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Bonding, Structure, and
Reactions of Organic Molecules

ents 1 rge numbe
‘ arbon is unique among the elements in the larg o
‘ forms and in the variety of their structures. In com il lW_i“ o
i ;: chains; rings
Et forms molecules with single, double, and triple hond: d[‘:)cqumns i
i drocs
tures; and cages (Fig. 17.1). The thousands of stable hy
structures; :

-ogen (
m| .n and hydf

i r 0 St I'ldﬁ thWCCn (7K)’g‘€.1 )
contrast with the mere two stable compou e ond

ile eleme
and hydrogen peroxide). Even the rather versatile eler

LA, 3 jodic
form only six nitrogen oxides. n the period

C its position i 1 for
The unique properties of carbon relate to its p it casily f0

ati 3 atoms.
a second-period element, carbon has relatively small )

+ of compound
th hydrog

e

CHAPTER 17 Bonding, Structure, and Reactions of Organic Mol

ecules 633
double and triple bonds that are rare in the com

silicon. As a Group IV element, carbon can for
second-period clements; this characteristic give:
ration. Finally, as an element of intermediate el
Jent compounds both with relatively electronegative elements, such as oxygen,

nitrogen, and the halogens, and with relatively electropositive elements, such as
hydrogen and the heavy metals mercury and lead.

The study of the compounds of carbon
organic chemistry, although the chemistry of carbon is intimately bound up with
that of inorganic elements and with biochemistry. This chapter begins with a look
at the variety of bonding and structures evidenced by organic molecules, made pos-
sible by the properties of the element carbon described in the previous paragraph.

pounds of related elements, such as
m four bonds, more than the other
s it wide scope for structural elabo.
lectronegativity, carbon forms cova-

is the discipline traditionally called

FIGURE

17.1 One simple angd
unusual hydrocarbon is cubane
(CgHy), in which the eight carbon
atoms are arrang
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properties of organic substances is illustrated

by examining the composition, refin-
ing, and chemical processing of petrol

eum, the primary starting material for the
production of hydrocarbons and their derivatives. The chapter concludes with an

introduction to the types of compounds that result when elements such as chl,
oxygen, and nitrogen combine with carbon and
importance in synthetic reactions,

orine,
hydrogen, and with a survey of their

e T
BonDING AND StrRuUCT
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honding in Organic Molecules

€ struetures of many organic molecules (compounds of carbon) can be described
fough the s

simple molecular orbita] picture presented in Section 16.2. A helpful
o write the Lewis clectron-dot diagram.
consider the molecule 2-butene (CH3;CHCHCHS). Its Lewis dia-

an

example,
m s

HH I—_IH
H:_Q:C::C:_C;:H
H H

__the VSEPR theory, the steric number of the two
& }}af’e sp? hybridization), and that of the two cen
b"d"‘ﬂ‘f‘m)v The bonding about the outer carb
::;I*EOEI the central ones Will be_ t'rigona.l planar,
e ‘en (0) molecular orbital, giving a single bo:
e EIecn-t € case r.)f 2-butene, these'placements
3 ons, forming a total of 11 single bonds.

g tne TeMaining p orbitals that were not
O 7 molecular orbitals. The p,

: outer carbon atoms is 4 (and

tral carbon atoms is 3 (giving
on atoms will be tetrahedral,
Electron pairs are placed into
nd between each pair of bond-
use 22 out of the 24 available

involved in hybridization are com-
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FIGURE 17.2 As the 2-butene mole- il - [EXAMP L E 17_.1*-——_ o
cule is twisted about the C=C bond, § A —_— —_—
rlap of the two p orbitals The Lewis dis ] L ]
titecr(;:cg pg-iving a higlfer cnergy. 2 MR el e R
H
H: C—C=C:HH
H
Discuss its bonding and predict its geometry.
Solution
bTol’:le alfcf::(f:ecj; ];10‘]; ;%til')'mdjn’[r:l}-:c Stacturf isgp} hybridized, and the other two car
3 ybridized. The atoms in the molecule i i .
H i are on a singl ht line
with the exception of the three h gle straight line
; ydrogen atoms on the leftmost carbon
atom, whi
Ezi:ie?gva;d t?wa;(:) th:[et;l of the vertices of a tetrahedron There i5% (”_ borig
ach pair of bonded atoms, The p.. i
3 combine o form two 7 arbitaly ind L:v i;\ gll(lﬁﬁ.?l']bltalslon ﬁ:arbon atoms 2 and
S orbitals ; rbitals; only the y
pied in the ground-state electron configuration, y the former are occu-
High-cnergy structure Related Problems: 1, 2
I— ——0
A 52;“_3"([*_ typre\ of isomerism characteristic of organic molecules is optical isomeris
v . . or mality. P . 1T,
atoms can be mixed to form a 7 (bonding) molecular orbital and a 7* (antibonding) T — Ct:n eijz:tfon am;n that forms single bonds to four different atoms or groups,
‘molecular orbital, The remaining two valence electrons are placed into .the 7 orbital, | be Jlltel'.tonvcrtcd m l‘;o forms t]‘mt arc mirror images of each other but that cannot
giving a double bond between the central carbon atoms. If the p, orbital of one of Bt s bt witl ()[ll[ bll‘e:lkl:!‘lg and. re-forming bonds (Fig. 17.4). If a mixture
these atoms is rotated about the central C—C axis, its overlap with the p orbital of | b polarized “I?‘:; is rjbfr; v-ed into its optical isomers, the two forms rotate the plane
the ather carbon atom changes (Fig. 17.2). The overlap is greatest, and the energy Callywcti\;e ! Aglth in l1 erent durgcngus! and so such molecules are said to be “opti-
lowest, when the two p. orbitals are parallel to each other. In the most stable molec- ko ;0 ! tio}ug\l Pau_ed optical isomers have identical physical properties, their
ular geometry, the hydrogen atoms on the central carbon atoms lic in the same plane cules. As \Elft! E:Jrl sc:ctlﬂnsdlff?r wzhen they interact with other optically active l,l'lOle—
n T i ified m Secti 2 - N
a5 the C—C—C—C carbon skeleton, This prediction is verified by experiment [ ccive. One goul of phatmae :HF;]_C :i 3', [.:u otelrn‘s and other biomolecules are optically
" i bf carbon compoun 1 : - research is to prepare particular optical isomers
H / ficial and the ol:h » Or]me icinal use. In many cases one optical isomer is bene
—c H q er is useless or even B
\C /C N Structural Isomerism - harmful.
H™ ‘ / | In 2-butene there are two possible placements for the outer CHj groups relnn:e“ !
H the double bond (Fig. 17.3). In one, called cis-2-butene, the two methyl (CH; gll' n?n Vi
H H lie on the same side of the double bond; in the other, fv'ﬂm~2~bqtcl12. they :Il i ;)1 ;;fe"’
cis-2-butene opposite sides. Converting one form to the other requires breaking l‘!\e Ecn‘” 2 gl
bond (by rotating the two p, orbitals 180° with respect to each other, as in [(l]g- o
.1 re-forming it in the other configuration. Because breaking a  bond €O 7
then re-forming it in g e stabl oom temperd
H significant amount of energy, both cis and trans forms are stable at roc molecdl .
| ture, and interconversion between the two is very slow. The Cha“%feh mt compleé
N ; - i u
~c M structure from frans to ¢is can be accomplished by photochemistry \.vlt ;.bu[ene cal 2
/ N 2 breaking of bonds (see Section 16.7). Molecules such as those of trans- s molecul?
H ¢ C\ /H absorb ultraviolet light by the excitation of an elecn-onl froma 7 toa '” e of s N
H/ © orbital, just as ethylene does (see Fig. 16.28). In the excited electronic hTtboﬂ an i
/ ‘ 2-butene, the carbon—carbon double bond is effectively reduced ;0 ;’\ sing cMaleC”m . 0
-2-butene H i ther to form cis-2-butene. o RE 17, .
. il : o CE i » ]‘f:’“ f“t'lﬂtfe ":;l";:’;l:z) ;:}ge?en: structures are called geom® ot “0mg bOnZI:‘[ rA m(')!“lu'e Sl:Ch 2 rBECIE, which has four different atoms or groups of
emical formul E k B . 0 a single ca a oy L
that have the same c conversion of O geo! Crimpg gle carbon atom, exists in two mirror-image forms that cannot be

sed by rotation. Such pairs of molecules

3 chiral center. are optical isomers; the carbon atom s

isomers. Absorption of ultraviolet light can cause inte

FIGURE 17.3 The two cis-trans iso- :
rical isomer into another.

mers of 2-butene.

NEURELIS, INC., EX2052, page 6
PADAGIS US LLC v. NEURELIS, INC.
IPR2025-00465, U.S. PATENT 11,241,414



e —

CHAPTER 17 Bonding, Structure, and Reactions of Organic Molecules 637
636 UNIT 5 QuUANTAL DESCRIPTION OF ATOMIC AND MOLECULAR STRUCTURE

FIGURE 17.5 The four 7 molecu-
lar orbitals formed from four 2p,
atomic orbitals in 1,3-butadiene,
viewed from the side. Planar nodes
are indicated by red lines. Note the
similarity in nodal propertics to the
first four harmonics of a vibrating
string (right). Only the two ]f)wcst
energy orbitals are occupied in the
molecule in the ground state (left).

Conjugated Molecules

i lose to each other in a molecule,
two or more double or triple bonds occur clg
xi?gcalized molecular orbital picture of the bonding shogld be used. One exam-
ple is 1,3-butadienc (CH,CHCHCHS,), which has the Lewis diagram
H. "H=H S H!

H:Ci:C:CyrC:H
All four carbon atoms have steric number 3, and so all are sp? hybridizl?d._ The
remaining p, orbitals have maximum overlap when the four carbon atoms lie in th_e
same plane and so this molecule is predicted to be planar. From these fom.n' pil atomic
orbitals, fo’ur molecular orbitals can be constructed by combining ri?en- phases ag
o i,n Figure 17.5. The four electrons that remain after the 4 orbitals are filled
are placed in the two lowest 7 orbitals. The first of these is bonding among all four
carbon atoms, and the second is bonding between the ?te:i carho}ll'l ﬂtotm pairs bué

ing b i 1,3-butadiene has stronger an

ibonding between the central pair. Therefore, 1,
zﬁct)lrt;(:fb:fds between the outer carbon pairs than between t]l1e two central carbon
atoms. It is an example of a conjugated 7 electron system, in which two or more

double or tiple bonds alternate with single bonds. Such conjugated systems have
lower energies than would be predicted from localized bond models and are best
described with delocalized molecular orbitals extending over the entire 7 electron
sy'stEHL

Benzene is a ring molecule with the formula CsHs. In the language of Chap-
ter 3, benzene is represented as a resonance hybrid of two Lewis diagrams:

H H

The modern view is that the molecule does not jump between two structures but
rather has a single, time-independent electron distribution in which the 7 bonding is
described through delocalized molecular orbitals. Each carbon atom has sp? hybridiza-
tion, and the remaining six p, orbitals combine to give six molecular orbitals delo-
alized over the entire molecule. Figure 17.6 shows the  orbitals and their energy
level diagram. The lowest energy 7 orbital has no nodes, the next two have two
nodes, the next two have four nodes, and the highest energy orbital has six nodes.

Energy —=

FIGURE 17.6 The six 7 molecular orbitals for benzene,
viewed from the top, formed from the six 2p, atomic
orbitals lying perpendicular to the plane of the molecule.
Note the similarity in nodal properties to the standing
waves on a loop shown in Figure 15.16. Only the three
lowest energy orbitals are occupied in molecules of ben-
zene in the ground state.
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638 UNIT 5

TABLE 17.1

Straight-Chain Alkanes

il Name Formula
Il
il Methane CHy4
Ul ‘ Ethane CyH,
i ‘ Propane CsHg
| Butane CyHyo
| Pentane CsHpp
Il Hexane CeHis
“ Heptane CrHyg
|| Octane CgHig
ot Nonane CoHyg
il | Decane CioHa2
I | Undecane CiiHa4
| Dodecane Ci2Hz
| | Tridecane Ci3Hos
[ [ | Tetradecane C4Hszo
| Pentadecane CisHsz
| "Triacontane Csolls,

QuaNTAL DESCRIPTION 0F ATOMIC AND MOLECULAR STRUCTURE

The CgHg molecule has 30 valence electrons, of which 24 occupy s hyl?rid orbiralg
and form o bonds. When the six remaining valence electrons are placed in ghe three
lowest energy = orbitals, the resulting electron distribution is the same in all six
carbon-carbon bonds. As a result, benzene has six carbon-carbon bonds of equg|
length with properties intermediate between those of single and double bonds,

PETROLEUM REFINING AND THE HYDROCARBONS

When the first oil well was drilled in 1859 near Titusville, Pennsylvania, the future
effects of the exploitation of petroleum on everyday life could not have been antic.
ipated. Today, the petroleum and petrochemical industries span the wf)fld and touch
the most minute details of our daily lives. In the early years of this century, the
development of the automobile, fueled by low-cost gasoline derived from petro-
leum, dramatically changed many people’s lifestyles. The subsequent use of gaso-
line and oil to power trains and planes, tractors and harvesters, pumps a_nd coolers,
transformed travel, agriculture, and industry. Natural gas and heating oil warm the
vast majority of homes in the United States. Finally, the spectacu'lar growth of the
petrochemical industry since 1945 has led to the introduction f"f innumerable new
products ranging from pharmaceuticals to plastics and synthetic ﬁbclrs. More than
half of the chemical compounds produced in greatest volumes stem directly or indi-
rectly from petroleum. ) )

As we look forward to the next century, the prospects for the continued enjoy-
ment of cheap petroleum and petrochemicals are clouded. Many wells have been
drained, and the remaining petroleum is relatively difficult and costly to extract.
Petroleum is not easy to make. It originated from the deposition and dlecay of organic
matter (of animal or vegetable origin) in oxygen-poor marine se_dlmel:lts. Subse-
quently, petroleum migrated to the porous sandstone rocks from wh}ch it is extracted
today. In the last 100 ycars, we have consumed a significant fraction of ic petro-
leum accumulated in the earth over many millions of years. The imperative for Lhe
future is to save the remaining reserves for uses for which few substitutes are avail-
able (such as the manufacture of specialty chemicals) while finding other sources of
heat and energy. ) ]

Isolating individual hydrocarbon substances from the complex mixtures obtamc‘d
as petroleum is therefore an industrial process of central importance. Moreover, it
provides a fascinating story illustrating how the structure of molecules determines
the properties of substances and therefore the behavior of those ‘substances in pgf-
ticular processes. This section presents a brief introduction to this story, emphasiz-
ing the structure-property correlations.

Petroleum Distillation and the Normal Alkanes

Although crude petroleum contains small amounts of oxygen, nitrogen, and su}[f\il:;_
its major constituents are hydrocarbons, compounds of carbon am.j hydrogen.(a’so“
most prevalent hydrocarbons in petroleum are the straight-chain alkanebs by
called normal alkanes, or #-alkanes), which consist of chains of earbon atoms ngm
to one another by single bonds, with enough hydrogen atoms on each m;boneneric
to bring it to the maximum bonding capacity of four. These alkanes have t "‘f‘l[fc onds
formula C,Hj,,+2; Table 17.1 lists the names and formulas of the first few.

CHAPTER 17

of the molecules are methyl (—CHj) groups, with methylene (—CH,—) groups
between. We could write pentane (CsHpy) as CH3;CH,CH,;CH,CHj to indicate the
structure more explicitly or, in abbreviated fashion, as CH;(CH,) 3CH;.

Each carbon atom in a straight-chain alkane forms four single bonds, which
point to the corners of a tetrahedron (exhibiting sp* hybridization). Although bond
lengths do not change much through vibration, rotation about a C—C single bond
occurs quite easily (Fig. 17.7), and so a given hydrocarbon molecule in a gas or
liquid constantly changes its conformation. The term “straight chain” refers only to
the bonding pattern in which each carbon atom is bonded to the next one in a
sequence; it does not mean that the carbon atoms are positioned along a straight
line. An alkane molecule with 10 to 20 carbon atoms looks quite different from its
curled-up form when its bonds are extended to give a “stretched” molecule (Fig.
17.8). These two extreme conformations and many others interconvert rapidly at
room temperature,

Figure 17.9 shows the melting and boiling points of the straight-chain alkanes;
both increase with the number of carbon atoms and thus with molecular mass. This
is a consequence of the increasing strength of dispersion forces between heavier
molecules, as discussed in Section 4.7. Methane, ethane, propane, and butane are
all gases at room temperature, but the hydrocarbons that follow them in the alkane
series are liquids. Alkanes beyond about C,,H;g are waxy solids at 20°C, with melt-
ing points that increase with the number of carbon atoms present. Paraffin wax, a
low-melting solid, is a mixture of alkanes that have 20 to 30 carbon atoms per mol-
ecule. Petrolatum (petroleum jelly, or Vaseline) is a different mixture that is semi-
solid at room temperature.

A mixture of hydrocarbons such as petroleum does not boil at a single, sharply
defined temperature, Instead, as such a mixture is heated, the compounds with lower
boiling points (the most volatile) boil off first and, as the temperature rises, more
and more of the material vaporizes. The existence of a boiling-point range permits
components of a mixture to be separated by distillation, as Section 6.5 discussed.
The earliest petroleum distillation was a simple batch process: the crude oil was
heated in a still, the volatile fractions were removed at the top and condensed to

e R

Bonding, Structure, and Reactions of Organic Molecules 639

FIGURE 17.7 The two —CH;
groups in ethane rotate easily about
the bond that joins them.

FIGURE 17.8 Two of the very
many possible conformations of the
alkane C;;Hj. The carbon atoms
are not shown explicitly, but they lie
at every intersection of four lines.
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FIGURE 17.9 The melting and
boiling points of the straight-chain
alkanes increase with chain length 7.
Note the alternation in the melting
points: alkanes with # odd tend to
have lower melting points because
they are more difficult to pack into a
crystal lattice.

FIGURE 17.10 In the distillation of

QuANTAL DESCRIPTION OF ATOMIC AND MOLECULAR STRUCTURE

gasoline, and the still was cleaned for another batc'h‘ Modern peltroleqm reﬁnerie.g,
use much more sophisticated and efficient distillation 1-net1mds, in which crude_ oil
is added continuously and fractions of differenF volatility are tapped off at varioys
points up and down the distillation column (Fig. 17.10). 'To save on eneihgy costs,
heat exchangers are employed to capture the heat from condensation of the liquid
roducts. ]

o Distillation allows hydrocarbons to be separated by boiling point and thus by
molecular mass. The gases that emerge from the top of the c_olumn resemble the
natural gas that collects in rock cavities above petroleum deposits. The gas mixtures
can be separated further by redissolving the ethane, propane, and butanf: ina lig-
uid solvent such as hexane. The methane-rich mixture of gases tl'fat. remains is used
for chemical synthesis or is shipped by pipeline to heat homes. Redistilling the hex;.um
and its dissolved gases allows their separation and their use as Ch.(:tI]lC:ll starting
materials. Propane and butane are also bottled under pressure as liquefied petro-
leum gas (LPG), which is used for fuel in rura] areas. Afn.:r the gases, thc. nest frac-
tion to emerge from the petroleum distillation column is naphtha, whlch is used
primarily in the manufacture of gasoline. Subsequent frﬁc?:u)nsAof successwe}ly l'llghe?r
molecular mass are employed for jet and diesel fuel, heating oil, and mach!ne? luE?1-1—
cating oil. The heavy, involatile sludge that remains at the lbottom of the distillation
unit is pitch or asphalt, which is used for roofing and paving.

Cyclic and Branched-Chain Alkanes

The straight-chain alkanes are not the only hydrocarbons in‘pctroleum. Two other
important classes of compounds, the cyclic and branched-chain alkanes, are also rep-
resented. A cycloalkane consists of at least one chain of carbon atoms attached at

e —
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B 3% L%

() (b) ©

FIGURE 17.11  Three cyclic hydrocarbons. (a) Cyclopropane, CsHs. (b) Cyclobutane,
C4Hg. (c) Cyclohexane, CgIT;5

the ends to form a closed loop. In the formation of this additional C—C bond, two
hydrogen atoms must be eliminated, and so the general formula for cycloalkanes
with one ring is C,Hy, (Fig. 17.11). The smallest cycloalkanes, cyclopropane and
cyclobutane, are very strained compounds because the GC—C—C bond angle is 60°
(in C3Hg) or 90° (in C4Hy), far less than the normal tetrahedral angle of 109.5°, As
a result, these compounds are more reactive than the heavier cycloalkanes or their

straight-chain analogs, propane and butane.
Branched-chain alkanes are hydrocarbons that contain only C—C and C—H

hydrocarbon fractions are removed single bonds but in which the carbon atoms are no longer arranged in a straight chain.

R\ | petroleum, the lighter, more volatile

from higher up the column and the

|  higher | One or more carbon atoms in each molecule are bonded to three or four other car-
heavier fractions from lower down. bon atoms rather than to only one or two as in the normal alkanes or cycloalkanes,
" | e Fractionating Gases, C‘TC]f The simplest branched-chain molecule (Fig. 17.12b) is that of 2-methylpropane,
Jl | ‘ tower Fuel and chemicals sometimes referred to as isobutane. This molecule has the same molecular formula
‘ Naphtha, Ce~Cpo as butane (C4Fl;g) but a different bonding structure in which the central carbon
[ Bell e Gasoline and chemicals atom is bonded to three ~—CHjs groups and only one hydrogen atom. The com-
“ ALt 1 Liquid from o Trays pounds butane and 2-methylpropane are isomers. Their molecules have the same
Ui °°“:j°:e‘i y . formula but different three-dimensional structures that can be interconverted only ~ (a)
‘ P e by breaking and re-forming chemical bonds.
f 1 Overflow— e The number of possible isomers increases rapidly with increasing numbers of
||I pipe Sl Ktzr":lel‘]’:;lﬁ?g’ﬁﬁ ‘arbon atoms in the hydrocarbon molecule. Thus, butane and 2-methylpropanc are
| ‘ - B Jetan e only two isomers of chemical formula C4llg, but there are three isomers of CsH) 5, i
‘ | ‘ o Vapors . 4 4 Gas o, Cus~Caz ‘,";l\'e f)f CeHya, 4nine of C;H 4, and nlu'llions of C3oHs;. A' systematﬁc procedure for
i Pipe still —~ Trays Diesel and heating fuel "..“ml_ng these isomers has been codified by the International Union of Pure and :
"H' | Applied Chemistry (TUPAC). The following set of rules is a part of that procedure. ‘
If |: ‘ | s i Lubricating ()]lllgcrlg;tf;;ﬂu Fl Find the longest continuous chain of carbon atoms in the molecule. The mole-
| _ Crude oil 4 ~ cule is named as a derivative of this alkane. In Figure 17.12b a chain of three (b)
l 1\ | ‘ vapors Bottoms, >C1s 2 Crbon atoms can be found, and so the molecule is a derivative of propane. FIGURE 17.12

il Two isomeric {
Bailer fuel, asphd hydrocarbons with the molecular
formula C4Hjy. (a) Butane. (b) 2-

methylpropane.

he hydrocarbon groups attached to the chain are called alkyl groups. Their
Mames are obtained by dropping the ending -ane from the corresponding alkane
and replacing it with -yl (Table 17.2). The methyl group, —CH3, is derived from
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TABLE 17.2

Alkyl Side Groups

methane (CHy), for example. Note also the isopropyl group, which attaches by
its middle carbon atom. - )

3. Number the carbon atoms along the chain identified in I:ule 1. Identify each a“fy]
group by the number of the carbon atom at which it is attached to the chain,

*T

CHAPTER 17

tures of heptane and isooctane cause intermediate amounts of knocking. Standard
mixtures of these two compounds define a scale for evaluating the knocking caused
by real gasolines, which are complex mixtures of branched-chain and straight-chain
hydrocarbons. If a gasoline sample produces the same amount of knocking in a test

Name Formula “The methyl group in the molecule in Figure 17.12b is attached to the second of AU 5 :inzt‘"e of 90% (EY V;(l)“me) 2,2,4-trimethylpentane and 10% heptane,
the three carbon atoms in the propane chain, and so the molecule is called 2. t B enecitns, octans umber 24, . . .
Methyl —CH; methvlnronane. The carbon chain is mumbered from the end that gives the low- Cfartam additives increase the octane rating of gasoline. The least expensive of
Ethyl —CH,CH; . " L):libel: for’ the position of the first atta ched group. these is tetraethyllead, Pb(C;Hy)s, a compound that has very weak bonds between
Propyl *ggzggz(ﬁ; i ;? n?ore than one alkyl group of the same type is attached to the chain, use the the centrfil lead atom ar}d the e'thyl carbon atoms. Tt readxly. releases‘ ethyl radicals
I;;)Fyrlopyl :CHECH?(ZIHZCH; i prefixes di- (owo), tri- (three), tetva- (four), penta- (five), and so forth to specify (-C2Hs) into the gasoline during combustion; these reactive species speed and

the toral number of such attached groups in the molecule. Thus, 2,23.
trimethylbutane has two methyl groups attached to the second cafbon atom and
one to the third carbon atom of the four-atom butane chain. It is an isomer of
heptane (C7H ;). ‘ )

5. If Several types of alkyl groups appear, name them in alphabetical order. Ethyl js
listed before methyl, which appears before propyl.

EXAMPLE 17.2—

Name the following branched-chain alkane:

—CH

CHy cm, ik cH,
\

ey’ Y CH/] CH,—CH,

Solution o o o
The longest continuous chain of carbon atoms is six, and so this is a derivative of

hexane. Number the carbon atoms starting from the left.

; : ol
: —CH
CHi, Cm,_, CHCHs

e !
Yy o, cH—CH,
Methyl groups are attached to carbon atoms 2 and 4, and an ethyl group is attacheg
to atom 4, The name is thus 4-ethyl-2,4-dimethylhexane. Note that if we had starte
numbering from the right, the higher number 3 would have appeargd for the posi-
tion of the first methyl group, and so the numbering from the left is preferred.

Related Problems: 13, 14

The fraction of branched-chain alkanes in a gasoline affects how it burns in an
engine. Gasoline composed entirely of straight-chain alkanes bu‘rns very unev;:)"v
causing “knocking” that can damage the engine. Blends that are richer in brall:c o5
chain and cyelic alkanes burn with much less knocking. Smoothn?.ss of comﬁ“:d o
is rated quantitatively via the octane number of the gasoline, whlchlwas def ?;ausﬂ-
1927 by selecting two compounds that lie at extremes in the knocking theyoo iy
Pure 2,2,4-trimethylpentane (commonly known as isooctane) burn:r» very S:J-ne i

and was assigned an octane number of 100. Of the compounds examined at th

me,
) i - (0. Mis=
pure heptane caused the most knocking and was assigned octane number

smooth the combustion process, reducing knocking and giving better fuel perfor-
mance. The lead is released into the atmosphere and causes serious long-term health
hazards, however. As a result, the use of lead in gasoline is being phased out, and
other low-cost additives are being sought to increase octane number. Chemical
processing to make branched-chain compounds from straight-chain compounds
represents another solution to the problem, although only a partial onc.

Alkenes and Alkynes

The hydrocarbons discussed so far are referred to as saturated, because all the
carbon—carbon bonds are single bonds. Hydrocarbons that have double and triple
carbon—carbon bonds are referred to as unsaturated (Fig. 17.13). Ethylene (C,Hy)
has a double bond between its carbon atoms and is called an alkene. The simplest
alkyne is acetylene (C,I1,), which has a triple bond between its carbon atoms. In
naming these compounds, the -sne ending of the corresponding alkane is replaced
by -ene when a double bond is present and by -yne when a triple bond is present.
Ethene is thus the systematic name for ethylene, and cthyne for acetylene, although
we will continue to use their more common names. For any compound with a
carbon backbone of four or more carbon atoms, it is necessary to specify the loca-
tion of the double or triple bond. This is done by numbering the carbon—carbon
bonds and putting the number of the lower numbered carbon involved in the multi-
ple bond before the name of the alkene or alkyne. Thus, the two different isomeric
alkynes with the formula C4Hg are

HC=C—CH,—CH; 1-butyne
CH;—C=C—CH; 2-butyne

Bonding, Structure, and Reactions of Organic Molecules

FIGURE 17.13 One way to distinguish alkanes from alkenes is by their
reactions with aqueous KMnQy. This strong oxidizing agent undergoes no
reaction with hexane and retains its purple color (left). When KMnOy is
placed in contact with 1-hexene, however, a redox reaction takes place in
which the brown solid MnO; forms (right) and —OH groups are added to
both sides of the double bond in the 1-hexene, giving a compound with the
formula CH;(CH,);CH(OH)CH,;OH. (Charles Steele)
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