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9.3: REACTIONS OF ALKYNES - ADDITION OF HX AND Xz

40 OBJECTIVES

After completing this section, you should be able to

e describe the bonding and geometry of the carbon-carbon triple bond in terms of the sp-hybridization of the carbon atoms involved.

o explain the reactivity of alkynes based on the known strengths of carbon-carbon single, double and triple bonds.

e write equations for the reaction of an alkyne with one or two equivalents of halogen (chlorine or bromine) or halogen acid (HCI,
HBr or HI).

e draw the structure of the product formed when an alkyne reacts with one equivalent of the halogens and halogen acids listed in
Objective 3.

¢ identify the alkyne which must have been used in an addition reaction with a halogen or halogen acid, given the product of such a
reaction.

X STUDY NOTES

You might find it useful to review Section 1.9 before you begin work on this chapter. If necessary, construct a molecular model of a
simple alkyne. Notice the similarity between the behaviour of alkenes and that of alkynes. In the laboratory, you will observe that
alkynes readily decolourize a solution of bromine in dichloromethane. Section 9.7 describes a test that allows you to distinguish
between a terminal alkyne (i.e., one in which the triple bond occurs between the last two carbons in the chain) and nonterminal alkynes
and alkenes.

THE ALKYNE TRIPLE BOND

As discussed in Section 1-9, the carbon-carbon triple bonds of alkynes are created by the the overlap of orbitals on two sp hybridized
carbon atoms. The molecule acetylene (HCCH) is said to contain three sigma bonds and two pi bonds. The C-C sigma bond of acetylene is
formed by the overlap an sp hybrid orbital from each of the carbon atoms. The two C-H sigma bonds are formed by the overlap of the
second sp orbital on each carbon atom with a 1s orbital from a hydrogen. Each carbon atom still has two half-filled P orbitals, which are
perpendicular both to each other and to the line formed by the sigma bonds. These two perpendicular pairs of p orbitals form two pi bonds
between the carbons, resulting in a triple bond overall (one sigma bond plus two pi bonds). The electrostatic potential map of acetylene
shows that the pi electrons of the triple bond form a negative belt (shown in red) around the center of the molecule.
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Acetylene is linear, as predicted by VSEPR, with all four atoms lying in a straight line and both H-C-C bond angles being 180°. The triple
bond in acetylene is the shortest (120 pm) and the strongest (964 kJ/mol) carbon-carbon bond known.
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ELECTROPHILIC ADDITION OF HX TO ALKYNES

Alkynes undergo electrophilic addition in much the same manner as alkenes, however, the presence to two pi bonds allows for the possibly
of the addition happening twice. The addition of one equivalent of hydrogen chloride or hydrogen bromide converts alkynes to haloalkenes.
The addition of two or more equivalents of HCl or HBr converts alkynes to geminal dihalides through an haloalkene intermediate. These
additions are regioselective and follow Markovnikov's rule. The double bonds formed during the reaction with internal alkynes tend to have
Z stereochemistry although not always.
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HBR ADDITION TO A TERMINAL ALKYNE

. Br, H
1 equiv. HBr \ /
—_—

c=C
CH3CO,H

HzCH,CH,C—C=C—H c=c
HzCH,CH,C H

pent-1-yne

2-bromopent-1-ene

Br H

— 2 equiv. HBr |
HaCH,CH,C—C=C—H S TE0 o ol CH,C—C—C—H

CH3CO,H [

pent-1-yne Br H

2,2-dibromopentane

HCL ADDITION TO A SYMMETRICAL INTERNAL ALKYNE

L eauiv. HC Cl CH,CHg
HsCH,C—C=C—CH,CHy =~ ——dV T c=C
CH3CO,H

/ \
hex-3-yne H3CH,C H
(2)-4-chlorohex-3-ene

Cl H

i !
2 equiv. HCI H3CH2C—(|:—$—CH2CH3

H3CH2C_CEC_CH2CH3
CH;CO,H
hex-3-yne $o2 Cl H
3,3-dichlorohexane

HBR ADDITION TO AN ASYMMETRICAL INTERNAL ALKYNE

The addition of HX to an asymmetrical internal alkyne tend to make a mixture of isomers as products.

_ Br CHy H CH,4
— 1 equiv. HBr N/ N/
H;CH,C—C=C—CH; —> /C—C\ + /C—C\
CH3CO,H
pent-2-yne sv2 HaCH,C H HCH,C Br
(2)-3-bromopent-2-ene (2)-2-bromopent-2-ene
Ii%r T H Br
i |1
HeCH,C—C=C—CH, 22UV Bl CH,C—C—C—CH;  +  HyCH,C—C—C—CH,
CH3CO,H | [
pent-2-yne Br H H Br
3,3-dibromopentane 2,2-dibromopentane

MECHANISM

The mechanism for the electrophilic addition of HX to an alkyne is analogous to the HX addition to an alkene. The presence of two pi bonds
in the alkyne allows for the addition of HX to occur twice. The addition of H* to the alkyne forms a vinyl cation will preferably form on the
more substituted side of the alkyne following Markovnikov's rule. The subsequent addition of Br~ forms a haloalkene which undergoes
electrophilic addition to a second H*. The carbocation form will preferably form on the carbon attached to the halogen already in place. The
carbocation is stabilized by the halogen through the creation of a resonance structure which obeys the octet rule. This stabilizing effect
ensures that a geminal-dihalide is the sole product and no vicinal-dihalide is formed.
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ELECTROPHILIC ADDITION OF X, TO ALKYNES

Alkynes undergo the same type of electrophilic addition with chloride and bromine as alkenes. However, with alkynes the halogen addition
can occur once or twice depending on the molar equivalents of halogen used in the reaction. If one molar equivalent of halogen is used, a
dihaloalkene is formed. The anti addition of the reaction mechanism causes the halogens to be trans in the resulting alkene. The addition of
two or more molar equivalents of halogen converts the alkyne to a tetrahaloalkane through a dihaloalkene intermediate.

1 equiv. Br. Br\ /H
CH4CH,CH,c=c—H =29V Bz c=c
CH,Cl, 2
H3CH2CH2C Br
pent-1-yne (E)-1,2-dibromopent-1-ene
Br Br
— 2 equiv. Bry
CH3CH,CH,C=C—H ————5» —C—C—
3LHLHs CH,Cl, H3CH,CH,C (|3 CII H
Br Br
pent-1-yne 1,1,2,2-tetrabromopentane

MECHANISM

The alkyne undergoes electrophilic addition with bromine to form a bromonium ion in a three-membered ring. The ejected bromide ion
performs an Sy2 reaction with the bromonium ion causing the ring to open and the bromines in the resulting alkene to be in a trans
configuration. The process is repeated with a second pi bond creating a tetrahaloalkane as a product.
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RELATIVE REACTIVITY OF ALKYNES AND ALKENES TO ELECTROPHILIC REAGENTS

When the addition reactions of electrophilic reagents, such as strong Brensted acids and halogens, to alkynes are studied there is a curious
paradox. The reactions of alkynes are even more exothermic than the additions to alkenes, and yet the rate of addition to alkynes is slower
by a factor of 100 to 1000. This concept is shown in the reaction of one equivalent of bromine with 1-penten-4-yne to produce 4,5-
dibromopent-1-yne as the chief product.

__ Br, Br Br
_ S = JJ
1-penten-4-yne 4,5-dibromopent-1-yne

Why are the reactions of alkynes with electrophilic reagents more sluggish than the corresponding reactions of alkenes? Typically, addition
reactions to alkynes are more exothermic than additions to alkenes, and there would seem to be a higher m-electron density about the triple
bond ( two m-bonds versus one ). Two factors are significant in explaining this apparent paradox. First, although there are more n-electrons
associated with the triple bond, the sp-hybridized alkyne carbons are more electronegative than the sp2-hybridized alkene carbons. The
alkyne carbons exert a strong attraction for their n-electrons, which are consequently bound more tightly to the functional group than are the
ni-electrons of a double bond. This is seen in the ionization potentials of ethylene and acetylene. Remember an ionization potential is the
minimum energy required to remove an electron from a molecule of a compound. Since the initial interaction between an electrophile and
an alkene or alkyne involves the donation of electrons, the relatively slower reactions of alkynes becomes understandable.

Acetylene HC=CH + Energy — [HC=CH +*) + 0 AH = +264 kcal/mole
Ethylene H,C=CH, + Energy — [HyC=CH,] +® + ¢® AH = +244 kcal/mole

A second factor is presumed to be the stability of the carbocation intermediate generated by sigma-bonding of a proton or other electrophile
to one of the triple bond carbon atoms. When comparing the mechanism for the addition of HBr to an alkene and an alkyne, the alkyne
reaction creates a vinyl carbocation which is less stable than the alkyl carbocation made during the alkene reaction.
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Indeed, we can modify our earlier ordering of carbocation stability to include these vinyl cations in the manner shown below.

Substitution Methyl 1°-Vinyl 1° 2°-Vinyl 2° 1°-Allyl 3°
Stability CH;®W = RCH=CH®™ < RCH,") = RCH=CR(™ < R,CH®) ~ CH,=CH-CH,™" < RC™

Application of the Hammond postulate indicates that the activation energy for the generation of a vinyl cation intermediate would be higher
than that for a lower energy intermediate. Thus, electrophilic reactions with alkenes have a lower activation energy and process faster than
the corresponding reaction with an alkyne. This is illustrated for alkenes versus alkynes by the following energy diagrams. Despite these

differences, electrophilic additions to alkynes have emerged as exceptionally useful synthetic transforms.

Transition State for A A

Addition to Alkyne
Transition State for
Addition to Alkens
wWiryl
Carbocation

Saturated
Carbaocation

Energy
Energy

Starting Alkyne
Starting Alkene

— Reaction Progress — — Reaction Progress —

A Comparison of Energy Profiles for Electrophilic Addition to Alkenes and Alkynes

ELECTROPHILIC ADDITION OF HX WITH PEROXIDES TO ALKYNES
When 1 equivalent of HBr is reacted with alkynes in the presence of peroxides and Anti-Markovnikov addition occurs. The use of peroxides
causes the reaction to occur via a free radical mechanism. The bromine adds to the less substituted alkyne carbon while the hydrogen adds

to the more substituted creating a haloalkene. Typically, H and Br are added in a syn or anti manner creating a mixture of products.

) H H H Br
_ 1 equiv. HBr \ / \ /
CH3CH,CH,C=C—H —0m078M—— C=C + C=C
peroxides SN SN
H3CH,CH,C Br H3CH,CH,C H
pent-1-yne (2)-1-bromopent-1-ene (E)-1-bromopent-1-ene

? EXERCISE 9.3.1

Draw the structure and give the [IUPAC name of the product formed in each of the reactions listed below:
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Answer

HCI (1 equiv.)

HCI (excess)

Br, (1 equiv.)

Br, (excess)

K K S

HCI (1 equiv.)
———

HCI (excess)

Br, (1 equiv.)
——

Br, (excess)
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HCI (1 equiv.)
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(Z)-2-chlorobut-2-ene
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2,2-dichlorobutane

Br, (1 equiv.)

(E)-2,3-dibromobut-2-ene
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2-chlorobut-1-ene

Q

HCI ss
(excess) 2,2-dichlorobutane

2

Q
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Br; (1 equiv.
% (E)-1,2-dibromopent-1-ene

m}

Br,

[oy)
=

Br, (excess)

@
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1,1,2,2-tetrabromopentane
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