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Reactions of Alkanes

Cen S;ltira;f ristically, at ordinary temperature the alkanes are unreactive toward most
thegLatiI; . {::dls why as a cliass the)_r are also called ‘paraffins’, the name derived from
- asmbez ;:a:z;lm affinis meaning ‘little affinity’. The lack of reactivity of alkanes
ey o the very strong C—H bond (AH = -
conditions t _ \ ( H =415 kJ/mol). d
ns the alkanes do not react with acids, alkalis, oxidizing aidzggzéﬁlzd:;:;imcg
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Saturated Hydrocarbons - 91

The symbol A i _ |
place at ay;;rcepiill:ieuizfcf:: heat, and hv for light. Halogenation of alkanes does not take
senctive Bhan hrogsine: o room tcmperaturc: In the absence of light. Chlorine is more
room (Eperstue. Wh Orination of_alkgnes In the presence of light proceeds readily at
» Whereas bromination in the presence of light occurs only at higher

temperature.
. hv, 25°C
R—H+Cl, —Z~, R_ci+HC
av, 127°C
R—H+Br;, ———  R—Br+HBr

Halogenahon of al!(anes proceeds by a free-radical chain mechanism that can be
explam;d by the chlorination of methane. It involves four main steps. In the first step
which 1s known as Initiation, fragmentation of a chlorine molecule into two chlorine
atoms takes place by heat or light. The chlorine atom (a free-radical) abstracts hydrogen
from the methane molecule in the second step to create a methyl radical which reacts
with another molecule of chlorine in the third step to form methyl chloride and another
chlorine atom that can attack another methane molecule to repeat step 2, followed again
by step 3. In this way there is a chain of repetition of steps 2 and 3 producing a molecule
of methyl chloride with each repetition. Thus, the steps 2 and 3 are called propagation.
As the reaction continues, the amount of methane and molecular chlorine decreases and
the possibility of the existing free-radicals, i.e., methyl and chlorine free-radicals, to
collide with each other increases, which also results in the formation of the product, .
methyl chloride, in the fourth step without forming any new free-radical. This fourth step

is therefore called termination.

Step 1 cRLCl <o hj) 2+Cl (Initiation)
H H \
Step 2 H—C—H+*Cl » * H—C-+HCI
H
g (Propagation)
|
Step 3 H——(IZ + C1—Cl > H {‘3 Cl+ ‘Clj
| i .
H H
Termination)
i .Cl » H C Cl (
Step 4 H—C |
H H

' ' ses
' f the product, methyl chlqnde,: increa
' eds, the concentration 0 - - de instead of
— rea:ct_lqn proceh chlorine atom 1O colll‘{ie with m;t]}yl c{l IEZe-radical 1.e
and the posstbﬂlty of the € g creation of a Fhf eren - },ﬂ L.
methane, also increases. This fes le forms dichloromethane. Lichloro-

: - ‘ne molecu _ :
*CH,C]. which on reacting Wth. ;hllc;gl;l: to more highly chlorinated products n the
o 10

methane then 1n a similar _fas
propagation steps as follows:
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Reactions of A lkanes

92 |
Cl* + CH,CI — > -.CH,Cl + HCl
) : :
' CH?C]Z -3 'L.«l'
. R #
ol Ce T, +HO!
-CHCl, +‘C'; —y CHCl; + 1Y
Cl- + CHCl; ,  +CCl; + HCI
»CCl; + Cl; > 0L +E)

B q of met
However, polychlorination can be minimized by using a large €Xcess hane.

Chlorination of a single alkane, except methane qnd ethan;'w};hllihdgwe only One
product each, can yield a variety of products depepdlng on which NyC@rogen atom IS
replaced. In fact, a mixture of all possible 1someric monochloroalkanes is Oblﬂinedj

indicating that all hydrogen atoms are susceptible 1O replacement. Thus, Propang,
n-butane and isobutane can yield two 1someric monochloro- derivatives each; n-pentane

can yield three isomers, and isopentane can yield four isomers, as shown below:

Cl
CHCHCH; - 2‘;5 CH;CH,CH,C1 + CH,CHCH,
1V,
Cl
CH,CH ' - !
3CH,CH,CHj, ™ 25"’(; CH;CH,CH,CH,Cl + CHacHzCHCH;,
(Ing, | (|:H3 C[:H3
Cl
CH;CHCH; - 2;% CH;CHCH,CI + CH,CCH,
Cl
Cl
CH,CH,CH,CH,CH, "
by, 2500 CH,CH,CH,CH,CH,CI + CH;CH,CH,CHCH, +
Cl
.(I:HJ (IjH3 CH CH]CHECHCHECH3
CH,CHCH,CH, _° 3 THs
CHCHCH, —— CH,CHCH,CH, () 4 1y 4 |
1, 25°C 2413 +CHCHC
| HCH; + CH;CCH,CH, +
Cl (\31
CH;
How - |
e f}:’e"-’fdl ii f:;t:nt; 1Someric Monochloreg)k CICH,CHCH.CH:
o o d : :
yhlch_ls_ I the order: ?::tizf hidrogen dtom h;:es ;{é Oblained m different amoupt;
F:;SOCIHHOH thergy of C—H bond >ccondary > Primary Erem I b Sl'IbSt!mtltliie
" €Xample, the C— bond disg 'NCreases in the Order tydr()gen_ S N A ry
"ation ener Crhiary < secondary < primé
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Saturated Hyarocarvons

(CH;);C—H = 381 kJ/mol,
(CH,),CH—H = 395 kJ/mol,
(CH;),CHCH,—H
CH;CH,CH,—H { = 410 kJ/mol,
CH,CH.—3¥ |
and CH;—H = 435 kJ/mol.

;l“lfslzs,btehe ter‘ltlgry cl;ydrogen 1S only weakly bonded to carbon. This order of reactivity can
€xplained by the stability of the radicals resulting after the abstraction of
hydrogen. This 1s clear from the following examples:

hv, 25°C
CH;CH,CH,CH, + Cl, - > CH;CH,CH,CH,CIl + CH,CH,CHCH,

|

| B
28% 72%
(4.67% per pri-H) (18% per sec-H)
(,:Hs (leJ CH;
CH,CHCH; +Cl, —%2C,  CH,CHCH,CI + CH,CCH,
cl
64% 36%

(7.11% per pri-H)  (36% per tert-H)

On purely statistical basis (on the basis of equal reactivity of all types of hydrogens),
n-butane which has six primary and four secondary hydrogen atoms, should yield 60% of
1-chlorobutane and 40% of 2-chlorobutane, on chlorination. In actual practice, -the former

product which involves the substitution of a primary hydrogen, is obtained in 28% yield,
whereas the latter which involves a secondary hydrogen, 1s obtained in 72% yield. This

shows that each secondary hydrogen is replaced about 3.8 times as fast as a primary
hydrogen atom. Similarly, chlorination of isobutanc shows that a tertiary hydrogen is

about 5.0 times as reactive as a primary hydrogen. Thus, at room temperature, the

reactivity of tertiary, secondary and primary hydrogen toward chlorination is in the ratio:
5.0 : 3.8 : 1. However, this ratio decreases with increasing temperature, and at 300°C, the

ratio is 4 4 - 3.3 : 1. This is because at very high temperature, virtually every collision has
enough energy for abstraction of even a primary hydrogen atom.
The percentage shown above is among the monochlorinated alkanes; polychlorinated

products are also formed, as shown below:

CH; fHB Hs
| hv, 25°C —
: s CH,CHCH,Cl + CH;CCH; + Polychlorinated
CH,CHCH; + Cl : : “products
Cl
48% 27% 25%

Bromination of alkanes is similar to chlorination but since bromine 1s less reactive
the site of attack and mainly attacks the tertiary

than chlorine, it is more selective 1n
hydrogen atom.
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04 | Reactions o] Alkanes

CH CH, (‘:H'i
3
hv, 127°C + CH,CCH
> CH3CHCH1BT N 3
CH3CHCH3 + Bl’z | (TI"&CCS)
Br
> 99%

The ratio of the relative reactivity of a tertiary, secondary and primary hydrogen atom
toward bromination at 127°C is 1600 : 80 : 1.

Iodine is the least reactive of the halogens toward allgangs. The genf;ral order of
reactivity of halogens is: fluorine > > chlorine > bromine > 1odine. Inlfact, IUdlngtmn of
alkanes is a reversible process and the iodoalkanes which are formed in the reaction, are
reduced back to alkanes by hydrogen iodide, the other product of the reaction.

© R—H+]; === R—I+HI

However, if hydrogen iodide is destroyed as soon as it Js formedr by an oxidizing agent
such as HIO;, HNO,, HgO, etc., the reaction can be driven to the right.

SHI + HIO; —— 3], +3H,0

Fluorine is the most reactive halogen and reacts with most organic compounds with
explosion. It is therefore very difficult to control the reaction, and special conditions are

required for the fluorination of organic compounds. Fluorination of alkanes may be
carried out by diluting fluorine with nitrogen (an inert gas) and carrying out the reaction

In an apparatus specially designed to remove the heat produced in the reaction because
the reaction is hlghly exothermic. If the heat produced in the reaction is not removed, the

temperature may get so high as to induce cracking, resulting in the formation of
fluoroalkanes with fewer carbons. The product is usually a complex mixture.
CH3CH3 +F, > CH}CHF; + CHZFCHFZ + CF3CF3 + CF,

Monofluoroethane and symmetrical difluoroethane are not formed.

Direct chlorination of alkanes may
(SO:Cl,) in the presence of light

also be effected by means of sulfuryl chloride
and a trace of an organic peroxide.

| . A peroxide
R—H+50,Cl, ,—~ — R—Cl+ S0, + HCI

' hy
The mechanism of the reaction is:

O 0
, R- E &Q)—-!:—-R hy

O
A L

0O
> 2R——J3—0

=il R+ CO,
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Saturated Hydrocarbons 93

C] O -
R v
/S\\ > RCl + Cl—S
Cl O \0
O
s
C'Tlfs\ , SO, + Cl+
O
R'H + C]- > R’ + HCI
R+ + SOz(:lz > R'Cl + 'SOICI, €iC.

Sulfuryl chloride is more reactive, and therefore less selective, than chlorine.

2. Nitration. Nitration is another substitution reaction of alkanes in which a
hyd:;ogen atom of an alkane is replaced by nitro group (NO,). The reaction is usually
pamgd out in vapour phase. A gaseous mixture of alkane and a large excess of 60% nitric
acid 1s passed_ rapidly through a narrow tube at elevated temperature (400°C), where upon
a complex mixture of mononitroalkanes is obtained. Under the reaction conditions, the
alkar_le molecules also undergo fragmentation. The mixture therefore consists of ali the
poss;ble mononitro- derivatives of the alkane and the mononitro- derivative of its every
possible fragment, together with the oxidation products of the alkane such as carbon
monooxide, carbon dioxide, and water. In fact, 70 to 80% of nitric acid is consumed in
the formation of oxidation products. Thus, propane yields a mixture containing
1-nitropropane, 2-nitropropane, nitroethane, nitromethane, and the oxidation products.

CH,CH,CH, + HNO; —C | (CH,CH,CH,NO, + CH;(IJHCH3-+ CH,CH,NO, +

NO,
CH;NO, + CO + CO, + H,0

The product mixture may be separated by fractional distillation.

The components of the product mixture obtained by the high temperature vapour
phase nitration of a particular alkane can be predicted by a very simple rule. ‘All those
mononitroalkanes are produced that would result from the replacement of any hydrogen
" atom or any alkyl group of the starting alkane’. This rule 1s 1llustrated by the nitration of

n-butane and isobutane.
HNO; - CH3CH2CH2CH2N03 + CH;CH:(ISHCHB T

400°C
NO, |
CH,CH,CH,NO, + CH;CH,NO, + CH;NO,

'CH,CH,CH,CH;

(2-Nitropropane is not possible according to the rule).

I I [
CHCHCH, —N%,  CH,CHCH;NO; + CHiCCH; + CHyCHCH, + CHiNO,
NO; NO;

(No other products are formed).
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replaced Wit out! 0-150°C for s¢ d

_ _ ield. For example, when
Nitration of al in a poor Yla - sled tube (because
by heating a MIXH di . d at 150°C 1M s method is nc
te};Tiary hydrogen 15 “‘:placed ‘tric acid 18 heat€ - tained. SO this me not
. .obutane and D — |
a mixture .Of flztilﬁ) only 2-me i little practifﬂﬂl utility. |
ISOt;QIHEil? 1tsrzsl :ill alkar{es and therefore has 11 . qulfonic acid group (SO;H)
applica C

tom by th | .
3. Sulfonation. Replacement of a hydrogen 27 ed out by trealing them with

, . . qv be carvic . :
| ulfonation. Sulfonation 0_1 alkancs may | sulfur triox1de). ”_l"hc Ilalr(zidui’il 1S
A |furic acid or sulfuric acl e CH,SO;H 1s callcd €ither
oleum (fuming Sulkulsulfonic acid or a]kanesulfonic ac f}eblajcem ent of hydrogen atoms
nar;l;jl sajl F;;}:Eraiidyor ethanesulfonic acid. o i L— readily sulfonated at
me

' Thus, 1
s in the order: terhiary ~~ secondary > primary

the tertiary carbon aton;l. - - CH,
CH;

H:S0/S0s CH,CCH; + HzSO.
CH;CHCH;

SO,;H
2-Methylpropane-2-sulfonic acid
or
tert-Butylsulfonic acid

n-Alkanes with six or more carbon atoms are sulfonated when heated with oleum at
about 50°C. The sulfonic acid group probably enters the chain at the second carbon atom.

H,SO,
CH,CH,CH,CH,CH,CH; + SO; : . » CH,;CH,CH,CH,CHCH;
5(°

SO;H
Hexane-2-sulfonic acid

The sulfonic acid group is often introduced into long-chain alkanes to increase their
solubility in water so that they can be used as detergents.

4. Combustion. Although alkanes as a class are consi&ered to be unreactive, they
readily bumn 1f ignited in the presence of air or oxygen, and are oxidized to carbon

dioxide and water, with the evolution of a |
' 1 : a 1arge amount on
(burning) of methane is accompanied by the evolutio of heat. For example, combustio

is called the heat of combustion of methane n of heat equal to 891 kJ/mol, which

CH, (g) + 20, (g) - Flame

’ 0. (g) + 2H,0 () + 891 kJ/mol

. 1S us 5 1S
determine th - ¢d as a source of energy. 1t

u 3 : :
e it of hcm liberated in tha ,—wnmhuii“ﬂn
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gas (methane, 2.4, nropane and
ther by insufficient supp]

- | pply of oxygen
re to about 400°C, vyield valuable OXygen-containing

formald methyl alcohol (CH,0H), eth
crmaldehyde (HCHO) ang acetic acid (CH3COOH),3011 c)onfm;'{:iz%csi};?; (EHEHLO,

CH3 | CH3
CH i HBr
J*CH + 02 > CH3 C O O H
160°C
CH3 CH;;
Isobutane tert-Butyl hydrogen peroxide

~ A tertiary hydrogen atom of an alkane is also oxidized to a hydroxyl group by an
oxidizing agent such as potassium permanganate.

CH; ' CH;
KMHOq
CH J—CH > CH3 C—OH
. (O]
CH3 CHJ

5. Pyrolysis. The thermal decomposition (cleavage by heat) of organic compounds is
the name derived from the Greek word pyr meaning ‘fire’ and lysis
hen applied to alkanes, is called crackirg. When large

gh a chamber heated to a high temperature

(400-700°C), they undergo decomposition, through a free-ra;iica] n;cﬁhgnlsm, t’?‘h a
variety of smaller molecules of alkanes, alkenes, and even Caii on an try lt'ﬂg*’-'“{;f th:
extent of decomposition and the naturc of the products igper} = *(121 > :lc(ilil{f time of
original alkane, (ii) temperature and pressure al which GracKing lsﬂcar;]leeta]o 2;{1 Sos: Siiah ik
heating and (iv) presence or absence of catalysts Whlcc}rlca;e m?li gesistance of n-alkanes
alumina, silica, etc. Methane itself 1s stable upto 700 tl ms, and the branched-chain
against heat decreases with increasing number of carbon atoms, |

alkanes decompose more readily than the straight-chain 1SOmMCTS.
f cracking (particularly of petroleur.),

in the process O
Of all the compounds produced mx;[in pfour or fewer carbon atoms, €.E., methane,
| hose CORMGE 'S e and isobutene. A modified process

, buten . |
ethane, propane, butane, €t " hich an alkane is diluted with steam, heated to

of cracking called steam-€I' led. is used for the production of
700-900°C for a fraction of a s€cO

known as pyrolysis, _
meaning ‘losing’. Pyrolysis w
alkane molecules are passed throu
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+
, 3 HJCH2CH2CH3 = _}_ CH
CH, 3\?H%H3 " CH?.CH-réHCH 3, €lC
CH,
fSObeﬂHe

molecular formula of 4 saturated hyd bonds each in the formation of the r _
_ ydrocarbon corresponds to the general [ ; rnlng. s
: ' ral formula C. H

or example |
H,
_ \ 'H,—CH,
/%2 | CHz--—C,‘H: C\( CH, Cﬁc N H
CH,—CII, CH,—CH, CHz—(ﬁ \CH:‘“' CH,
Cyclopropane Cyclebutane Cyclopentane Cyclohexane

: For convenience, cycloalkanes are often represented by simple geometric figures,
D;c‘tgqi cyclopropane by a regular triangle, cyclobutane by a square, cyc]opentang/by a-
b gﬂgon, cyclohexane by a hexagon, and 50 on. A c_arbon atom with its two attached
Ydrogens (unless some other substituent is indicated) is understood to be present at each

“omer of the figure. For example, i :.

Cycel opropane Cyclobutane Cyclopentane Cyclohexane

al 2. The substituted cycloalkanes are named by placing the names of the substituents
; ong with their numbers showing their relative positions betore Ihc names of the
yci@&lkancs_ If there is only one substituent, it 1s not necessary (o designate its position
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