | 
             CH4       CH3CH2CH3   CH3CH2CH2CH3   CH3CCH2CHCH3 
                                                   | 
                                                  CH3 
 

methane       propane       butane       isooctane 
 
 

(CH3)2CHCH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH3 
 

2-methylheptadecane 
 
 

2.2  Nomenclature 
 
 Nomenclature is a system of naming.  The naming of organic molecules, however, does 
not follow a single system.  Many organic molecules have more than one name: one (or more) 
systematic name and one (or more) unsystematic, common name.  Many common (also called 
trivial) names originated in the 1800s before a universal system was developed and often before 
the molecular structures were known.  For example, the carboxylic acid, CH3CO2H, has the 
common name acetic acid, after the Latin word for vinegar (acetum), which contains this acid.  
The systematic name for this compound is ethanoic acid, but this is less common in the United 
States because of the strong tradition behind the older, well-established name.  Other common 
names have originated in the 1900s as nicknames, shorter and more convenient than the systematic 
names.  An example is Vitamin A or retinol, common names for the much longer systematic name: 
 

                      

OH

 
 

Vitamin A 
retinol 

   (2E,4E,6E,8E)-3,7-dimethyl-9-(2,6,6-trimethyl-1-cyclohexen-1-yl)- 
                                                 2,4,6,8-nonatetraen-1-ol 
 
 In 1892 the International Union of Pure and Applied Chemistry (IUPAC) began devising 
a system for naming organic compounds, the IUPAC system.  As the kinds of compounds 
proliferated, IUPAC continued to develop this nomenclature.  The international chemical 
community accepts this method for naming the more than six million known organic compounds.  
This text will use systematic IUPAC names that are not too cumbersome, but will also use common 
names that are very common, less cumbersome, and acceptable to IUPAC. 
 

2.2A  Nomenclature of Alkanes 
 
 Alkanes are hydrocarbons (only carbon and hydrogen atoms) without multiple bonds.  
Their names all end with the -ane suffix.  Table 2.1 contains the names of many unbranched 
alkanes, that is, alkanes with only hydrogens (not carbon groups) bonded to the carbon chain.  The 
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names of the first four alkanes are derived from the original common names, whereas the larger 
alkanes are named for Greek and Latin words for numbers.  For example, the Greek word for five, 
penta, becomes pentane for the five-carbon unbranched alkane. 
 
 
Table 2.1  The Names of Some Unbranched Alkanes and Alkyl Groups 
 
Number of  Alkane       Alkane       Alkyl       Alkyl    Alkyl 
carbons    structure    name         structure   name     symbol 
———————————————————————————————————————————————————————————————— 
1 CH4 methane -CH3 methyl Me 
2 CH3CH3 ethane -CH2CH3 ethyl Et 
3 CH3CH2CH3 propane -CH2CH2CH3 propyl Pr 
4 CH3(CH2)2CH3 butane -(CH2)3CH3  butyl Bu 
5 CH3(CH2)3CH3 pentane -(CH2)4CH3 pentyl  
6 CH3(CH2)4CH3 hexane -(CH2)5CH3 hexyl  
7 CH3(CH2)5CH3 heptane -(CH2)6CH3 heptyl  
8 CH3(CH2)6CH3 octane -(CH2)7CH3 octyl  
9 CH3(CH2)7CH3 nonane -(CH2)8CH3 nonyl  
10 CH3(CH2)8CH3 decane -(CH2)9CH3 decyl  
11 CH3(CH2)9CH3 undecane    
12 CH3(CH2)10CH3 dodecane    
16 CH3(CH2)14CH3 hexadecane    
20 CH3(CH2)18CH3 icosane    
———————————————————————————————————————————————————————————————— 
 
 
 An alkyl group is a singly bonded hydrocarbon group that forms part of a molecule.  Table 
2.1 also lists names of many unbranched alkyl groups.  Note that they are named after the 
corresponding alkane by changing the -ane suffix to -yl.  The smallest unbranched alkyl groups 
can be abbreviated to a two-letter symbol.  For example, a -CH3 group is a methyl group, 
abbreviated Me. 
 Alkanes branched with alkyl groups or certain other substituents are named by the 
following IUPAC system: 
 1.  Name and number the longest continuous chain of carbons as if it were an unbranched 
alkane.  Number this chain from the end nearer a substituent.  For example: 
 
                                  CH3 
                       6   5   4   3| 2   1 
                       CH3-CH2-CH2-C-CH2-CH3 
                                   | 
                                  CH3 
 

a substituted hexane 
3,3-dimethylhexane 

Here the longest carbon chain has six carbons, so it is a substituted hexane.  The chain is numbered 
from the right end, nearer the two -CH3 substituents. 
 2.  Name and number each substituent along the longest chain.  Number a substituent by 
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its position on the longest chain.  In the above example, the two -CH3 substituents, are 3-methyl 
groups. 
 3.  Alphabetize the substituents as prefixes for the longest chain's name.  Consolidate 
identical substituents with the prefixes di-, tri-, and tetra- for two, three, and four identical groups, 
respectively.  Consolidate only after alphabetizing and retain a number for each substituent.  In the 
above example, we consolidate the two 3-methyl substituents as a 3,3-dimethyl prefix.  So the 
complete name is 3,3-dimethylhexane. 
 Using these basic IUPAC rules, let us name this alkane: 
 
                             CH3-CH2 CH3 
                                 |   / 
                     CH3-CH2-CH2-CH-CH-CH2-CH3 
                     7   6   5   4   3  2   1 
 

4-ethyl-3-methylheptane 
(not 4-ethyl-5-methylheptane) 

 
By rule 1 the longest continuous carbon chain is a heptane with its seven carbons.  Then we number 
this chain from the right because that end is closer to a substituent (a methyl group) than the left 
end is to a substituent (an ethyl group).  So, by rule 2 we name and number the two substituents 3-
methyl and 4-ethyl, not 5-methyl and 4-ethyl.  Rule 3 has us alphabetize these substituents as 
prefixes: 4-ethyl-3-methylheptane.  Note that the systematic IUPAC name is a single word, linked 
with hyphens, without a space between methyl and heptane. 
 Consider a more complex alkane: 
 
                      1   2  3   4   5   6 
                      CH3-CH-CH2-CH-CH2-CH-CH3 
                          |      |      | 
                        H3C  CH3-CH2    CH2-CH3 
                                       7   8 
 

4-ethyl-2,6-dimethyloctane 
(not 2,6-dimethyl-4-ethyloctane) 

 
Finding eight carbons in the longest chain, we name it octane.  Note that the longest chain does 
not have to lie in a straight line.  We number the octane from the left because that is the end closer 
to a substituent.  The substituents of this longest chain in alphabetical order are 4-ethyl, 2-methyl, 
and 6-methyl.  Consolidating the two methyl groups, we have the systematic IUPAC name of 4-
ethyl-2,6-dimethyloctane.  Note the single hyphenated word and a number for each substituent.  
Also, the ethyl precedes dimethyl because the di- prefix arises after alphabetization. 
 Like the actual molecule the longest chain does not have to be in a straight line.  With free 
rotation around carbon-carbon single bonds, an octane molecule can take many shapes (Section 
2.6C), and so can its drawing: 
 
     CH3CH2CH2CH2CH2CH2CH2CH3      CH2CH2CH2CH2      CH3CH2CH2CH2 
                                 |        |                | 
                              CH3CH2      CH2CH3    CH3CH2CH2CH2 
 

three drawings of octane 
 
Of course, a name should not depend on how we draw the molecule. 
 Although not strictly systematic, two prefixes used with alkyl groups are common and 
acceptable to IUPAC: iso- and tert-.  They are most frequently used in these groups: 
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              CH3-CH-                  CH3-CH-CH2- 
                  |                        | 
                  CH3                      CH3 
 
             isopropyl group                  isobutyl group 
           1-methylethyl group             2-methylpropyl group 
 
 
                                                 CH3 
                                                  | 
             CH3-CH-CH2-CH2-                  CH3-C- 
                 |                                | 
                 CH3                              CH3 
 
                isopentyl group                   tert-butyl group 
              3-methylbutyl group             1,1-dimethylethyl group 
 
The prefix iso- is short for "isomeric," as these groups are isomeric with their unbranched analogs 
(Section 2.3).  It indicates a forked carbon chain with a (CH3)2CH- component, found in the three 
iso groups above.  The prefix tert- is short for "tertiary," a designation that will become 
understandable in Section 2.2F.  The more systematic IUPAC names for these groups are also 
shown, but these are more cumbersome and less commonly used.  Indeed, these common group 
names are often used in IUPAC names: 
 
                             CH3 
                                    | 
                          CH3-C-CH3     CH2-CH3 
                              |         | 
                  CH3-CH2-CH2-CH-CH-CH2-CH-CH2-CH3 
                                 | 
                          CH3-CH-CH2 
                              | 
                             CH3 
 

6-tert-butyl-3-ethyl-5-isobutylnonane 
 
For alphabetization, the iso prefix is considered part of the word, but the italicized tert prefix is 
not. 
 
 
Puzzle 2.1 —————————————————————————————————— 
 
Name these compounds by the IUPAC system: 
(a)  CH3CH3   (b)  CH2(CH3)2   (c)  CH(CH3)3   (d)  C(CH3)4 
 
        CH2CH3                CH2CH3 
        |                     | 
(e)  CH3CHCH3   (f)  CH3CH2CH2CHCH2CH3 
 
(g)  CH3CH2CHCH2CHCH2CH2CH2CH3 
           |    | 
           CH3  CH2CH2CH3 
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Puzzle 2.2 —————————————————————————————————— 
 
Draw structures for these compounds: 
(a)  pentane   (b)  3-ethylpentane   (c)  3,3-diethylpentane   (d)  2-methyl-4-propyloctane 
(e)  2,2,3-trimethylbutane   (f)  4-ethyl-4-isopropylheptane   (g)  4-tert-butyldecane 
——————————————————————————————————————— 
 

2.2B  Nomenclature of Alkyl Halides 
 
 In alkyl halides, also known as haloalkanes, halogen atoms are attached to alkyl groups.  
They are named by treating the halogens as substituents, replacing the suffix -ine with -o, and 
following the three IUPAC rules in Section 2.2A.  The presence of a functional group, however, 
modifies the first rule slightly.  One names and numbers the longest carbon chain that includes the 
functional group, not necessarily the longest carbon chain. 
 
                    CH2Cl2              CHCl3 
 
                dichloromethane        trichloromethane 
                 (methylene chloride)       (chloroform) 
 
 
                                             CH2-CH3 
                                             | 
             BrCH2CH3            CH3-CH2-CH2-CH-CHI2 
 
              bromoethane            2-ethyl-1,1-diiodopentane 
            (ethyl bromide)         (not 3-(diiodomethyl)hexane) 
 
The name for the last example uses the longest chain that includes the alkyl halide group, not the 
longer, hexyl chain.  Also observe how ethyl precedes diiodo because alphabetization ignores the 
di prefix.  Finally, note the double number (1,1) for the two iodine substituents.  Common names 
for some alkyl halides, including the three in parentheses above, still persist. 
 

2.2C  Nomenclature of Alcohols 
 
 In an alcohol a hydroxy group (HO-) is attached to an alkyl group.  Instead of indicating 
the hydroxy substituent as a prefix, the IUPAC name normally uses the suffix, -ol.  According to 
the English spelling rule, the final e of the alkane is dropped before a suffix beginning with a 
vowel.  The name of an alcohol, like other functional groups, employs the longest carbon chain 
that includes the functional group. 
 
                                                4  3  2 1 
      CH3CH2OH         CH3CH2CHCH2CH3           BrCH2CH2CHCH3 
                             |                         | 
                            CH2OH                     OH 
 
        ethanol           2-ethyl-1-butanol           4-bromo-2-butanol 
    (ethyl alcohol)                                (not 1-bromo-3-butanol) 
The name of the second compound invokes the longest chain with the alcohol, not the longest 
overall pentyl chain.  To specify the hydroxy group's position, the carbon chain is numbered to 
give the hydroxy group the lower possible number.  Thus, in the third example above, the carbon 
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chain is numbered from the right even though the left end is closer to a substituent.  The numbering 
of this alcohol chain, then, deviates from rule 1 for alkanes in Section 2.2A. 
 

2.2D  Nomenclature of Cycloalkanes 
 
 The cycloalkanes are alkanes that contain a ring.  Their rings are named after the alkane 
of the same number of carbons with the prefix cyclo-: 
 

   

CH2 CH2

C
H2

CH2 CH2

CH2 CH2 CH3 CH
C
H2

C
H2

CH2
CH2

 
 
     cyclopropane           cyclobutane              methylcyclopentane 
 
 A ring with more than one substituent is numbered to minimize the sum total of the 
substituent numbers: 
 

            

F

CH3 CH3

Cl

Br

3
1

 
 
   3-fluoro-1,1-dimethylcyclohexane          1-bromo-2-chlorocyclopentane 
(not 5-fluoro-1,1-dimethylcyclohexane)    (not 2-bromo-1-chlorocyclopentane) 
 
As in the case for acyclic alkanes, the substituents are alphabetized before collecting identical 
substituents, so fluoro precedes dimethyl.  Numbering the ring counterclockwise from C(1) gives 
the fluoro substituent the lower possible number, 3.  The fluoro substituent would be wrongly 
numbered 5 if the numbering had proceeded clockwise from C(1).  If minimization of numbers 
presents two good choices, then the substituents are numbered by alphabetical priority.  
Consequently, the above compound is 1-bromo-2-chlorocyclopentane, not 2-bromo-1-
chlorocyclopentane. 
 

2.2E  Nomenclature of Benzene Compounds 
 
 The naming of benzene rings substituted with halogens or simple alkyl groups resembles 
that of substituted cycloalkanes: 
 
                            Br 
 
     -CH2CH3           Br-                  CH3CH2CH2-   -Cl 
 
  ethylbenzene       1,3-dibromobenzene          1-chloro-4-propylbenzene 
                  (not 1,5-dibromobenzene)    (not 4-chloro-1-propylbenzene) 
 
If it has more than one substituent, the ring is numbered to minimize substituent numbers.  So, the 
above example is 1,3-dibromobenzene, not 1,5-dibromobenzene.  If minimization of numbers 
presents two good choices, then the substituents are numbered by alphabetical priority.  Thus, the 
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third structure above is 1-chloro-4-propylbenzene, not 4-chloro-1-propylbenzene. 
 Some benzene compounds have common names that predominate over the systematic 
IUPAC names: 
 
                       -CH3               -OH 
 

toluene                phenol 
methylbenzene         hydroxybenzene 

 
The systematic name follows the common name. 
 If a substituent is large or complex, the benzene ring becomes a substituent, called a phenyl 
group: 
 
                                         H3C 
                                           | 
                 -(CH2)6CH3             H3C-C- 
                                           | 
                                           OH 
 

1-phenylheptane           2-phenyl-2-propanol 
 
The naming of benzene compounds is discussed in more detail in Section 17.2. 
 
 
Puzzle 2.3 —————————————————————————————————— 
 
Name these compounds by the IUPAC system: 
(a)  CHBr2CHBr2   (b)  C2Br6   (c)  CH3CHOHCH3 

CH3CH2
Cl
Cl I CH3

F

OH
(d)               (e)              (f)

 
           OH   CH3 
           |    | 
(g)  CH3CH2CHCH2CHCH3   (h)    — 
 
 
Puzzle 2.4 —————————————————————————————————— 
 
Draw structures for these compounds: 
(a)  2-phenylethanol   (b)  1-phenylethanol   (c)  1,2,4-trichlorocyclopentane 
(d)  isobutylcyclohexane   (e)  1,3-propanediol   (f)  2,2-propanediol   (g)  2-bromophenol 
——————————————————————————————————————— 
 

2.2F  Classes of Carbon Atoms 
 
 A useful classification for a carbon in many types of compounds reflects the number of 
carbons attached to it.  A carbon directly attached to only one other carbon is called primary 
(symbolized 1°).  Similarly, a carbon attached to exactly two, three, or four other carbons is 
secondary (2°), tertiary (3°), or quaternary (4°), respectively.  Here are some examples: 
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                                                        1°CH3 
                   2°  2°               2°  1°               | 
CH3-CH2-CH2-CH3                      BrCH-CH3          CH3-C-OH 
1°   2°   2°  1°            1°             |               1°   |  3° 
                   2° 3° CH3           1°CH3                1°CH3 
 
                                      a 2° alkyl bromide       a 3° alcohol 

some classes of carbons and functional groups 
 
The third compound above is classified as a secondary alkyl bromide because the bromine is on a 
secondary carbon.  Likewise, with its hydroxy group on a tertiary carbon, the above alcohol is 
tertiary. 
 
 
Puzzle 2.5 —————————————————————————————————— 
 
Classify the carbons in Puzzle 2.1 (Section 2.2A) as primary, secondary, tertiary, or quaternary. 
 
Puzzle 2.6 —————————————————————————————————— 
 
Menthol (below) is found in mint oils and is used in liqueurs, confections, perfumes, cigarettes, 
cough drops, and nasal inhalers.  Classify all carbons in its structure below as primary, secondary, 
tertiary, or quaternary. 

                            OH  
——————————————————————————————————————— 
 

2.3  Constitutional Isomers 
 
 Different compounds with the same molecular formula are called isomers.  Two kinds of 
isomers exist: stereoisomers, the subject of Chapter 3, and constitutional isomers, considered now.  
 Two different alkanes have molecular formula C4H10: 
 
                   CH3CH2CH2CH3       CH3CHCH3 
                                        | 
                                        CH3 
 
                          butane         2-methylpropane 
                   bp:      0°C              -10°C 
 
Despite having the same collection of atoms, these compounds have different sequences of those 
atoms.  So they are constitutional isomers.  Like all constitutional isomers they have different 
names and different chemical and physical properties.  For example, their boiling points differ by 
10°C. 
 Three constitutional isomers have the molecular formula,  C5H12: 
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                                                   CH3 
                                                    | 
           CH3CH2CH2CH2CH3    CH3CHCH2CH3          CH3CCH3 
                                |                    | 
                                CH3                  CH3 
 
                 pentane         2-methylbutane      2,2-dimethylpropane 
       bp:         36°C              28°C                  10°C 
 
In general, as the number of atoms in a molecule increases, the number of ways of reasonably 
connecting the atoms and so the number of constitutional isomers increases.  There are 75 
constitutional isomers with molecular formula C10H22! 
 Of course, not only alkanes have constitutional isomers.  Four constitutional isomers have 
formula C4H9Cl: 
 
                           Cl             CH3               CH3 
                           |              |                 | 
   CH3CH3CH3CH3Cl     CH3CH2CHCH3       CH3CHCH2Cl        CH3CCH3 
                                                          | 
                                                          Cl 
 
    1-chlorobutane      2-chlorobutane      1-chloro-2-        2-chloro-2- 
                                            methylpropane      methylpropane 
bp:     78°C                68°C                70°C               52°C 
 
Note the different names and boiling points of these constitutional isomers.  Chemical properties 
of these alkyl halides also differ, as will become evident in Chapter 6. 
 
 
Puzzle 2.7 —————————————————————————————————— 
 
Draw all nine constitutional isomers with molecular formula C4H8Br2. 
 
Puzzle 2.8 —————————————————————————————————— 
 
According to Section 2.1, 2-methylheptadecane is a sex attractant for the tiger moth. 
(a)  Draw and name five of the constitutional isomers of this chemical. 
(b)  Are any of these five isomers likely to be as biologically active for the tiger moth? 
——————————————————————————————————————— 
 

2.4  Molecular Formulas 
 
 The molecular formula of a known structure is easy to calculate.  Yet, how can the 
molecular formula of an unknown compound be determined?  After the molecular formula is 
known, what can be ascertained about the structure of the unknown compound?  The next section 
will answer the first question; the subsequent section will answer the second. 
 

2.4A  Mass Spectrometry 
 
 The technique of mass spectrometry (MS) can assess the molecular formula of an 
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unknown organic compound.  MS determines the mass-to-charge ratio (m/z) of cations made from 
the sample in question.  Normally these cations have a single positive charge, so the m/z value 
directly gives the mass of the cation.  The cations are generated in a mass spectrometer when a fast 
particle, such as an electron, hits a molecule of the sample compound.  For example, 
 

             

e    +   H:C:H              H:C H    +   2 e- -
H

H H

H
..
..

..

.... .
+

 
 
            fast       methane             molecular ion 
                                              m/z = 16 
 
Missing one bonding electron, the molecular ion is a very unstable radical with an unpaired 
electron.  Its m/z of 16 equals the molecular weight of methane. 
 A mass spectrum is a bar graph plotting relative abundance versus m/z for a collection 
of cations.  Here is a mass spectrum of butane: 

a mass spectrum of butane, mw = 58 
 
The last major peak has an m/z of 58, equaling the molecular weight of butane and its molecular 
ion.  In general (with some exceptions), the last major peak in a mass spectrum gives the molecular 
weight of the sample compound. 
 The molecular ion, however, is not the only cation present.  Many peaks are found in the 
mass spectrum, some that are much larger than the one for the molecular ion.  The biggest peak is 
called the base peak and is arbitrarily assigned a relative abundance of 100.  Having a charge, an 
unpaired electron, and an unfilled orbital, the molecular ion is very unstable and readily fragments.  
For example, 
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               H H H H   +             H          H H H 
                |  |  |  |                 |          |  |  | 
             H-C·C-C-C-H     ——>    H-C·    +   +C-C-C-H 
                |  |  |  |                 |          |  |  | 
               H H H H                H          H H H 
 
         a molecular ion of butane    methyl radical    propyl cation 
                  m/z = 58                                 m/z = 43 
 
This fragmentation yields the most abundant cation for the base peak.  Other fragmentations of the 
molecular ion and further fragmentations of fragment ions generally give a rich assortment of 
cations, which yield the many peaks of a mass spectrum. 
 So far we know how MS provides the molecular weight of a compound, but how can it 
indicate the molecular formula?  A modern high-resolution mass spectrometer can measure m/z 
for the molecular ion very precisely to four decimal places.  For example, a molecular ion might 
be found with a m/z of 60.0575.  Various molecular formulas would give a low-resolution m/z of 
60: 
 
               C2H4O2       CH4N2O       C3H8O        C2H8N2 
 
         m/z:    60.02112      60.03242       60.05754       60.06884 
 
Only the molecular formula C3H8O, however, matches the high-resolution m/z of 60.0575.  So this 
is the molecular formula of the sample.  A computer readily matches an experimental m/z value to 
a calculated mass for a molecular formula.  Of course, the molecular formula by itself does not 
decide the constitutional isomer, although careful analysis of fragmentation peaks can often 
determine the isomer as well.  This fragmentation analysis is beyond the scope of this text. 
 
 
Puzzle 2.9 —————————————————————————————————— 
 
Consider the fragmentation of another molecular ion of butane: 
                        H     + 
                        .               + 
                  CH3CH2CHCH3   ——>  CH3CH2  +  A 
(a)  Draw the structure of A.   (b)  Would A give an MS peak?  Explain. 
——————————————————————————————————————— 
 

2.4B  Structural Information from Molecular Formulas 
 
 Once we know the molecular formula of an unknown organic molecule, what can we 
deduce about its structure?  Assuming an uncharged molecule with a full outer shell, we can 
discover limited but significant structural information from a molecular formula.  (These 
deductions do not apply to molecules that violate the octet rule or to ions.) 
 All of the acyclic (noncyclic) alkanes have the general formula CnH2n+2.  This formula 
applies to the smallest alkane (CH4), as well as to much larger ones, such as icosane (C20H42).  It 
applies to branched alkanes, such as 2-methylpropane (C4H10), as well as to unbranched alkanes. 
 Cycloalkanes with one ring have a different general formula, CnH2n, with two fewer 
hydrogens than an acyclic alkane of equal number of carbons.  In effect, two hydrogens are lost 
from the terminal carbons when a ring forms: 
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CH2
CH2

C
H2

C
H2

CH3
CH3

CH2
CH2

C
H2

C
H2

CH2
CH2

CH3
CH2
CH2 C

H

C
H

CH2
CH2

 
 
    hexane         cyclohexane     methylcyclopentane   bicyclo[2.2.0]hexane 
    C6H14          C6H12            C6H12               C6H10 
 
The formula also applies to branched cycloalkanes.  With one ring and a C6H12 formula, 
methylcyclopentane above is a constitutional isomer of cyclohexane.  The above bicyclic molecule 
with two rings has 2 x 2 = 4 fewer hydrogens than the six-carbon acyclic alkane.  So its formula is 
C6H10. 
 Other kinds of hydrocarbons also have fewer than the "normal" number of 2n + 2 
hydrogens.  Alkenes have two fewer hydrogens for every carbon-carbon double bond: 
 

CH3CH2CH2CH3    H2C=CHCH2CH3     H2C=CHCH=CH2    HC≡CCH2CH3 
 
         butane           1-butene         1,3-butadiene      1-butyne 
          C4H10              C4H8                 C4H6             C4H6 
 
Thus, 1-butene with one double bond is "missing" two hydrogens, whereas two double bonds 
deprive 1,3-butadiene of four hydrogens.  Likewise, 1-butyne, a constitutional isomer of 1,3-
butadiene, is an alkyne, whose triple bond (with two π bonds) accounts for four fewer hydrogens.  
In other words, each π bond removes two hydrogens from a molecule. 
 In general, each ring and each π bond deprives the molecule of two hydrogens.  
Consequently, if we know the molecular formula of an unknown hydrocarbon, we can determine 
its total number of rings and π bonds, useful structural information.  This method, however, does 
not distinguish between rings and π bonds.  For example, a compound of molecular formula C5H8 
has four fewer hydrogens than the normal number of 2 x 5 + 2 = 12.  Therefore, it has total of 4/2 
= 2 rings and π bonds: two rings, or two double bonds, or one triple bond, or one ring and one 
double bond.  Thus, the following five-carbon compounds with the required number of π bonds 
and rings must be C5H8 constitutional isomers: 
 

                 
 

C5H8 constitutional isomers 
 
Check that these molecules do indeed have the correct molecular formula.  Chemical and physical 
methods can distinguish among these possibilities, as explored in later chapters. 
 We can extend this analysis to other kinds of molecules as well.  Like hydrogen the 
halogens have a valence of one, and one halogen replaces one hydrogen in molecules such as these: 
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      CH4        CH3Cl              CH2=CH2      CHBr=CHBr 
 
    methane     chloromethane             ethene     1,2-dibromoethene 
       CH4           CH3Cl                   C2H4            C2H2Br2 
    └───────────┬────────────┘            └─────────────┬─────────────┘ 
         0 ring or π bond                        1 ring or π bond 
 
Therefore, for each halogen add one hydrogen before assessing hydrogen deficiency for the 
number of rings and π bonds. 
 Oxygen has a valence of two, and incorporating oxygen atoms into a hydrocarbon does not 
change the number of carbons and hydrogens, as long as the total number of rings and π bonds 
remains unchanged: 
 
                                             O       O 
                                             ‖       /\ 
         CH4     CH3OH           H2C=CH2   CH3CH   H2C-CH2 
 
        methane    methanol            ethene    ethanal   oxirane 
           CH4       CH4O                C2H4       C2H4O     C2H4O 
       └────────┬─────────┘           └─────────────┬─────────────┘ 
         0 ring or π bond                    1 ring or π bond 
 
We can ignore the number of oxygens when deriving the number of rings and π bonds from the 
molecular formula. 
 Finally, nitrogen has a valence of three, and each nitrogen inserted into a molecule adds 
one extra hydrogen to fill its valence: 
 
                                                     NH 
                                                    /\ 
      CH4      CH3NH2         H2C=CH2   CH3CH=NH    H2C-CH2 
 
     methane   methylamine         ethene     ethanimine   aziridine 
       CH4         CH5N              C2H4         C2H5N        C2H5N 
    └──────────┬─────────┘        └───────────────┬────────────────┘ 
       0 ring or π bond                    1 ring or π bond 
 
Therefore, for each nitrogen subtract one hydrogen before assessing hydrogen deficiency for the 
number of rings and π bonds. 
 Thus, to determine the number of rings and π bonds in a molecule from its molecular 
formula, add one hydrogen for each halogen, ignore the number of oxygens, subtract one hydrogen 
for each nitrogen, and then compare the resulting number of hydrogens to the normal number of 
hydrogens, 2n + 2.  For example, a compound of formula C6H9O3BrClN with two halogens (add 
2 Hs) and one nitrogen (subtract 1 H) has the same number of rings and π bonds as a C6H10 
compound.  Because these two compounds have four fewer hydrogens than the normal number of 
2 x 6 + 2 = 14, each compound has two π bonds and rings.  Table 2.2 summarizes these 
compensations for halogens, oxygens, and nitrogens. 
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Table 2.2  Compensations to Molecular Formula for Assessing 
Number of π Bonds and Rings 
 
For each:  N (valence 3)   O (valence 2)   X (valence 1) 
———————————————————————————————————————————————————————— 
           subtract 1 H    no change       add 1 H 
 
before comparing total Hs to normal number of 2n + 2 
———————————————————————————————————————————————————————————————— 
 
 
Puzzle 2.10 —————————————————————————————————— 
 
(a)  What is the molecular formula of 1-bromo-1-phenyl-2-propanol? 
(b)  According to this molecular formula, how many rings and π bonds are there? 
(c)  Does this number match the actual number of rings and π bonds in the structure? 
——————————————————————————————————————— 
 

2.5  Physical Properties of Alkanes and Cyclohexanes 
 
 Section 1.11 discussed general aspects of three important physical properties: boiling point, 
melting point, and solubility.  Intermolecular forces and molecular polarity were found to 
determine these properties.  Now we will consider these three physical properties for alkanes and 
cycloalkanes, and once again observe the importance of intermolecular forces and molecular 
polarity. 
 A graph and Table 2.3 present the boiling points and melting points for selected alkanes 
and cycloalkanes. 

          
boiling points and melting points of unbranched alkanes 

 
Alkanes and cycloalkanes of fewer than five carbons are gases at room temperature and 
atmospheric pressure.  As the number of carbon atoms increases, the boiling point increases.  This 
trend results from increasing surface area and dispersion forces, because hydrocarbons are 
nonpolar, without dipole-dipole forces or hydrogen bonds. 
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Table 2.3  Boiling Points and Melting Points for Some Alkanes 
and Cycloalkanes 
 
            Phase at 
Compound    Formula bp/°C  mp/°C  25°C, 1 atm 
————————————————————————————————————————————————————————————————  
methane    CH4  -164   -182   gas 

ethane    C2H6   -89   -183   gas 

propane    C3H8   -42   -190   gas 

butane    C4H10    0   -138   gas 

pentane    C5H12   36   -130   liquid 

2,2-dimethylpropane  C5H12   10    -17   gas 

hexane    C6H14   69    -95   liquid 

heptane    C7H16   98    -91   liquid 

octane    C8H18  126    -57   liquid 

nonane    C9H20  151    -52   liquid 

decane    C10H22  174    -30   liquid 

icosane    C20H42  343     37   solid 

cyclopropane   C3H6   -33   -127   gas 

cyclobutane   C4H8    13    -90   gas 

cyclopentane   C5H10   49    -94   liquid 

cyclohexane   C6H12   81      6   liquid 
———————————————————————————————————————————————————————————————— 
 
 
 The boiling points of constitutional isomers of alkanes also depend on surface areas.  For 
example, pentane has a higher boiling point (36°C) than its isomer, 2,2-dimethylpropane (10°C).  
The branched isomer is more compact and almost spherical with less surface area exposed to 
adjacent molecules.  (A sphere minimizes the surface area of a given volume.) 
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                                                CH3 
                                               | 
             CH3CH2CH2CH2CH3                 CH3CCH3 
                                               | 
                                                CH3 
 

           
 
                   pentane                    2,2-dimethylpropane 
       bp:           36°C                             10°C 
       mp:         -130°C                            -17°C 
 

shape and physical properties of two C5H12 isomers 
 
Lower dispersion forces and boiling point result. 
 

as branching among isomers ↑, dispersion forces ↓ and bp ↓ 
 
 In Table 2.3 melting points increase with increasing size, although less regularly than 
boiling points.  Icosane with 20 carbons is a solid at room temperature.  Of course, increasing 
dispersion forces explain this general trend.  Yet, for melting point a second factor must also be 
considered: symmetry.  Compare the melting points of pentane (-130°C) and 2,2-dimethylpropane  
(-17°C).  Although pentane has higher dispersion forces and boiling point, it has a much lower 
melting point!  This unusual turnabout can be explained by the spherical symmetry of the highly 
branched isomer, which allows it to pack neatly and tightly into its crystal lattice and raises its 
melting point.  This example illustrates the general trend of increasing melting point with 
increasing symmetry (Section 1.11B). 
 Solubility is the third physical property to be considered.  Without polar bonds alkanes and 
cycloalkanes are nonpolar molecules.  Consequently, they are most soluble in nonpolar solvents, 
such as other alkanes and tetrachloromethane, and least soluble in very polar solvents, such as 
water and methanol. 
 
 
Puzzle 2.11 —————————————————————————————————— 
 
(a)  Rank pentane, nonane, and 3,3-diethylpentane by boiling point, and explain your ranking. 
(b)  Rank them by melting point and explain your ranking. 
 
Puzzle 2.12 —————————————————————————————————— 
 
Gasoline is a complex mixture of hydrocarbons with a boiling range from 30 to 200°C.  Most of 
the hydrocarbons are alkanes with six to ten carbons.  One of these alkanes is 2,2,4-
trimethylpentane, which has an anti-knock octane rating of 100. 
(a)  Name the unbranched constitutional isomer of 2,2,4-trimethylpentane. 
(b)  Which of these two isomers would evaporate more quickly from gasoline?  Explain. 
(c)  Name another chemical that would readily dissolve these isomers. 
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——————————————————————————————————————— 
 

2.6  Conformations of Alkanes 
 
 In Section 1.6 we explored the possibility of three-dimensional shapes for molecules.  Now 
we will pursue further, more subtle adventures in three-dimensional structures. 
 

2.6A  Conformations of Ethane 
 
 Ethane is the two-carbon alkane, whose carbons are hybridized sp3.  Consequently, two sp3 
orbitals, one from each carbon, overlap to form its carbon-carbon single bond.  Because this is a σ 
bond with head-on overlap of bonding orbitals, we expect constant overlap while rotating around 
this bond: 
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constant orbital overlap during rotation around the carbon-carbon bond 
 
This constant overlap maintains constant bond strength and allows ready rotation around the bond.  
Different, easily interconverted, spatial orientations of a molecule, such as the two structures of 
ethane above, are conformations.  Typically these conformations easily interconvert because only 
rotations around single bonds are needed.  Note that conformations, which have the same sequence 
of atoms, are not constitutional isomers.  Conformations are considered temporarily different 
forms of the same molecule. 
 Although these two conformations easily interconvert, is the rotation around the carbon-
carbon single bond entirely free?  Let us take a closer look at the two ethane conformations above.  
(A succession of infinitesimal rotations produces an infinite number of ethane conformations, but 
analyses of these two distinctive conformations are especially useful.)  Consider two perspectives 
of the first conformation: 
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                                   Newman projection 
                └───────────────┬───────────────────┘ 
                      staggered conformation 
 
On the left the first perspective shows a normal structure with wedges and dashed lines.  Viewing 
it from the left and sighting down its carbon-carbon bond results in the second perspective on the 
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right, the so-called Newman projection (Melvin S. Newman, USA, 1908-1993).  In a Newman 
projection a circle designates the back carbon, while the center of the circle marks the front carbon.  
The three hydrogens bonded to the center of the circle should be visualized as forward of the front 
carbon, and the three hydrogens bonded to the circle should be seen as backward from the back 
carbon.  (A molecular model helps here.)  By clearly showing the orientation of bonds on adjacent 
carbons, the Newman projection depicts a conformation more distinctly than the wedge and 
dashed-line representation does.  This conformation from either perspective is called staggered 
because three carbon-hydrogen bonds on one carbon appear to alternate around the Newman circle 
with the bonds on the adjacent carbon.  Note that this staggered conformation maximizes the 
distance between these bonds on adjacent carbons. 
 Here are two perspectives of ethane's second distinctive conformation: 
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                                           Newman projection 
                      └─────────────────┬───────────────────┘ 

eclipsed conformation 
 
This Newman projection is a little difficult to draw because the three hydrogens and bonds on the 
front carbon eclipse their counterparts on the back carbon.  So we displace their symbols a little to 
see them.  This conformation is called eclipsed after the eclipsing of hydrogens and bonds in the 
Newman perspective conformation. 
 In contrast to the staggered conformation, the eclipsed conformation minimizes the 
separation of the three carbon-hydrogen bonds on one carbon from the corresponding bonds on 
the adjacent carbon.  Negatively charged electron pairs repel each other not only when on the same 
atom (Section 1.6A), but also to a smaller extent when on adjacent atoms.  Consequently, the 
eclipsed conformation maximizes repulsion among carbon-hydrogen bonds and so maximizes the 
molecule’s energy. 
 

as repulsion ↑, energy ↑ & stability ↓ 
 
Accordingly, Figure 2.1 shows the eclipsed conformation with maximum enthalpy (i.e., internal 
potential energy), and the staggered conformation with minimum enthalpy among all possible 
ethane conformations: 
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Figure 2.1  Enthalpy changes as ethane changes conformations. 
 
As the molecule makes a complete, 360° rotation, it achieves three staggered and three eclipsed 
conformations.  Because the repelling electron pairs are on adjacent atoms, maximum and 
minimum enthalpies differ by only 13 kJ/mol.  This is much smaller than the 368 kJ/mol bond 
energy of the carbon-carbon bond (Section 1.8).  Molecules at room temperature have enough 
kinetic energy to easily surpass this enthalpy barrier.  Consequently, although not entirely 
unhindered, the rotation is extremely fast: 1010 revolutions per second! 
 
 
Puzzle 2.13 —————————————————————————————————— 
 
Draw and label Newman projections of the eclipsed and staggered conformations during rotation 
around the carbon-carbon bond of chloroethane. 
——————————————————————————————————————— 
 

2.6B  Conformations of Propane 
 
 Because propane (CH3CH2CH3) has two carbon-carbon bonds, we would expect a more 
complex conformational analysis for it than for ethane.  Yet if we focus on one carbon-carbon 
bond at a time, the situation is very like that of ethane.  Again, only two distinctive conformations 
exist for either, equivalent carbon-carbon bond: 
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         staggered                                       eclipsed 
 
Me symbolizes a methyl group. 
 Two more 60° rotations in the same direction form a staggered and then an eclipsed 
conformation: 
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        └──────────┬──────────┘          └──────────┬──────────┘ 
                   staggered                               eclipsed 
 
This staggered conformation has the same minimum electron repulsion and minimum enthalpy as 
the preceding staggered conformation.  Likewise, the electron repulsion and enthalpy of this 
eclipsed conformation equals those of the previous eclipsed conformation.  The extra repulsion 
and enthalpy is 14 kJ/mol, similar to the 13 kJ/mol for eclipsed ethane.  So, Figure 2.1 (Section 
2.6A) also roughly displays how enthalpy depends on rotation around carbon-carbon bonds in 
propane. 
 Of course, both carbon-carbon bonds in propane undergo these rotations simultaneously, 
so various combinations of staggered and eclipsed conformations are possible.  For example: 
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Puzzle 2.14 —————————————————————————————————— 
 
(a)  Considering both carbon-carbon bonds simultaneously, draw the most stable conformation and 
the least stable conformation of propane.  Wedge and dashed-line structures are easier here than 
Newman projections. 
(b)  How much does enthalpy differ in these two forms? 
——————————————————————————————————————— 
 

2.6C  Conformations of Butane 
 
 With three carbon-carbon bonds butane (CH3CH2CH2CH3) has more conformational 
possibilities than ethane or propane.  Rotations around all three carbon-carbon bonds occur 
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simultaneously.  Let us first examine one of the two equivalent, carbon-carbon bonds at either end 
of the molecule. 
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└───────────┬──────────┘              └──────────┬───────────┘ 
          staggered                                    eclipsed 
 
Et signifies an ethyl group.  Once again the eclipsed conformation has 14 kJ/mol more repulsion 
between repelling electron pairs on adjacent carbons.  So, enthalpy changes with rotation much as 
in Figure 2.1 (Section 2.6A). 
 More complex is complete rotation around butane's C(2)-C(3) bond: 
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(Note that it is easier to generate conformations by holding either the back or front carbon still 
while rotating the other carbon.)  During a complete, 360° revolution three staggered and three 
eclipsed conformations are obtained.  Yet, in this case neither the staggered nor the eclipsed 
conformations are all the same.  Compare the A and C staggered conformations above.  In A the 
relatively large methyl groups are a maximum distance apart.  Such a staggered conformation with 
relatively large groups opposite each other is called anti.  The methyl groups of C are much closer.  
In fact, their electron shells are close enough to repel each other by so-called steric repulsion.  
Both C and E staggered conformations with relatively large groups close to each other are called 
gauche (pronounced gōsh; the French word for "awkward"). 
 Now compare the B and D eclipsed conformations.  Being eclipsed conformations, both 
experience electron pair repulsions between bonds on adjacent atoms.  But D also feels steric 
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repulsion between two eclipsing methyl groups, even closer than in the gauche staggered 
conformations.  The D conformation with two substituents eclipsing each other is called syn 
(pronounced sin; the Greek word for "together with").  Figure 2.2 shows how enthalpy corresponds 
to the six distinctive conformations. 
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Figure 2.2  Enthalpy changes with rotation around butane's C(2)-C(3) bond. 
 
 The most stable conformation of the whole butane molecule simultaneously features each 
carbon-carbon bond in its most stable conformation: 
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most stable conformation of butane 
 
The C(2)-C(3) bond is anti staggered, while the terminal C(1)-C(2) and C(3)-C(4) bonds are each 
staggered.  Although Newman projections are ideal for viewing conformations around one bond, 
the wedge and dashed-line projections provide a better view of multiple conformations.  Note how 
the three carbon-carbon bonds zigzag to avoid eclipsed and gauche repulsions. 
 Conformational analysis of other acyclic organic compounds resembles that of butane.  For 
example, the most stable conformation of a long chain, as found in hexane, follows the zigzag 
pattern: 
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most stable conformation of hexane 
 
 
Puzzle 2.15 —————————————————————————————————— 
 
(a)  Draw and label Newman projections of all eclipsed and staggered conformations during 
rotation around the C(1)-C(2) bond of 1-bromopropane. 
(b)  Draw the enthalpy diagram for these conformations. 
 
Puzzle 2.16 —————————————————————————————————— 
 
Octanoic acid, CH3(CH2)6CO2H, is an unusually short fatty acid.  Draw this fatty acid in its most 
stable conformation.  Ignore the orientation of the carboxylic acid group. 
——————————————————————————————————————— 
 

2.7  Reactions of Alkanes and Cycloalkanes 
 
 The reactions of alkanes and cycloalkanes have immense practical importance.  Yet these 
reactions are difficult to study and control in the laboratory and will not be explored for synthetic 
value until Chapter 23.  We will look at one kind of reaction in this section only to aid structural 
analysis of cycloalkanes in Section 2.8. 
 

2.7A  General Reactivity of Alkanes and Cycloalkanes 
 
 How reactive are alkanes and cycloalkanes?  Consider the breaking of either a carbon-
carbon or carbon-hydrogen bond in ethane: 
 
        CH3CH3  ——>  H3C·  +  ·CH3       ΔH = 368 kJ/mol 
 
        CH3CH3  ——>  H·  +  ·CH2CH3      ΔH = 410 kJ/mol 
 
Here we find carbon-carbon and carbon-hydrogen bond energies of 368 and 410 kJ/mol, 
respectively (Table 1.6, Section 1.8).  Such strong bonds are normal for alkanes and most 
cycloalkanes (cyclopropanes are exceptions; see Section 2.8A). 
 Also consider the absence of polar bonds and partial charges in these hydrocarbons.  
Without partial or formal charges these molecules are less likely to attract and react with charged 
reactants.  Nor do these hydrocarbons have lone pairs or multiple bonds, whose electron densities 
would enable them to bond to electron-poor molecules.  Furthermore, all carbons have four bonds 
and a complete octet of valence electrons.  With strong bonds and full outer shells, and without 
any charges, lone pairs, or multiple bonds, alkanes and most cycloalkanes do not react with most 
reactants, including such strong ones as sulfuric acid, sodium hydroxide, and potassium 
permanganate. 
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Puzzle 2.17 —————————————————————————————————— 
 
Compare the potential reactivities of chloromethane and ethane. 
——————————————————————————————————————— 
 

2.7B  Combustion of Alkanes and Cycloalkanes 
 
 Despite their inertness toward most reactants, alkanes and cycloalkanes do react with free 
radicals, that is, atoms and molecules with unpaired electrons.  For example, Chapter 23 describes 
the reactions of alkanes with halogen atoms, X·, having an unpaired electron.  Both an unpaired 
electron and an incomplete outer shell make a free radical so reactive that it can react even with 
an alkane. 
 A reactive free radical in air is molecular oxygen, O2.  Actually a double radical with two 
unpaired electrons, it triggers the tremendously important combustion reactions of alkanes in fuels, 
such as natural gas, gasoline, and petroleum.  A very complex and poorly understood series of 
reaction steps achieves the complete combustion of an alkane.  The overall reaction for methane, 
however, is simple enough: 
 
    CH4  +  2 O2  ——>  CO2  +  2 H2O       ΔH = -890 kJ/mol 
 
Note the strongly negative, exothermic enthalpy change, which makes combustion so useful for 
heating. 
 The combustion of cycloalkanes can be expressed in the general reaction equation: 
 
            (CH2)n  +  1.5n O2  ——>  n CO2  +  n H2O 
 
The heat of combustion is the opposite of ΔH for such a combustion.  (Because ΔH is negative 
for combustions, its opposite provides a more convenient, positive number.)  Table 2.4 displays 
the heats of combustion for various cycloalkanes.  Note that these values increase as the ring size 
increases.  The general reaction equation indicates that, as n increases, the amounts of reactants 
and products and the numbers of made and broken bonds increase proportionally.  So we might 
expect the heat of combustion to also increase proportionally.  Yet it does not, as can be seen in 
the heats of combustion per CH2 group, which proportions the heat for size.  For example, 
cyclopropane's heat of combustion is 2090 kJ per mole of molecules, or 2090/3 = 696.7 kJ per 
mole of CH2 groups.  By comparison, cyclohexane's heat of combustion is 3950 kJ per mole of 
molecules, or 3950/6 = 658.3 kJ per mole of CH2 groups.  Thus, the combustion of cyclohexane is 
proportionally less exothermic than cyclopropane's.  In fact, of all cycloalkanes cyclohexane has 
the least exothermic combustion proportioned for size. 
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Table 2.4  Heats of Combustion and Ring Strain for Cycloalkanes 
 
                                 Heat of     Ring      Total 
              Ring  Heat of      combustion  strain    ring 
              size  combustion/  per CH2/ per CH2/ strain/ 
Compound      (n)   kJ·mol-1 kJ·mol-1 kJ·mol-1 kJ·mol-1 
———————————————————————————————————————————————————————————————— 
 
cyclopropane  3     2090         696.7       38.4      115 
 
cyclobutane   4     2744         686.0       27.7      111 
 
cyclopentane  5     3318         663.6        5.3       26 
 
cyclohexane   6     3950         658.3        0.0        0.0 
 
cycloheptane  7     4634         662.0        3.7       26 
 
cyclooctane   8     5310         663.8        5.8       46 
———————————————————————————————————————————————————————————————— 
 
 
 Why does cyclopropane emit a proportionately greater heat of combustion?  Cyclopropane 
must have extra enthalpy, which is released during combustion. 
 
  H   C3H6 + 4.5 O2 
            
 
         696.7 = 658.3 + 38.4 kJ/mol CH2 
       
                        3 CO2 + 3 H2O 
 
If its heat of combustion were proportional with cyclohexane's, it would evolve only 658.3 kJ per 
mole of CH2 groups, which is 38.4 kJ/mol less than the actual 696.7 kJ/mol evolved.  This extra 
38.4 kJ per mole of CH2 groups in cyclopropane is called ring strain, as found in the fifth column 
of Table 2.4.  The total ring strain is 38.4 x 3 = 115 kJ per mole of molecules, as found in the sixth 
column of the table. 
 Indeed, all other cycloalkanes in Table 2.4 emit proportionally more heat of combustion 
than cyclohexane (i.e., more than 658.3 kJ/mol of CH2) because they have extra enthalpy in the 
form of ring strain.  Each total ring strain reported in the last column of Table 2.4 can be calculated 
by multiplying the ring strain per CH2 group by the number of CH2 groups in the molecule.  
Because ring strain destabilizes a molecule, 
 

as ring strain ↑, energy ↑ & stability ↓ 
 
The structural factors responsible for these ring strains will be discussed next in Section 2.8. 
 
 
Puzzle 2.18 —————————————————————————————————— 
 
Cyclononane has a heat of combustion of 5981 kJ/mol. 
(a)  Calculate its total ring strain. 
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(b)  Which has more strain per CH2 group, cyclononane or cyclooctane? 
 
Puzzle 2.19 —————————————————————————————————— 
 
Consider cyclopentane, cyclohexane, and cycloheptane as fuels. 
(a)  Rank them by heat production per gram. 
(b)  Rank them by heat production per mole. 
——————————————————————————————————————— 
 

2.8  Ring Strain and Cycloalkane Conformations 
 
 The ring strains encountered in Section 2.7B can be rationalized in terms of two structural 
features, bent bonds and eclipsed conformations, according to our theories of hybridization and 
conformation.  Molecular models can help one visualize the three-dimensional forms of 
cycloalkanes throughout this section. 
 

2.8A  Ring Strain in Cyclopropane 
 
 Of all cycloalkanes the smallest, cyclopropane, has the most ring strain, 115 kJ per mole 
of molecules or 38.4 kJ per mole of CH2 groups (Table 2.4).  What causes so much strain and 
instability?  The three carbons of cyclopropane form an equilateral triangle with internal angles of 
60°.  Each carbon with four sigma bonds should be hybridized about sp3 with a C-C-C bond angle 
of approximately 109°.  Because the 109° orbital angle is more than 60°, the orbitals forming 
carbon-carbon bonds cannot overlap perfectly head-on but form bent bonds. 
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H H
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bent bonds in cyclopropane 
 
Such bent bonds are less stable than straight sigma bonds for two reasons: the orbitals overlap less, 
and the positively charged carbon nuclei, having less electron density directly between them, repel 
each other more.  Less stable bonds add to the enthalpy of molecules. 
 A second factor contributing to the ring strain of cyclopropane is the eclipsing of bonds: 
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eclipsed bonds of cyclopropane 
 
Sighting down any carbon-carbon bond reveals an eclipsed conformation.  Thus, very bent bonds 
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and eclipsed bonds explain the high ring strain in cyclopropane.  Consequently, cyclopropane is 
the least stable and most reactive cycloalkane. 
 
 
Puzzle 2.20 —————————————————————————————————— 
 
(a)  Why might the eclipsing of two carbon-hydrogen bonds in cyclopropane destabilize less than 
eclipsing in ethane? 
(b)  Why might the eclipsing of carbon-carbon bonds in cyclopropane destabilize more than 
eclipsing of carbon-carbon bonds in butane?  Models help here. 
——————————————————————————————————————— 
 

2.8B  Ring Strain in Cyclobutane 
 
 The next most unstable cycloalkane, with ring strain of 111 kJ per mole of molecules or 
27.7 kJ per mole of CH2 groups (Table 2.4, Section 2.7B), is cyclobutane.  Its four carbons define 
a square with internal angles of 90°.  This is considerably less than the ideal 109° bond angle for 
the ideally sp3 carbons.  This discrepancy of 19° results in carbon-carbon bonds that are bent but 
less than in cyclopropane. 
 If cyclobutane were planar, it would also endure eclipsed bonds, which would increase its 
enthalpy.  Like any other molecule it seeks the lowest possible enthalpy.  It can do this by 
puckering out of the plane to lessen eclipsing of bonds. 
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puckered plane of cyclobutane 
 
Although puckering out of the plane slightly diminishes the internal geometric angle to about 88° 
and so increases bond bending slightly, diminished bond eclipsing decreases total enthalpy.  The 
second most unstable and reactive cycloalkane results. 
 
 
Puzzle 2.21 —————————————————————————————————— 
 
With a molecular model verify that puckering the plane of cyclobutane not only diminishes bond 
eclipsing, but also increases bond bending. 
 
Puzzle 2.22 —————————————————————————————————— 
 
Which has a larger heat of combustion per mole, cyclobutane or methylcyclopropane?  Explain. 
——————————————————————————————————————— 
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2.8C  Ring Strain in Cyclopentane 
 
 According to Table 2.4, cyclopentane has much less ring strain than the smaller 
cycloalkanes: 26 kJ per mole of cyclopentane or 5.3 kJ per mole of CH2 groups.  The 108° interior 
angles of a regular pentagon practically equal the 109° bond angle for sp3 carbons.  Therefore, the 
carbon-carbon bonds of cyclopentane are practically straight.  But because a planar ring would 
mean many eclipsed bonds, cyclopentane, like cyclobutane, puckers out of the plane to diminish 
eclipsing: 
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puckered plane of cyclopentane 
 
Little bending of bonds and reduced eclipsing of bonds provides cyclopentane with little ring 
strain. 
 
 
Puzzle 2.23 —————————————————————————————————— 
 
Use a molecular model to determine how plane puckering affects bond bending in cyclopentane.  
Is cyclopentane's ability to diminish bond eclipsing by plane puckering limited? 
 
Puzzle 2.24 —————————————————————————————————— 
 
Erythrose is a sugar.  It cyclizes in one of two ways: 

           

O
OHOH

OH

OH OH

OH
O

CH2 C
H

OH
C
H

OHOH
CH
O

or

 
Which of the two cyclic products is more likely to form?  Explain. 
——————————————————————————————————————— 
 

2.8D  Ring Strain in Cyclohexane 
 
 Table 2.4 indicates that cyclohexane has no ring strain.  Yet, a planar regular hexagon has 
interior angles of 120°, a poor match for the 109° bond angles of sp3 carbons of cyclohexane.  So, 
a planar cyclohexane would have inwardly bent bonds as well as lots of eclipsed bonds.  To 
minimize enthalpy it puckers out of the plane more extensively than cyclobutane and cyclopentane.  
Two equivalent chair conformations result: 
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         axial                                                 axial 
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          axial                                                axial 
 

chair conformations of cyclohexane 
 
From the side, the ring of each conformation looks a little like a reclining chair with a backrest, 
seat, and leg rest.  The two chairs interconvert by coordinated rotation around the bonds of the 
ring.  The interconversion flips the backrest down into a leg rest and the leg rest up into a backrest.  
The rotations around single bonds make this interconversion facile and the two structures 
conformations.  Though not as fast as simple rotation around the carbon-carbon bond of ethane 
(1010 revolutions per second), these conformations flip back and forth very fast: 106 times per 
second. 
 In either conformation each carbon has two bonds to hydrogens.  One bond is roughly 
perpendicular to the ring and leads to a so-called axial hydrogen.  The other bond, roughly parallel 
to the ring, leads to a so-called equatorial hydrogen.  Every carbon has one axial and one 
equatorial hydrogen.  Several axial and equatorial hydrogens are noted in the above conformations.  
Note that the axial hydrogens alternate above and below the ring, as they progress around the ring.  
Also note that flipping a chair turns each axial hydrogen into an equatorial one, and vice versa. 
 To assess ring strain in a chair conformation, let us examine a Newman projection, sighting 
down two parallel carbon-carbon bonds simultaneously: 
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Newman projection of cyclohexane chair conformation 
 
Puckering the plane turns all eclipsed bonds into staggered bonds.  Furthermore, puckering 
perfectly straightens bent ring bonds.  Consequently, both chair conformations have equal enthalpy 
and no ring strain. 
 Cyclohexane can adopt other conformations but they all have some ring strain.  For 
example, the boat conformation is also puckered out of the plane and free of bent bonds. 
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                                          eclipsed Newman projection 

boat conformation of cyclohexane 
 
Two kinds of strain destabilize this conformation.  The first depiction above suggests steric 
repulsion between two of the hydrogens.  Furthermore, the second, Newman projection indicates 
eclipsing on two sides of this conformation.  Consequently, cyclohexane spends little time in boat 
conformations, and chair conformations predominate. 
 
 
Puzzle 2.25 —————————————————————————————————— 
 
(a)  Draw the two chair conformations of methylcyclohexane. 
(b)  Label each ring hydrogen as axial or equatorial. 
——————————————————————————————————————— 
 

2.8E  Conformations of Substituted Cyclohexanes 
 
 As observed in the preceding section, both chair conformations of unsubstituted 
cyclohexane have identical enthalpies.  Yet, when other atoms or groups replace hydrogen on the 
ring, the two chair conformations usually have different energies and stabilities.  Consider the two 
chair conformations of chlorocyclohexane: 
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                                        Newman projections 

two chair conformations of chlorocyclohexane 
 
The first conformation has an equatorial chlorine, whereas this substituent is axial in the second 
conformation.  Because the equilibrium constant, K, equals 0.41, at any moment the ratio of 
molecules in the second conformation to those in the first conformation is 0.41.  Because K is less 
than 1, the first conformation is more stable than the second conformation.  Why do the two 



2-32    Chapter 2  Alkanes and Cycloalkanes      

conformations differ in stability and enthalpy?  The above Newman projections of the second 
conformation show two gauche staggered repulsions, one between the axial chlorine and the 3 CH2 
group, and a second one between the axial chlorine and the 5 CH2 group (Section 2.6C).  These 
repulsions raise the enthalpy of this conformation and decrease its stability.  The conformation 
with the equatorial chlorine, missing these axial gauche repulsions, is therefore the more stable, 
prevalent one. 
 In fact, any substituted cyclohexane spends more time in the chair conformation with the 
substituent equatorial to avoid axial gauche repulsions.  For tert-butylcyclohexane the 
conformation with the substituent equatorial predominates even more: 
 

            H

H

(CH3)3C

(CH3)3C
K = 104

 
 

tert-butylcyclohexane 
 
The very large size of the tert-butyl group results in very large axial gauche repulsions in the axial 
conformation.  Consequently, the tert-butyl group is sometimes used to "lock" the conformation 
in the equatorial position when studying other parts of the ring.  Of course, the molecule is not 
actually locked in place.  It flips between chair conformations but it spends 99.99% of its time with 
the tert-butyl group equatorial. 
 Two substituents on cyclohexane further complicate the conformational analysis.  Consider 
two chair conformations of one isomer of 1,4-dimethylcyclohexane: 
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                 diaxial                           diequatorial 

a 1,4-dimethylcyclohexane 
 
The two methyl groups of the first conformation are both axial, that is, diaxial.  In the second, 
diequatorial conformation both substituents have flipped to equatorial positions.  Because the 
diequatorial conformation avoids axial gauche repulsions, it is much more stable than the diaxial 
conformation.  The large equilibrium constant confirms the large predominance of the diequatorial 
conformation. 
 A second isomer of 1,4-dimethylcyclohexane flips between two other chair conformations.  
(The nature of the relationship of the two isomers of 1,4-dimethylcyclohexane will be discussed 
in Section 3.4.) 
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a 1,4-dimethylcyclohexane 
 
An axial methyl group in one conformation becomes equatorial in the other, and vice versa.  The 
equilibrium constant equals 1 because both conformations are equally stable.  Each has one 
equatorial and one axial methyl group, so each has the same amount of destabilizing axial gauche 
repulsions. 
 Note that, while the chair conformations flip back and forth, a substituent retains its 
position relative to the neighboring hydrogen on the same ring carbon.  A substituent above its 
neighboring hydrogen in one conformation lies above this hydrogen in the other conformation.  
Likewise, a substituent below its neighboring hydrogen retains this relative position even as they 
switch axial and equatorial positions.  Keep this in mind when drawing conformations of 
substituted cyclohexanes. 
 Rings larger than cyclohexane are less common, and their small amounts of ring strain will 
not be explored here. 
 
 
Puzzle 2.26 —————————————————————————————————— 
 
(a)  Draw a chair conformation of 1-tert-butyl-4-methylcyclohexane that has the tert-butyl group 
equatorial and the methyl group axial. 
(b)  Now draw the other chair conformation of this molecule. 
(c)  Which of these conformations is more stable?  Explain. 
 
Puzzle 2.27 —————————————————————————————————— 
 
a-D-Glucose is a sugar found in blood, fruits, and many metabolic processes.  It can adopt this 
chair conformation: 

  

O

OH OH

OH
OH

OH

 
(a)  Draw its other chair conformation. 
(b)  Which chair conformation is stabler?  Explain. 
——————————————————————————————————————— 
 
 

Chapter Summary 
 
1.  Alkanes, cycloalkanes, alkyl halides, alcohols, and benzene compounds have systematic, 
IUPAC names.  Some also have unsystematic, common names. 
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2.  Carbons in organic molecules can be classified as primary, secondary, tertiary, or quaternary. 
3.  Isomers are different compounds with the same molecular formula.  Constitutional isomers are 
isomers with different sequences of atoms, and have different chemical and physical properties. 
4.  Mass spectrometry can determine the molecular weight and molecular formula of organic 
compounds. 
5.  The molecular formula of an uncharged, octet-complete compound, containing carbon, 
hydrogen, oxygen, and/or halogens, divulges its total number of rings and π bonds. 
6.  The boiling points and melting points of alkanes and cycloalkanes increase with increasing 
surface area (and dispersion forces).  Melting points also increase with increasing symmetry. 
7.  Being nonpolar, alkanes and cycloalkanes are most soluble in nonpolar solvents. 
8.  Conformations are different, momentary, easily interconverted spatial orientations of a 
molecule.  Eclipsed and staggered conformations result from fast rotations around carbon-carbon 
single bonds.  Electron repulsion destabilizes eclipsed more than staggered conformations.  
Newman projections depict distinctive conformations. 
9.  Alkanes and most cycloalkanes are too stable to react with most reactants.  They do react with 
radicals, such as halogen atoms and molecular oxygen.  During complete combustion oxygen 
oxidizes the hydrocarbon in a very exothermic reaction. 
10.  An excess heat of combustion for a cycloalkane reflects ring strain, extra enthalpy resulting 
from bent or eclipsed bonds. 
11.  The most reactive cycloalkane, cyclopropane, has the most ring strain, resulting mostly from 
very bent bonds. 
12.  The rings of cyclobutane and cyclopentane pucker out of the plane to diminish bond eclipsing. 
13.  Cyclohexane avoids ring strain by puckering its ring into two chair conformations.  Each 
carbon of the ring extends both equatorial and axial bonds. 
14.  A substituted cyclohexane prefers the more stable chair conformation with the substituent 
equatorial to avoid axial gauche repulsions. 
——————————————————————————————————————— 
 
 

Additional Puzzles 
 
2.28  Name these compounds: 
                                      I OH 
                                     |  | 
(a)  C(CH2CH3)4   (b)  CCl4   (c)  CH3CHCHCH3 
 
                              F F                  HO OH 
                              |  |                    |  | 
(d)  Br-             (e)     —C-C-CH3   (f)  ClCH2CH2CHCHCH3 
           CH(CH3)2            |  | 
                            H3C F 

 
2.29  Correct the mistake in each name and draw the structure with the corrected name: 
(a)  2-ethylbutane   (b)  4-propyl-2-methylheptane   (c)  3-bromo-4-chloropentane 
(d)  1-bromo-2-bromopropane   (e)  1-dichloroethane   (f)  2-fluoro propane 
(g)  3-methyl-1,2,3-tribromohexane   (h)  2-iodo-4-hexanol   (i)  2,3-difluorocyclopentane 

(g)              (h)OH
CH2CH3

Br

Br
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(j)  1,5-difluorobenzene 
 
2.30 (a)  Draw and name a primary, a secondary, and a tertiary alkyl halide. 
(b)  Draw and name a primary, a secondary, and a tertiary alcohol. 
(c)  Is a quaternary alkyl halide or alcohol possible? 
 
2.31  Draw the seven constitutional isomers with molecular formula C4H10O. 
 
2.32  Chlorine has two common isotopes: 35Cl and 37Cl.  35Cl is three times as abundant in nature 
as 37Cl. 
(a)  To the nearest integer, where in the mass spectrum of chloroethane would peaks for molecular 
ions be found.  Assume that carbon and hydrogen are almost completely 12C and 1H isotopes, 
respectively. 
(b) In what height ratio would you find the peaks for the molecular ions? 
 
2.33  Consider uncharged and octet-satisfied molecules with molecular formula C3H5ClO. 
(a)  How many rings and π bonds does each have? 
(b)  How many π bonds do all cyclic constitutional isomers of this formula have? 
(c)  Draw all cyclic constitutional isomers with this formula. 
 
2.34 (a)  Draw the constitutional isomers of C3H8O.   (b)  Rank these isomers by boiling point. 
 
2.35 (a)  Draw the constitutional isomers of C4H7Cl that have no π bonds. 
(b)  Provide IUPAC names for these isomers 
 
2.36 (a)  Draw and label Newman projections of all eclipsed and staggered conformations during 
rotation around the C(1)-C(2) bond of 1-chloro-2-methylpropane. 
(b)  Draw the enthalpy diagram for these conformations. 
 
2.37  Draw the most stable conformation of diethyl ether (CH3CH2OCH2CH3).  Assume that the 
lone pairs of oxygen repel less than the carbon groups on oxygen. 
 
2.38  Explain why each of these compounds is likely to be more reactive than an alkane: 
(a)  CH3OH   (b)  HO–   (c)  NH3   (d)  CH2=CH2   (e)  BH3   (f)  +CH3 
 
2.39 (a)  Write balanced equations for the complete combustion of methylcyclobutane and 
cyclopentane. 
(b)  Which combustion evolves more heat? 
 
2.40  Explain the different reaction rates: 
                              200°C, very fast 
       cyclopropane + H2 + Ni ————————————————> CH3CH2CH3 
 
                              200°C, slower 
        cyclobutane + H2 + Ni —————————————> CH3CH2CH2CH3 
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                               200°C 
       cyclopentane + H2 + Ni  —————>  no reaction 
 

2.41  Consider two different molecules of 1,2-dimethylcyclopropane: 

  
H
CH3CH3

H
CH3

CH3 H
H

 
The first molecule has a greater heat of combustion than the second.  Which molecule has more 
strain?  Explain this fact in structural terms. 
 
2.42  Consider two different molecules of 1-tert-butyl-3-methylcyclohexane: 

  

CMe3

Me Me

CMe3

 
(a)  Draw the two chair conformations for each molecule. 
(b)  For each molecule decide which, if either, conformation is more stable.  Explain your choices. 
(c)  Which of the two molecules above has the larger heat of combustion? 
 
2.43  Although anti conformations are usually more stable than gauche, why is a gauche 
conformation of 1,2-ethanediol more stable than the anti conformation? 
 
2.44  Does benzene have ring strain?  Explain. 
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