Organic Chemistry
Chemistry department

Reactions of Alkanes • Radicals
We have seen that there are three classes of hydrocarbons: alkanes, which contain only single bonds; alkenes, which contain double bonds; and alkynes, which contain triple bonds.
Alkanes are called saturated hydrocarbons because they are saturated with hydrogen. In other words, they do not contain any double or triple bonds.

Alkanes are widespread both on Earth and on other planets. The atmospheres of Jupiter, Saturn, Uranus, and Neptune contain large quantities of methane the smallest alkane, which is an odorless and flammable gas. In fact, the blue colors of Uranus and Neptune are due to methane in their atmospheres. Alkanes on Earth are found in natural gas and petroleum, which are formed by the decomposition of plant and animal material that has been buried for long periods in the Earth’s crust, an environment with little oxygen. Natural gas and petroleum, therefore, are known as fossil fuels. Natural gas consists of about 75% methane. The remaining 25% is composed of small alkanes such as ethane, propane, and butane. In the 1950s, natural gas replaced coal as the main energy source for domestic and industrial heating in many parts of the United States. 
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Petroleum is a complex mixture of alkanes and cycloalkanes that can be separated into fractions by distillation. The fraction that boils at the lowest temperature (hydro carbons containing three and four carbons) is a gas that can be liquefied under pressure. This gas is used as a fuel for cigarette lighters, camp stoves, and barbecues. The fraction that boils at somewhat higher temperatures (hydrocarbons containing 5 to 11 carbons) is gasoline; the next fraction (9 to 16 carbons) includes kerosene and jet fuel. The fraction with 15 to 25 carbons is used for heating oil and diesel oil, and the
highest-boiling fraction is used for lubricants and greases. The nonpolar nature of these compounds is what gives them their oily feel. After distillation, a nonvolatile residue called asphalt or tar is left behind. The 5- to 11-carbon fraction that is used for gasoline is, in fact, a poor fuel for internal combustion engines and requires a process known as catalytic cracking to become a high-performance gasoline. Catalytic cracking converts straight-chain hydrocarbons that are poor fuels into branched-chain compounds that are high-performance fuels. Originally, cracking (also called pyrolysis) involved heating gasoline to very high temperatures in order to obtain hydrocarbons with three to five carbons. Modern cracking methods use catalysts to accomplish the same thing at much lower temperatures. The small hydrocarbons are then catalytically recombined to form highly branched hydrocarbons.
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OCTANE NUMBER When poor fuels are used in an engine, combustion can be initiated before the spark plug fires. A pinging or knocking may then be heard in the running engine. As the quality of the fuel improves, the engine is less likely to knock. The quality of a fuel is indicated by its octane number. Straight-chain hydrocarbons have low octane numbers and make poor fuels. Heptane, for example, with an arbitrarily assigned octane number of 0, causes engines to knock badly. Branched-chain fuels burn more slowly—thereby reducing knocking—because they have more primary hydrogens. Consequently, branched-chain alkanes have high octane numbers. 2,2,4-Trimethylpentane, for example, does not cause knocking and has arbitrarily been assigned an octane number of 100.
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 The octane rating of a gasoline is determined by comparing its knocking with the knocking of mixtures of heptane and 2,2,4-trimethylpentane. The octane number given to the gasoline corresponds to the percent of 2,2,4-trimethylpentane in the matching mixture. The term “octane number” originated from the fact that 2,2,4-trimethylpentane contains eight carbons
The Low Reactivity of Alkanes
Alkanes have only strong sigma bonds. Because the carbon and hydrogen atoms of an alkane have approximately the same electronegativity, the electrons in the C-H and CC sigma  bonds are shared equally by the bonding atoms. Consequently, none of the atoms in an alkane have any significant charge. This means that neither nucleophiles nor electrophiles are attracted to them. Because they have only strong bonds and atoms with no partial charges, alkanes are very unreactive compounds.

Chlorination and Bromination of Alkanes

Alkanes do react with chlorine (Cl2) or bromine (Br2) to form alkyl chlorides or alkyl bromides. These halogenation reactions take place only at high temperatures or in the presence of light (symbolized by hv). They are the only reactions that alkanes undergo—with the exception of combustion, a reaction with oxygen that takes place at high temperatures and converts alkanes to carbon dioxide and water
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The mechanism for the halogenation of an alkane is well understood. The high temperature (or light) supplies the energy required to break the Cl¬Cl or Br¬B bond homolytically. Homolytic bond cleavage is the initiation step of the reaction because it creates the radical that is used in the first propagation step . 
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A radical (often called a free radical) is a species containing an atom with an unpaired electron. A radical is highly reactive because it wants to acquire an electron to complete its octet. In the mechanism for the monochlorination of methane, the chlorine radical formed in the initiation step abstracts a hydrogen atom from methane, forming HCl and a methyl radical. The methyl radical abstracts a chlorine atom from Cl2 , forming methyl chloride and another chlorine radical, which can abstract a hydrogen atom from another molecule of methane. These two steps are called propagation steps because the radical created in the first propagation step reacts in the second propagation step to produce a radical that can repeat the first propagation step. Thus, the two propagation steps are repeated over and over. The first propagation step is the rate-determining step of the overall reaction. Because the reaction has radical intermediates and repeating propagation steps, it is called a radical chain reaction.
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mechanism for the monochlorination of methane

Any two radicals in the reaction mixture can combine to form a molecule in which all the electrons are paired. The combination of two radicals is called a termination step because it helps bring the reaction to an end by decreasing the number of radicals available to propagate the reaction. The radical chlorination of alkanes other than methane follows the same mechanism. A radical chain reaction, with its characteristic initiation, propagation, and termination steps.

The reaction of an alkane with chlorine or bromine to form an alkyl halide is called a radical substitution reaction because radicals are involved as intermediates and the end result is the substitution of a halogen atom for one of the hydrogen atoms of the alkane. In order to maximize the amount of monohalogenated product obtained, a radical substitution reaction should be carried out in the presence of excess alkane. Excess alkane in the reaction mixture increases the probability that the halogen radical will collide with a molecule of alkane rather than with a molecule of alkyl halide—even toward the end of the reaction, by which time a considerable amount of alkyl halide will have been formed. If the halogen radical abstracts a hydrogen from a molecule of alkyl halide rather than from a molecule of alkane, a dihalogenated product will be obtained.
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Bromination of alkanes follows the same mechanism as chlorination.
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mechanism for the monobromination of ethane
Alkenes

Structure, Nomenclature, and an Introduction to Reactivity

We have learned that alkanes are hydrocarbons that contain only carbon–carbon single bonds. Hydrocarbons that contain a carbon–carbon double bond are called alkenes. Early chemists noted that an oily substance was formed when ethene (H2C=CH2), the smallest alkene, reacted with chlorine. On the basis of this observation, alkenes were originally called olefins (oil forming). 
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Therefore, if we know the molecular formula of a hydrocarbon, we can determine how many rings and/or pi (() bonds it has because, for every two hydrogens that are missing from the general molecular formula CnH2n+2 , a hydrocarbon has either a ( bond or a ring. For example, a compound with a molecular formula of C8H14 needs four more hydrogens to become C8H18 (C8H2*8+2). Consequently, the compound has either (1) two double bonds, (2) a ring and a double bond, (3) two rings, or (4) a triple bond. Remember that a triple bond consists of two ( bonds and a sigma bond . 
Several compounds with molecular formula C8H14 
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Because alkanes contain the maximum number of carbon–hydrogen bonds possible—that is, they are saturated with hydrogen—they are called saturated hydrocarbons. In contrast, alkenes are called unsaturated hydrocarbons, because they have fewer than the maximum number of hydrogens. The total number of ( bonds and rings in an alkene is called its degree of unsaturation. 
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· PROBLEM  
Determine the molecular formula for each of the following: 

a. a 5-carbon hydrocarbon with one ( bond and one rings  

b. a 4-carbon hydrocarbon with two p bonds and no rings 

c. a 10-carbon hydrocarbon with one ( bond and two rings 

d. an  8-carbon hydrocarbon with three ( bonds and one ring  

SOLUTION For a 5-carbon hydrocarbon with no ( bonds and no rings, CnH2n+2 = C5H12. A 5-carbon hydrocarbon with a degree of unsaturation of 2 has four fewer hydrogens, because two hydrogens are subtracted for every ( bond or ring present in the molecule. Its molecular formula, therefore, is C5H8 . 
· PROBLEM   
Determine the degree of unsaturation for the hydrocarbons with the following molecular  formulas: 

a. C10H16 
b. C20H34 
c. C8H16 
d. C12H20 
e. C40H56
SOLUTION For a 10-carbon hydrocarbon with no ( bonds and no rings, CnH2n+2 = C10H22 . Thus, a 10-carbon compound with molecular formula C10H16 has six fewer hydrogens. Its degree of unsaturation, therefore, is 3. 

· PROBLEM   
Determine the degree of unsaturation, and then draw possible structures, for compounds with the following molecular formulas: 
a. C3H6 
b. C3H4 
c. C4H6
. 
Nomenclature of Alkenes 
The systematic (IUPAC) name of an alkene is obtained by replacing the “ane” ending of the corresponding alkane with “ene.” For example, a two-carbon alkene is called ethene and a three-carbon alkene is called propene. Ethene also is frequently called by its common name: ethylene. 
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Most alkene names need a number to indicate the position of the double bond. (The four names above do not, because there is no ambiguity.) The IUPAC rules you learned in first course apply to alkenes as well: 

1. The longest continuous chain containing the functional group (in this case, the carbon–carbon double bond) is numbered in a direction that gives the functional group suffix the lowest possible number. For example, 1-butene signifies that the double bond is between the first and second carbons of butene; 2-hexene signifies that the double bond is between the second and third carbons of hexene.  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2. The name of a substituent is cited before the name of the longest continuous chain containing the functional group, together with a number to designate the carbon to which the substituent is attached. Notice that the chain is still numbered in the direction that gives the functional group suffix the lowest possible number.  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3. If a chain has more than one substituent, the substituents are cited in alphabetical order, using the same rules for alphabetizing that you learned in Section of alkanes. (The prefixes di, tri, sec, and tert are ignored in alphabetizing) The appropriate number is then assigned to each substituent. 
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4. If the same number for the alkene functional group suffix is obtained in both directions, the correct name is the name that contains the lowest substituent number. For example, 2,5-dimethyl-4-octene is a 4-octene whether the longest continuous chain is numbered from left to right or from right to left. If you number from left to right, the substituents are at positions 4 and 7, but if you number from right to left, they are at positions 2 and 5. Of those four substituent numbers, 2 is the lowest, so the compound is named 2,5-dimethyl-4-octene and not 4,7-dimethyl-4-octene. 
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5. In cyclic alkenes, a number is not needed to denote the position of the functional group, because the ring is always numbered so that the double bond is between carbons 1 and 2.
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In cyclohexenes, the double bond is between C-1 and C-2, regardless of whether you move around the ring clockwise or counterclockwise. Therefore, you move around the ring in the direction that puts the lowest substituent number into the name, not in the direction that gives the lowest sum of the substituent numbers. For example, 1,6-dichlorocyclohexene is not called 2,3-dichlorocyclohexene because 1,6-dichlorocyclohexene has the lowest substituent number (1), even though it does not have the lowest sum of the substituent numbers (1 + 6 = 7 versus 2 + 3 = 5). 
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6. If both directions lead to the same number for the alkene functional group suffix and the same low number(s) for one or more of the substituents, then those substituents are ignored and the direction is chosen that gives the lowest number to one of the remaining substituents. 
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            6-bromo-3-chloro-4-methylcyclohexene
  not 
3-bromo-6-chloro-5-methylcyclohexene because 4 < 5 
· PROBLEM   
Draw the structure for each of the following compounds: 
a. 3,3-dimethylcyclopentene

b. 6-bromo-2,3-dimethyl-2-hexene

The Structure of Alkenes

Bonding in Ethene: A Double Bond

Each of the carbon atoms in ethene (also called ethylene) forms four bonds, but each is bonded to only three atoms:
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To bond to three atoms, each carbon hybridizes three atomic orbitals. Because three orbitals (an  s orbital and two of the  p orbitals) are hybridized, three hybrid orbitals are obtained. These are called sp2 orbitals. After hybridization, each carbon atom has three degenerate sp2 orbitals and one p orbital:
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The bond angles are all close to 120°. Because the sp2 hybridized carbon atom is bonded to three atoms that define a plane, it is called a  trigonal planar carbon . 
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The carbons in ethene form two bonds with each other. This is called a double bond. One of the bonds results from the overlap of an sp2 orbital of one carbon with an sp2 orbital of the other carbon; this is a sigma (σ)  bond because it is formed by end-on overlap .Each carbon uses its other two sp2  orbitals to overlap the s orbital of a hydrogen to form the C-H  bonds. The second carbon–carbon bond results from side-to-side overlap of the two unhybridized p orbitals. Side-to-side overlap of p or- bitals forms a pi (π)  bond . Thus, one of the bonds in a double bond is a σ bond and the other is a π bond. All the C-H bonds are σ bonds. 
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(a) One C-C bond in ethene is a sigma bond formed by  overlap, and the C-H bonds are formed by sp2-s overlap. (b) The second C-C bond is a π bond formed by side-to-side overlap of a  p orbital of one carbon with a p orbital of the other carbon. (c) There is an accumulation of electron density above and below the plane containing the two carbons and four hydrogens.

It is important to remember that the pi bond represents the cloud of electrons that is above and below the plane defined by the two sp2 carbons and the four atoms bonded to them. 
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Cis–Trans Isomerism
Because the two p orbitals that form the pi bond must be parallel to achieve maximum overlap, rotation about a double bond does not readily occur. If rotation were to occur, the two p orbitals would no longer overlap and the p bond would break. The barrier to rotation about a double bond is 63 kcal/mol. Compare this to the barrier to rotation (2.9 kcal/mol) about a carbon–carbon single bond. 
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Because there is an energy barrier to rotation about a carbon–carbon double bond, an alkene such as 2-butene can exist in two distinct forms: The hydrogens bonded to the sp2 carbons can be on the same side of the double bond or on opposite sides of the double bond. The isomer with the hydrogens on the same side of the double bond is called the cis isomer, and the isomer with the hydrogens on opposite sides of the double bond is called the trans isomer. A pair of isomers such as cis-2-butene and trans-2-butene is called cis–trans isomers or geometric isomers. 

[image: image23.png]e A

W w

cis-2-butene




If one of the sp2 carbons of the double bond is attached to two identical substituents, there is only one possible structure for the alkene. In other words, cis and trans isomers are not possible for an alkene that has identical substituents attached to one of the double-bonded carbons.
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Because of the energy barrier to rotation about a double bond, cis and trans isomers cannot interconvert (except under conditions extreme enough to overcome the barrier and break the π bond). This means that they can be separated from each other. In other words, the two isomers are different compounds with different physical properties, such as different boiling points and different dipole moments. 
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Cis and trans isomers can be interconverted (in the absence of any added reagents) only when the molecule absorbs sufficient heat or light energy to cause the π bond to break, because once the πbond is broken, rotation can occur about the remaining σ bond . Cis–trans interconversion, therefore, is not a practical laboratory process.
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· PROBLEM   
a. Which of the following compounds can exist as cis –trans isomers?

b. For those compounds, draw and label the cis and trans isomers.
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How Alkenes React • Curved Arrows 

There are many millions of organic compounds. If you had to memorize how each of them reacts, studying organic chemistry would be a horrendous experience. Fortunately, organic compounds can be divided into families, and all the members of a family react in similar ways. What determines the family an organic compound belongs to is its functional group. The functional group is a structural unit that acts as the center of reactivity of a molecule. You are already familiar with the functional group of an alkene: the carbon–carbon double bond. All compounds with a carbon–carbon double bond react in similar ways, whether the compound is a small molecule like ethene or a large molecule like cholesterol. 
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In essence, organic chemistry is about the interaction between electron-rich atoms or molecules and electron-deficient atoms or molecules. It is these forces of attraction that make chemical reactions happen. From this follows a very important rule that determines the reactivity of organic compounds: Electron-rich atoms or molecules are attracted to electron-deficient atoms or molecules. Each time you study a new functional group, remember that the reactions it undergoes can be explained by this very simple rule. 
Therefore, to understand how a functional group reacts, you must first learn to recognize electron-deficient and electron-rich atoms and molecules. An electron-deficient atom or molecule is called an electrophile. An electrophile can have an atom that can accept a pair of electrons, or it can have an atom with an unpaired electron Literally, “electrophile” means “electron loving” (phile is the Greek suffix for “loving”). 
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An electron-rich atom or molecule is called a nucleophile. A nucleophile has a pair of electrons it can share. Some nucleophiles are neutral and some are negatively charged. Because a nucleophile has electrons to share and an electrophile is seeking electrons, it should not be surprising that they attract each other. Thus, the preceding rule can be restated as a nucleophile reacts with an electrophile. 
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Because an electrophile accepts a pair of electrons, it is sometimes called a Lewis acid. Because a nucleophile has a pair of electrons to share, it is sometimes called a Lewis base.

We have seen that a pi bond is weaker than a s bond. The pi bond, therefore, is the bond that is most easily broken when an alkene undergoes a reaction. We also have seen that the pi bond of an alkene consists of a cloud of electrons above and below the s bond. As a result of this cloud of electrons, an alkene is an electron- rich molecule—it is a nucleophile. We can, therefore, predict that an alkene will react with an electrophile and, in the process, the pi bond will break. So if a reagent such as hydrogen bromide is added to an alkene, the alkene will react with the partially positively charged hydrogen of hydrogen bromide and a carbocation will be formed. In the second step of the reaction, the positively charged carbocation (an electrophile) will react with the negatively charged bromide ion (a nucleophile) to form an alkyl halide. 
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 The description of the step-by-step process by which reactants (e.g., alkene + HBr) are changed into products (e.g., alkyl halide) is called the mechanism of the reaction. To help us understand a mechanism, curved arrows are drawn to show how the electrons move as new covalent bonds are formed and existing covalent bonds are broken. In other words, the curved arrows show which bonds are formed and which are broken. Because the curved arrows show how the electrons flow, they are drawn from an electron-rich center (at the tail of the arrow) to an electron-deficient center (at the point of the arrow). An arrowhead with two barbs [image: image31.png]


 
[image: image32.emf]represents the simultaneous movement of two electrons (an electron pair). 
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For the reaction of 2-butene with HBr, an arrow is drawn to show that the two electrons of the p bond of the alkene are attracted to the partially positively charged hydrogen of HBr. The hydrogen, however, is not free to accept this pair of electrons because it is already bonded to a bromine, and hydrogen can be bonded to only one atom at a time . Therefore, as the p electrons of the alkene move toward the hydrogen, the H—Br bond breaks, with bromine keeping the bonding electrons. Notice that the p electrons are pulled away from one carbon, but remain attached to the other. Thus, the two electrons that formerly formed the p bond now form a s bond between carbon and the hydrogen from HBr. The product of this first step in the reaction is a carbocation because the sp2 carbon that did not form the new bond with hydrogen no longer shares the pair of pi electrons. It is, therefore, positively charged. 
In the second step of the reaction, a lone pair on the negatively charged bromide ion forms a bond with the positively charged carbon of the carbocation. Notice that both steps of the reaction involve the reaction of an electrophile with a nucleophile. 

[image: image34.emf]CH

3

CH

CHCH

3

H

+

Br

CH

3

CH

CHCH

3

H Br


Solely from the knowledge that an electrophile reacts with a nucleophile and a p bond is the weakest bond in an alkene, we have been able to predict that the product of the reaction of 2-butene and HBr is 2-bromobutane. Overall, the reaction involves the  addition of 1 mole of HBr to 1 mole of the alkene. The reaction, therefore, is called an addition reaction. Because the first step of the reaction involves the addition of an electrophile (H+) to the alkene, the reaction is more precisely called an electrophilic addition reaction. Electrophilic addition reactions are the characteristic reactions of alkenes. 
· PROBLEM   
Which of the following are electrophiles, and which are nucleophiles? 
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A FEW WORDS ABOUT CURVED ARROWS 
1. Make certain that the arrows are drawn in the direction of the electron flow and never against the flow. This means that an arrow will always be drawn away from a negative charge and/or toward a positive charge. 
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2. Curved arrows are drawn to indicate the movement of electrons. Never use acurve darrow to indicate the movement of an atom. For example, you can’t use an arrow as a lasso to remove the proton, as shown here: 
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3. The arrow starts at the electron source. It does not start at an atom. In the following example, the arrow starts at the electrons of the p bond, not at a carbon atom: 
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· PROBLEM   
Use curved arrows to show the movement of electrons in each of the following reaction steps: 
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Reactions of Alkenes
We have seen that an alkene such as 2-butene undergoes an electrophilic addition reaction with HBr. The first step of the reaction is a relatively slow addition of  the electrophilic proton to the nucleophilic alkene to form a carbocation intermediate. In the second step, the positively charged carbocation intermediate (an electrophile) reacts rapidly with the negatively charged bromide ion (a nucleophile). 

[image: image40.jpg]a carbocation
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You will see that some of the reactions form carbocation intermediates like the one formed when HBr reacts with an alkene, some form other kinds of intermediates, and some don’t form an intermediate at all. At first, the reactions covered in this chapter might appear to be quite different, but you will see that they all occur by similar mechanisms. So as you study each reaction, notice the feature that all alkene reactions have in common: The relatively loosely held p electrons of the carbon–carbon double bond are attracted to an electrophile. Thus, each reaction starts with the addition of an electrophile to one of the sp2 carbons of the alkene and concludes with the addition of a nucleophile to the other sp2 carbon. The end result is that the p bond breaks and the sp2 carbons form new s bonds with the electrophile and the nucleophile. 
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This reactivity makes alkenes an important class of organic compounds because they can be used to synthesize a wide variety of other compounds. For example, alkyl halides, alcohols, ethers, and alkanes all can be synthesized from alkenes by electrophilic addition reactions. The particular product obtained depends only on the electrophile and the nucleophile used in the addition reaction. 

Addition of Hydrogen Halides 
If the electrophilic reagent that adds to an alkene is a hydrogen halide (HF, HCl, HBr, or HI), the product of the reaction will be an alkyl halide:
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Because the alkenes in the preceding reactions have the same substituents on both of the sp2 carbons, it is easy to determine the product of the reaction: The electrophile (H+) adds to one of the sp2 carbons, and the nucleophile (X-) adds to the other sp2 carbon. It doesn’t make any difference which sp2 carbon the electrophile attaches to, because the same product will be obtained in either case. 

But what happens if the alkene does not have the same substituents on both of the sp2 carbons? Which sp2 carbon gets the hydrogen? For example, does the addition of HCl to 2-methylpropene produce tert-butyl chloride or isobutyl chloride? 

[image: image43.jpg]GHy ey CH,
CHC=CH, + HCl —  CH(CH;  or CHCHCHCI

Cl
2-methylpropene tert-butyl chloride  isobutyl chloride




To answer this question, we need to look at the mechanism of the reaction. Re-call that the first step of the reaction—the addition of H+ to an sp2 carbon to form either the tert-butyl cation or the isobutyl cation—is the rate-determining step. If there is any difference in the rate of formation of these two carbocations, the one that is formed faster will be the preferred product of the first step. Moreover, because carbocation formation is rate determining, the particular carbocation that is formed in the first step determines the final product of the reaction. That is, if the tert-butyl cation is formed, it will react rapidly with Cl- to form tert- butyl chloride. On the other hand, if the isobutyl cation is formed, it will react rapidly with Cl- to form isobutyl chloride. It turns out that the only product of the reaction is tert-butyl chloride, so we know that the tert-butyl cation is formed faster than the isobutyl cation. 
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The question now is, Why is the tert-butyl cation formed faster than the isobutyl cation? To answer this, we need to take a look at the factors that affect the stability of carbocations and, therefore, the ease with which they are formed. 

Carbocation Stability
Carbocations are classified according to the number of alkyl substituents that are bonded to the positively charged carbon: A primary carbocation has one such substituent, a secondary carbocation has two, and a tertiary carbocation has three. The stability of a carbocation increases as the number of alkyl substituents bonded to the positively charged carbon increases. Thus, tertiary carbocations are more stable than secondary carbocations, and secondary carbocations are more stable than primary carbocations. Notice that when we talk about the stabilities of carbocations, we mean their relative stabilities: Carbocations are not stable species; even the relatively stable tertiary carbocation is not stable enough to isolate. 
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Why does the stability of a carbocation increase as the number of alkyl substituents bonded to the positively charged carbon increases? Alkyl groups decrease the concentration of positive charge on the carbon—and decreasing the concentration of positive charge increases the stability of the carbocation. 
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Regioselectivity of Electrophilic Addition Reactions
When an alkene that does not have the same substituents on its sp2 carbons undergoes an electrophilic addition reaction, the electrophile can add to two different sp2 carbons. We have just seen that the major product of the reaction is the one obtained by adding the electrophile to the sp2 carbon that results in the formation of the more stable carbocation .For example, when propene reacts with HCl, the proton can add to the number-1 carbon (C-1) to form a secondary carbocation, or it can add to the number-2 carbon (C-2) to form a primary carbocation. The secondary carbocation is formed more rapidly because it is more stable than the primary carbocation. (Primary carbocations are so unstable that they form only with great difficulty.) The product of the reaction, therefore, is 2-chloropropane. 
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The major product obtained from the addition of HI to 2-methyl-2-butene is 2-iodo- 2-methylbutane; only a small amount of 2-iodo-3-methylbutane is obtained. The major product obtained from the addition of HBr to 1-methylcyclohexene is 1-bromo- 1-methylcyclohexane. In both cases, the more stable tertiary carbocation is formed more rapidly than the less stable secondary carbocation, so the major product of each reaction is the one that results from forming the tertiary carbocation. 
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The two different products in each of these reactions are called constitutional isomers. Constitutional isomers have the same molecular formula, but differ in how their atoms are connected. A reaction (such as either of those just shown) in which two or more constitutional isomers could be obtained as products, but one of them predominates, is called a regioselective reaction. 

There are degrees of regioselectivity: A reaction can be moderately regioselective, highly regioselective, or completely regioselective. In a completely regioselective reaction, one of the possible products is not formed at all. The addition of a hydrogen halide to 2-methylpropene (where the two possible carbocations are tertiary and primary) is more highly regioselective than the addition of a hydrogen halide to 2-methyl-2-butene (where the two possible carbocations are tertiary and secondary) because the two carbocations formed from 2-methyl-2-butene are closer in stability. 

The addition of HBr to 2-pentene is not regioselective. Because the addition of a proton to either of the sp2 carbons produces a secondary carbocation, both carbocation intermediates have the same stability, so both will be formed equally easily. Thus, approximately equal amounts of the two alkyl halides will be formed. 
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We now have seen that if we want to predict the major product of an electrophilic addition reaction, we must first determine the relative stabilities of the two possible carbocation intermediates. In 1865, when carbocations and their relative stabilities were not yet known, Vladimir Markovnikov published a paper in which he described a way to predict the major product obtained from the addition of a hydrogen halide to an unsymmetrical alkene. His shortcut is known as Markovnikov’s rule: “When a hydrogen halide adds to an unsymmetrical alkene, the addition occurs in such a manner that the halogen attaches itself to the double-bonded carbon atom of the alkene bearing the lesser number of hydrogen atoms.” Because H+ is the first species that adds to the alkene, most chemists rephrase Markovnikov’s rule as follows: “The hydrogen adds to the sp2 carbon that is bonded to the greater number of hydrogens.” Although Markovnikov devised his rule only for the addition of hydrogen halides, chemists now use it for any addition reaction that involves adding a hydrogen to one of the sp2 carbons.

Using the rule that the electrophile adds to the sp2 carbon bonded to the greater number of hydrogens is simply a quick way to determine the relative stabilities of the intermediates that could be formed in the rate-determining step. You will get the same answer, whether you identify the major product of an electrophilic addition reaction by using the rule or whether you identify it by determining relative carbocation stabilities. In the following reaction for example, H+ is the electrophile: 
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We can say that H+ adds preferentially to C-1 because C-1 is bonded to two hydrogens, whereas C-2 is bonded to only one hydrogen. Or we can say that H+ adds to C-1 because that results in the formation of a secondary carbocation, which is more stable than the primary carbocation that would be formed if H+ added to C-2. 

· PROBLEM    
What would be the major product obtained from the addition of HBr to each of the following compounds? [image: image51.jpg]a. CH3;CH,CH=CH, c CH; e CH,
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PROBLEM -SOLVING STRATEGY
 a. What alkene should be used to synthesize 3-bromohexane? 
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The best way to answer this kind of question is to begin by listing all the alkenes that could be used. Because you want to synthesize an alkyl halide that has a bromo substituent at the C-3 position, the alkene should have an sp2 carbon at that position. Two alkenes fit the description: 2-hexene and 3-hexene. 
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Because there are two possibilities, we next need to determine whether there is any advantage to using one over the other. The addition of H+ to 2-hexene can form two different carbocations. Because they are both secondary carbocations, they have the same stability; therefore, approximately equal amounts of each will be formed. As a result, half of the product will be 3-bromohexane and half will be 2-bromohexane. 
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The addition of H+ to either of the sp2 carbons of 3-hexene, on the other hand, forms the same carbocation because the alkene is symmetrical. Therefore, all of the product will be the desired 3-bromohexane. 
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Because all the alkyl halide formed from 3-hexene is 3-bromohexane, but only half the alkyl halide formed from 2-hexene is 3-bromohexane, 3-hexene is the best alkene to use to prepare 3-bromohexane. 

**********************************************************

b. Whatalkeneshouldbeusedtosynthesize2-bromopentane? 

· PROBLEM    
What alkene should be used to synthesize each of the following alkyl bromides? [image: image56.jpg]CH; CH;
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· PROBLEM
The addition of HBr to which of the following alkenes is more highly regioselective? [image: image57.jpg]i
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Addition of Water and Addition of Alcohols 
Addition of Water 
When water is added to an alkene, no reaction takes place, because there is no electrophile present to start a reaction by adding to the nucleophilic alkene. The O ¬ H bonds of water are too strong—water is too weakly acidic—to allow the hydrogen to act as an electrophile for this reaction. 
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If, however, an acid (e.g., H2SO4 or HCl) is added to the solution, a reaction will occur because the acid provides an electrophile. The product of the reaction is an alcohol. The addition of water to a molecule is called hydration, so we can say that an alkene will be hydrated in the presence of water and acid. 
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H2SO4 1pKa = -52 and HCl 1pKa = -72 are strong acids, so they dissociate al- most completely in an aqueous solution (Section 1.17). The acid that participates in the reaction, therefore, is most apt to be a hydronium ion (H3O+). 
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The first two steps of the mechanism for the acid-catalyzed addition of water to an alkene are essentially the same as the two steps of the mechanism for the addition of a hydrogen halide to an alkene: The electrophile (H+) adds to the sp2 carbon that is bonded to the greater number of hydrogens, and the nucleophile (H2O) adds to the other sp2 carbon. 
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· PROBLEM    
Give the major product obtained from the acid-catalyzed hydration of each of the following alkenes:
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PROBLEM

Addition of Alcohols 
Alcohols react with alkenes in the same way that water does. Like the addition of water, the addition of an alcohol requires an acid catalyst. The product of the reaction is an ether. 
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The mechanism for the acid-catalyzed addition of an alcohol is essentially the same as the mechanism for the acid-catalyzed addition of water. 
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· PROBLEM     
a) Give the major product of each of the following reactions:  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b) What do all the reactions have in common?  

c) How do all the reactions differ?  

· PROBLEM  
How could the following compounds be prepared, using an alkene as one of the starting materials? 
[image: image66.png]@

bl
b. c1-130c‘c1-1J
CHs

c c1-13c1-120(|:1-1c1-12cl-13
CH,

d. CHCHCH,CH,
OH

OH

£ CHLCH,CHCH,CH.CH;
OH




· PROBLEM  
Propose a mechanism for the following reaction (remember to use curved arrows when showing a mechanism): 
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Rearrangement of Carbocations 
Some electrophilic addition reactions give products that are clearly not the result of the addition of an electrophile to the sp2 carbon bonded to the greater number of hydrogens and the addition of a nucleophile to the other sp2 carbon. For example, the addition of HBr to 3-methyl-1-butene forms 2-bromo-3-methylbutane (minor product) and 2-bromo-2-methylbutane (major product). 2-Bromo-3-methylbutane is the product you would expect from the addition of H+ to the sp2 carbon bonded to the greater number of hydrogens and Br- to the other sp2 carbon. 2-Bromo-2-methylbutane is an “unexpected” product, even though it is the major product of the reaction.
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In another example, the addition of HCl to 3,3-dimethyl-1-butene forms both 3-chloro-2,2-dimethylbutane (an “expected” product) and 2-chloro-2,3-dimethylbutane (an “unexpected product”). Again, the unexpected product is obtained in greater yield. 
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F. C. Whitmore was the first to suggest that the unexpected product results from a rearrangement of the carbocation intermediate. Not all carbocations rearrange. In fact, none of the carbocations that we have seen up to this point rearranges. Carbocations rearrange only if they become more stable as a result of the rearrangement. For example, when an electrophile adds to 3-methyl-1-butene, a secondary carbocation is formed initially. However, the secondary carbocation has a hydrogen that can shift with its pair of electrons to the adjacent positively charged carbon, creating a more stable tertiary carbocation.
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As a result of carbocation rearrangement, two alkyl halides are formed—one from the addition of the nucleophile to the unrearranged carbocation and one from the addition to the rearranged carbocation. The major product is the rearranged one. Because a shift of a hydrogen with its pair of electrons is involved in the rearrangement, it is called a hydride shift. (Recall that H≠- is a hydride ion.) More specifically it is called a 1,2-hydride shift because the hydride ion moves from one carbon to an adjacent carbon. (Notice that this does not mean that it moves from C-1 to C-2.) 

3,3-Dimethyl-1-butene adds an electrophile to form a secondary carbocation. In this case, a methyl group can shift with its pair of electrons to the adjacent positively charged carbon to form a more stable tertiary carbocation. This kind of shift is called a 1,2-methyl shift. (It should have been called a 1,2-methide shift to make it analogous to a 1,2-hydride shift, but, for some reason, it was not so named.) 
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A shift involves only the movement of a species from one carbon to an adjacent electron-deficient carbon; 1,3-shifts normally do not occur. Furthermore, if the re- arrangement does not lead to a more stable carbocation, then a carbocation rearrangement does not occur. For example, when a proton adds to 4-methyl-1-pentene, a secondary carbocation is formed. A 1,2-hydride shift would form a different secondary carbocation. Because both carbocations are equally stable, there is no energetic advantage to the shift. Consequently, rearrangement does not occur, and only one alkyl halide is formed. 
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Carbocation rearrangements also can occur by ring expansion, another type of 1,2-shift. In the following example, a secondary carbocation is formed initially: 
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Ring expansion leads to a more stable carbocation—it is tertiary rather than secondary, and a five-membered ring has less angle strain than a four-membered ring (Section 2.11). In subsequent chapters, you will study other reactions that involve the formation of carbocation intermediates. Keep in mind that whenever a reaction leads to the formation of a carbocation, you must check its structure for the possibility of  rearrangement. 
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