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Alkenes: Reactions
and Synthesis

Alkene addition reactions occur widely, both in the laboratory and in living
organisms. Although we've studied only the addition of HX thus far, many
closely related reactions also take place. In this chapter, we'll see briefly how
alkenes are prepared, we'll discuss many further examples of alkene addition
reactions, and we'll see the wide variety of compounds that can be made from
alkenes.
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WHY THIS CHAPTER?

Much of the background needed to understand organic reactions has now
been covered, and it's time to begin a systematic description of the major func-
tional groups. Both in this chapter on alkenes and in future chapters on other
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CHAPTER 7 Alkenes: Reactions and Synthesis

1.1

functional groups, we'll discuss a variety of reactions but try to focus on the
general principles and patterns of reactivity that tie organic chemistry
together. There are no shortcuts: vou have to know the reactions to under-
stand organic chemistry.

Preparation of Alkenes: A Preview
of Elimination Reactions

Before getting to the main subject of this chapter—the reactions of alkenes—
let's take a brief look at how alkenes are prepared. The subject is a bit complex,
though, so we'll return in Chapter 11 for a more detailed study. For the present,
it's enough to realize that alkenes are readily available from simple precursors—
usually alcohols in biological systems and either alcohols or alkyl halides in the
laboratory.

Just as the chemistry of alkenes is dominated by addition reactions, the
preparation of alkenes is dominated by elimination reactions. Additions and
eliminations are, in many respects, two sides of the same coin. That is, an addi-
tion reaction might involve the addition of HBr or H,O to an alkene to form an
alkyl halide or alcohol, whereas an elimination reaction might involve the loss
of HBr or H,O from an alkyl halide or alcohol to form an alkene.

’ Additian ‘

% R
Cc=cC H N P o
/ \ // %

‘ Elimination ’

The two most common elimination reactions are deliydrofialogenation—the
loss of HX from an alkyl halide—and dehydration—the loss of water from an
alcohol. Dehydrohalogenation usually occurs by reaction of an alkyl halide with
strong base such as potassium hydroxide. For example, bromocyclohexane
yields cyclohexene when treated with KOH in ethanol solution.

H
| -Br H
e + KBr + Hy0
CH3CH,OH
H H
H
Bromocyclohexane Cyclohexene (81%)

Dehydration is often carried out by treatment of an alcohol with a strong
acid. For example, loss of water occurs and 1-methylcyclohexene is formed
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when l-methylcyclohexanol is warmed with aqueous sulfuric acid in tetra-
hydrofuran (THF) solvent.

CH
7 3
_Hp804, Hy0
QOH THF = O/ O

1-Methyleyclohexanol 1-Methylcyclohexene (91%)

0
{ ] Tetrahydrofuran (THF)l—a common solvent

In biological pathways, dehydrations rarely occur with isolated alcohols but
instead normally take place on substrates in which the —OH is positioned two
carbons away from a carbonyl group. In the biosynthesis of fats, for instance,
B-hydroxybutyryl ACP is converted by dehydration to trans-crotonyl ACP,
where ACP is an abbreviation for acy! carrier protein. We'll see the reason for this
requirement in Section 11.10.

HO H © H 0
4 e b
C — s
HaC™ \p( “AcP ch/'*?/ SACP +  Hg0
H H H
B-Hydroxybutyryl ACP trans-Crotonyl ACP

Problem 7.1  One problem with elimination reactions is that mixtures of products are often
formed. For example, treatment of 2-bromo-2-methylbutane with KOH in ethanol
yields a mixture of two alkene products. What are their likely structures?

Problem 7.2 | How many alkene products, including E,Z isomers, might be obtained by dehydra-
tion of 3-methyl-3-hexanol with aqueous sulfuric acid?

OH

|
CH3CH2CH2C‘?CHQCH3 o,

CHs

3-Methyl-3-hexanol

1.2 | Addition of Halogens to Alkenes

Bromine and chlorine add rapidly to alkenes to vield 1,2-dihalides, a process

palette to predict products of the ~ called fialogenation. For example, approximately 6 million tons per year of
addition of halogens to alkenes. 1,2-dichloroethane {ethylene dichloride) are synthesized industrially by addition
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of Cl; to ethylene. The product is used both as a solvent and as starting material
for the manufacture of poly(vinyl chloride), PVC. Fluorine is too reactive and dit-
ficult to control for most laboratory applications, and iodine does not react with
most alkenes.

H H Ci Gl
\C C/ — —

= + Cls H—=—=C=H
/N ' [
H H H o H
Ethylene 1,2-Dichloroethane

(ethylene dichloride)

Based on what we've seen thus far, a possible mechanism for the reaction of
bromine with alkenes might involve electrophilic addition of Br* to the alkene,
giving a carbocation that could undergo further reaction with Br~ to vield the
dibromo addition product,

My
Br—Br ‘/:B-rl
H H E]!rk H Br ?r
i \ / / i
Poss:ble_ C—C H—C—C+ s H—e—E—0 Possnble_
mechanism? 7 \ [ % | mechanism?
H H H H H H

Although this mechanism seems plausible, it's not fully consistent with
known facts. In particular, it doesn't explain the stereochemistry of the addi-
tion reaction. That is, the mechanism doesn’t tell which product stereoisomer
is formed.

When the halogenation reaction is carried out on a cycloalkene, such as
cyclopentene, only the trans stereoisomer of the dihalide addition product is
formed rather than the mixture of cis and trans isomers that might have been
expected if a planar carbocation intermediate were involved. We say that the
reaction occurs with anti stereochemistry, meaning that the two bromine
atoms come from opposite faces of the double bond—one from the top face and
one from the hottom face.

H H

Br H Br Br

Cyclopentene trans-1,2-Dibromo- cis-1,2-Dibromo-
cyclopentane cyclopentane
{sole product) L (NOT formed)

An explanation for the observed anti stereochemistry of addition was sug-
gested in 1937 by George Kimball and [rving Roberts, who proposed that the
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reaction intermediate is not a carbocation but is instead a bromonium ion,
R,Br™, formed by addition of Br¥ to the alkene. (Similarly, a chiloroniuim inin con-
tains a positively charged divalent chlorine, RoCl*,) The bromonium ion is
formed in a single step by interaction of the alkene with Br, and simultaneous
loss of Br—.

An alkene A bromonium ion

How does the formation of a bromonium ion account for the observed
anti stereochemistry of addition to cyclopentene? If a bromonium ion is
formed as an intermediate, we can imagine that the large bromine atom
might “shield” one side of the molecule. Reaction with Br~ ion in the second
step could then occur only from the opposite, unshielded side to give trans
product.

Top side open to attack

1 Eii;)\ Br H

Bottom side shielded from attack

trans-1,2-Dibromo-
cyclopentane

Bromonium ion
intermediate

Cyclopentene

The bromonium ion postulate, made more than 75 years ago to explain the
stereochemistry of halogen addition to alkenes, is a remarkable example of
deductive logic in chemistry. Arguing from experimental results, chemists were
able to make a hypothesis about the intimate mechanistic details of alkene
electrophilic reactions. Subsequently, strong evidence supporting the mecha-
nism came from the work of George Olah, who prepared and studied stable
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Problem 7.3

Problem 7.4

7.3
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addition of hypohalous acid to
alkenes.

solutions of cyclic bromonium ions in liquid SO,. There's no question that
bromonium jons exist.

% s
HaC ~iBr: Br: =
HaCall | SbFs 5 SbFg
B S il i /‘CkC\_
/~ N'CHg LiauidSO0z  HiC"7 N CHg
F H CHy H
* SbFs

Bromonium ion
(stable in SO, solution)

Alkene halogenation reactions occur in nature just as they do in the labora-
tory but are limited primarily to marine organisms, which live in a halide-rich
environment. The reactions are carried out by enzymes called haloperoxidases,
which use H,O; to oxidize Br~ or C1~ ions to a biological equivalent of Br* or
Cl*. Electrophilic addition to the double bond of a substrate molecule then
yields a bromonium or chloronium ion intermediate just as in the laboratory,
and reaction with another halide ion completes the process. For example, the
following tetrahalide, isolated from the red alga Plocamium cartilagineum, is
thought to arise from B-ocimene by twofold addition of BrCl through the cor-
responding bromonium ions.

M LA
oot - B

2.CI-

B-Ocimene

What product would you expect to obtain from addition of Cl, to 1,2-dimethyl-
cyclohexene? Show the stereochemistry of the product.

Addition of HCl to 1,2-dimethylcyclohexene vields a mixture of two products. Show
the stereochemistry of each, and explain why a mixture is formed.

Addition of Hypohalous Acids to Alkenes:
Halohydrin Formation

Yet another example of an electrophilic addition is the reaction of alkenes
with the hypohalous acids HO—CIl or HO—Br to vield 1,2-halo alcohols, called
halohydrins. Halohydrin formation doesn’t take place by direct reaction of an
alkene with HOBr or HOCI, however. Rather, the addition is done indirectly by
reaction of the alkene with either Br, or Cls in the presence of water.

X
\\ / Xo L2 /
E=ff c—C.. + HX
SN RO TR
HO

An alkene A halohydrin



Figure 7.1 MECHANISM:
Mechanism of bromohydrin for-
mation by reaction of an alkene
with Bry in the presence of water.
Water acts as a nucleophile to
react with the intermediate
bromonium ion.

7.3 Addition of Hypohalous Acids to Alkenes: Halohydrin Formation 21

We saw in the previous section that when Br, reacts with an alkene, th
cyclic bromonium ion intermediate reacts with the only nucleophile presen:
Br~ ion. If the reaction is carried out in the presence of an additional nuclec
phile, however, the intermediate bromonium ion can be intercepted by th
added nucleophile and diverted to a different product. In the presence of watel
for instance, water competes with Br~ ion as nucleophile and reacts with th
bromonium ion intermediate to vield a bromohydrin. The net effect is additior
of HO—DBr to the alkene by the pathway shown in Figure 7.1.

@ Reaction of the alkene with Bry
yields a bromaonium ion
intermediate, as previously
discussed.

9 Water acts as a nucleophile, using
a lone pair of electrons to open the
bromonium ion ring and form a
bond to carbon. Since oxygen
donates its electrons in this step, it
now has the positive charge.

€ Loss of a proton (H*) from
oxygen then gives H3O" and the
neutral bromohydrin addition
product.

H CH
\ / 3 BF—I\B'I'
C=C \J
i b3
HsC H
o|
I ‘B &
Br:
i \C)
—C. +
H7" /"\"CHs
H3C H
:QHZ
o|
Br ’CH3
/ aH
c—¢”~
H=y N 5
H3C C‘-/O*H :(-sz
| H—" )
©
B{ ‘CH3
£ 2H
C—C”"  + HzOt
HY O\
H3C OH

3-Bromo-2-butanol
(a bromohydrin)

In practice, few alkenes are soluble in water, and bromohydrin formation
is often carried out in a solvent such as aqueous dimethyl sulfoxide,
CH3SOCH; (DMSO), using a reagent called N-bromosuccinimide (NBS) as ¢
source of Br,. NBS is a stable, easily handled compound that slowly decom:-
poses in water to yield Brj at a controlled rate. Bromine itself can also be usec
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Problem 7.5

Problem 7.6

7.4

in the addition reaction, but it is more dangerous and more difficult to han-
dle than NBS.

0

H N—Br H OH
| (NBS) Nt
Ca sH % C\C/Br

| ” P

H H,0, CH3S0CHg (DMSO) H H

Styrene 2-Bromo-1-phenylethanol
(70%!)

Note that the aromatic ring in the preceding example does not react with
Br, under the conditions used, even though it appears to contain three
carbon—carbon double bonds. As we'll see in Chapter 15, aromatic rings are a
good deal more stable than might be expected.

What product would you expect from the reaction of cyclopentene with NBS and
water? Show the stereochemistry.

When an unsymmetrical alkene such as propene is treated with N-bromosuccin-
imide in aqueous dimethyl sulfoxide, the major product has the bromine atom
bonded to the less highly substituted carbon atom. Is this Markovnikov or non-
Markovnikov orientation? Explain.

aH

Bry, Hz0

|
CH3CH=CH, CH3CHCH,Br

Addition of Water to Alkenes: Oxymercuration

Water adds to alkenes to yield alcohols, a process called hydration. The reaction
takes place on treatment of the alkene with water and a strong acid catalyst (HA)
by a mechanism similar to that of HX addition. Thus, protonation of an alkene
double bond yields a carbocation intermediate, which reacts with water to yield
a protonated alcohol product (ROH>™). Loss of HY from this protonated alcohol
gives the neutral alcohol and regenerates the acid catalyst (Figure 7.2).

Acid-catalyzed alkene hydration is particularly suited to large-scale indus-
trial procedures, and approximately 300,000 tons of ethanol are manufactured
each year in the United States by hydration of ethylene. The reaction is of little
value in the typical laboratory, however, because it requires high temperatures—
250 °C in the case of ethylene—and strongly acidic conditions.

H H
\ # HaPO, catalyst

C=C_ + HO b - (CHACHR
H H Ethanol

Ethylene



Figure 7.2 MECHANISM:
Mechanism of the acid-catalyzed
hydration of an alkene to yield an
alcohol. Protonation of the
alkene gives a carbocation inter-
mediate that reacts with water.

7.4 Addition of Water to Alkenes: Oxymercuration 221

N
H—Q"
)
H
HaCwnd ~oH
H3C =L H
@ A hydrogen atom on the electrophile HzO" is 2-Methylpropene
attacked by = electrons from the nucleophilic
double bond, forming a new C-H bond. This (1]
leaves the other carbon atom with a + charge
and a vacant p orbital. Simultaneously, two r ]

electrons from the H-0 bond move onto
oxygen, giving neutral water.

@ The nucleophile HyO donates an electron pair Carbocation
to the positively charged carbon atom,
forming a C-0 bond and leaving a positive (2]

charge on oxygen in the protonated alcohol
addition product.

—10H;
H
H—0< H
Su
L=
HsC7 NH
H3C

Protonated alcohol
€) Water acts as a base to remove H*, : !

regenerating HyO* and yielding the

neutral alcohol addition product. 9
HO H
b 7 "
‘.C— C_‘ + H3O "
HsC ¢ MH
HaC H

2-Methyl-2-propanol

Acid-catalyzed hydration of isolated double bonds is also uncommon in
biological pathways. More frequently, biological hydrations require that the
double bond be adjacent to a carbonyl group for reaction to proceed. Fumarate,
for instance, is hydrated to give malate as one step in the citric acid cycle of food
metabolism. Note that the requirement for an adjacent carbonyl group in the
addition of water is the same as that we saw in Section 7.1 for the elimination
of water. We'll see the reason for the requirement in Section 19.13, but might
note for now that the reaction is not an electrophilic addition but instead occurs
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through a mechanism that involves formation of an anion intermediate fol-
lowed by protonation by an acid HA.
0 H O H OH O H OH
| | B Il N A o I N/ _
_O/C\C//C\C/O H,0, pH = 7.4 -0~ \E'/C\C/O HA -0~ \C/C\c/
\ Il Fumarase | I X, I
H o H 0 H H 0o
Fumarate Anion intermediate Malate
ThomsonlOW  Click Organic In the laboratory, alkenes are often hydrated by the oxymercuration pro-

Interactive to use a web-based  coqure, When an alkene is treated with mercury(Il) acetate [Hg(O,CCHy),,

palette to predict products of
the oxymercuration of alkenes.

usually abbreviated Hg(OAc),] in aqueous tetrahydrofuran (THF) solvent,
electrophilic addition of Hg2* to the double bond rapidly occurs. The interme-
diate organomercury compound is then treated with sodium borohydride,
NaBH,, and an alcohol is produced. For example:

AN 1. Hg(OAc),, HoO/THF CHz
CHa
2. NaBH4 OH

1-Methylcyclopentene 1-Methylcyclopentanol
(92%)

Alkene oxymercuration is closely analogous to halohydrin formation. The
reaction is initiated by electrophilic addition of Hg2* (mercuric) ion to the
alkene to give an intermediate mercurinium ion, whose structure resembles that
of a bromonium ion (Figure 7.3). Nucleophilic addition of water as in halo-
hydrin formation, followed by loss of a proton, then yields a stable organo-
mercury product. The final step, reaction of the organomercury compound with
sodium borohydride, is complex and appears to involve radicals. Note that the
regiochemistry of the reaction corresponds to Markovnikov addition of water;
that is, the —OH group attaches to the more highly substituted carbon atom,
and the —H attaches to the less highly substituted carbon.

CHs CH3 CHg
CHz _ OH OH
HglQAc)s + Hy0 NaBH4
@/ —_— HoDAC —_—
HgOAc H
H H H
1-Methyl- Mercurinium Organomercury 1-Methyl-
cyclopentene ion compound cyclopentanol
(92% yield)

Figure 7.3 Mechanism of the oxymercuration of an alkene to yield an alcohol. The reac-
tion involves a mercurinium ion intermediate and proceeds by a mechanism similar to that
of halohydrin formation. The product of the reaction is the more highly substituted alcohol,
corresponding to Markovnikov regiochemistry.

Problem 7.7 | What products would you expect from oxymercuration of the following alkenes?

(a) CH3CH2CH2CH:CH2 {b} C|H3
CH3C=CHCH,CH
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What alkenes might the following alcohols have been prepared from?

(a) Cl}H
CH3(|ZCH2CH2CH2CH3
CH3

(b} OH

Addition of Water to Alkenes: Hydroboration

In addition to the oxymercuration method, which yields the Markovnikov
product, a complementary method that yields the non-Markovnikov product
is also useful. Discovered in 1959 by H. C. Brown and called hydroboration,
the reaction involves addition of a B—H bond of borane, BH4, to an alkene to
yield an organoborane intermediate, RBH,. Oxidation of the organoborane
by reaction with basic hydrogen peroxide, H,0,, then gives an alcohol. For
example:

HaC, H H BH H OH

\ / BH3 \ 7 H203, OH™ N /

C=C _— o—Cx, — A=Gs,

/ N\ THF salvent HaC 'y NH H3C-y NoH
HiC CH,CH3 HaC CH5CH3 HsC CH,CH3
2-Methyl-2-pentene Organoborane 2-Methyl-3-pentanol

Herbert Charles Brown
{1912-2004) was born in Londaon
to Ukrainian parents and brought to
the United States in 1914. Brown
received his Ph.0, in 1938 from
the University of Chicago, taught
at Chicago and at Wayne State
University, and then became
professor of chemistry at Purdue
University. The author of more
than 1000 scientific papers, he
received the 1979 Nobel Prize in
chemistry for his work on
organoboranes.

intermediate

Borane is very reactive because the boron atom has only six electrons in its
valence shell. In tetrahvdrofuran solution, BH; accepts an electron pair from a
solvent molecule in a Lewis acid-base reaction to complete its octet and form
a stable BH;-THF complex.

Electrophilic

N

THF

Borane

BH3 -THF complex

When an alkene reacts with BH4 in THF solution, rapid addition to the
double bond occurs three times and a trialkylborane, R4B, is formed. For exam-
ple, 1 molar equivalent of BH; adds to 3 molar equivalents of cyclohexene to
vield tricyclohexylborane, When tricyclohexylborane is then treated with
aqueous hydrogen peroxide (H,0,) in basic solution, an oxidation takes
place. The three C—B bonds are broken, —OH groups bond to the three car-
bons, and 3 equivalents of cyclohexanol are produced. The net effect of the
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two-step hydroboration/oxidation sequence is hydration of the alkene dou-
ble bond.

OH
BH3 H,0;
3 e —_— + B(OH
THF solvent B H,0, NaOH (Ol
Cyclohexene Cyclohexanol

WORKED EXAMPLE 7.1

Strategy

(87%)

Tricyclohexylborane

One of the features that makes the hydroboration reaction so useful is the
regiochemistry that results when an unsymmetrical alkene is hydroborated. For
example, hydroboration/oxidation of I-methylcyclopentene vyields frans-
2-methylcyclopentanol. Boron and hydrogen both add to the alkene from the
same face of the double bond—that is, with syn stereochemistry, the opposite
of anti—with boron attaching to the less highly substituted carbon. During
the oxidation step, the boron is replaced by an —OH with the same stereo-
chemistry, resulting in an overall syn non-Markovnikov addition of water. This
stereochemical result is particularly useful because it is complementary to the
Markovnikov regiochemistry observed for oxymercuration.

CHa CHj
CH3 - [ .
BH3 HgOz. OH™
g THF solvent G
“BH; \ OH
H H
1-Methyl- Organoborane trans-2-Methyl-
cyclopentene intermediate cyclopentanol
(85% yield)

Why does alkene hydroboration take place with non-Markovnikov regio-
chemistry, yielding the less highly substituted alcohol? Hydroboration differs
from many other alkene addition reactions in that it occurs in a single step
through a four-center, cyclic transition state without a carbocation intermediate
(Figure 7.4). Because both C—H and C—B bonds form at the same time and from
the same face of the alkene, syn stereochemistry results. This mechanism
accounts not only for the syn stereochemistry of the reaction but also for the
regiochemistry. Attachment of boron is favored at the less sterically hindered
carbon atom of the alkene, rather than at the more hindered carbon, because
there is less steric crowding in the resultant transition state.

Predicting the Products Formed in a Reaction
What products would you obtain from reaction of 2,4-dimethyl-2-pentene with:
(a) BHj3, followed by H,0,, OH™ (b) Hg(OAc),, followed by NaBH,

When predicting the product of a reaction, you have to recall what you know about
the kind of reaction being carried out and then apply that knowledge to the specific
case you're dealing with, In the present instance, recall that the two methods of
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%
g,
H— ; C’L.-H
\H H CHz
F)HE H-‘ - :
A | ,
‘ H HoB H
H g—=H
\H H E:
1-Methyl- H H " i
- = .
cyclopentene H § : C\ _ HO H
_ : ‘ Steric
i P— B H ' | crowding trans-2-Methyl-
H here cyclopentanol
NOT formed

Active Figure 7.4 Mechanism of alkene hydroboration. The reaction occurs in a single step
in which both C—H and C—B bonds form at the same time and on the same face of the double
bond. The lower energy, more rapidly formed transition state is the one with less steric crowd-

ing, leading to non-Markovnikov regiochemistry. Sign in at www.thomsonedu.com to see a
simulation based on this figure and to take a short quiz.

hydration—hydroboration/oxidation and oxymercuration—give complementary
products. Hydroboration/oxidation accurs with syn stereochemistry and gives the
non-Markovnikov addition product; oxymercuration gives the Markovnikov product.

Solution HaC CHg

|
CH3CHCH=CCH3

(a) 2,4-Dimethyl-2-pentene (b)
1. BHy 1. HglOAGc),, H.0
2. Hy05, OH™ 2. NaBH;
H3C H CH4

H3[l: H CHs

CH3CHC|,‘—l‘:CH3 CchHc‘:ﬂclsCHa
HO H H OH

2,4-Dimethyl-3-pentanol 2,4-Dimethyl-2-pentanol

WORKED EXAMPLE 7.2 Choosing a Reactant to Synthesize a Specific Compound

How might you prepare the following alcohol?
CH3

7 — CH3(ZH2CH?HCH2CH3
OH
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Strategy

Solution

Problem 7.9

Problem 7.10

Problem 7.11

Problems that require the synthesis of a specific target molecule should always be
worked backward. Look at the target, identify its functional group(s), and ask your-
self “What are the methods for preparing this functional group?” In the present
instance, the target molecule is a secondary alcohol (R;CHOM), and we've seen that
alcohols can be prepared from alkenes by either hydroboration/oxidation or
oxymercuration. The —OH bearing carbon in the product must have been a
double-bond carbon in the alkene reactant, so there are two possibilities: 4-methyl-
2-hexene and 3-methyl-3-hexene.

Add —OH here Add —OH here
CH3 / CHQ
4 27
CH3CH,CHCH=CHCHj3 CH3CH;C=CHCH,CHg
4-Methyl-2-hexene 3-Methyl-3-hexene

4-Methyl-2-hexene has a disubstituted double bond, RCH=CHR’, and would
probably give a mixture of two alcohols with either hydration method since
Markovnikov’s rule does not apply to symmetrically substituted alkenes. 3-Methyl-
3-hexene, however, has a trisubstituted double bond, and would give only the desired
product on non-Markovnikov hydration using the hydroboration/oxidation method.

CHs CHa
1 1. BHg, THF i
CH5CH,C=CHCH5CH4 m’ CchHch(I:HCHzCH_g
3-Methyl-3-hexene OH

Show the structures of the products you would obtain by hydroboration/oxidation
of the following alkenes:

(a) CHS (b) e CH3
CH3C=CHCH,CH3

What alkenes might be used to prepare the following alcohols by hydroboration/
oxidation?

(a) C‘:H3 (b) HzC OH fc) CH,0H
CH3CHCH,CHR0H CH3CHCHCH,

The following cycloalkene gives a mixture of two alcohols on hydroboration fol-
lowed by oxidation. Draw the structures of both, and explain the result.
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' Addition of Carbenes to Alkenes: Cyclopropane Synthesis

Yet another kind of alkene addition is the reaction of a carbene with an alkene to
vield a cyclopropane. A carbene, R,C:, is a neutral molecule containing a diva-
lent carbon with only six electrons in its valence shell. It is therefore highly reac-
tive and is generated only as a reaction intermediate, rather than as an isolable
molecule. Because they're electron-deficient, carbenes behave as electrophiles
and react with nucleophilic C=C bonds. The reaction occurs in a single step

without intermediates.

R Fl\ /H

G
7y
e -

" /

An alkene A carbene A cyclopropane

One of the simplest methods for generating a substituted carbene is by treat-
ment of chloroform, CHCl;, with a strong base such as KOH. Loss of a proton
from CHCIj; gives the trichloromethanide anion, ~:CCl3, which expels a Cl™ ion

Figure 7.5 MECHANISM:
Mechanism of the formation of
dichlorocarbene by reaction

to yield dichlorocarbene, :CCl; (Figure 7.5).

i 4
e

of chloroform with strong base. Cl_(|:_H
Thomson Click Organic cl
Process to view an animation of Chiorof
the mechanism for the addition QrOROHT
st dichlorocarbene to alkenes. @ Base abstracts the hydrogen from chloroform,
leaving behind the electron pair from the C-H oJ
hond and forming the trichloromethanide anion.
"
\\(l:l
Cl—C:™ + H0
|
Cl
Trichloromethanide
anion
2] Spontaneous loss of chloride ion then yields (2}
the neutral dichlorocarbene. !
&l
N\
i #+ CIr
/
Cl

Dichlorocarbene

@ John McMurry
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The dichlorocarbene carbon atom is sp2-hybridized, with a vacant p orbital
extending above and below the plane of the three atoms and with an unshared
pair of electrons occupying the third sp? lobe. Note that this electronic descrip-
tion of dichlorocarbene is similar to that for a carbocation (Section 6.9) with
respect to both the sp? hybridization of carbon and the vacant p orbital. Electro-
static potential maps further show this similarity (Figure 7.6).

Vacant p orbital

Vacant p orbital

Lone pair

Vacant p orbital

sp2 orbital

Dichlorocarbene A carbocation
(sp?-hybridized)

Figure 7.6 The structure of dichlorocarbene. Electrostatic potential maps show how the
positive region (blue) coincides with the empty p orbital in both dichlorocarbene and a
carbocation (CH5™). The negative region (red) in the dichlorocarbene map coincides with the
lone-pair electrons.

If dichlorocarbene is generated in the presence of an alkene, addition to the
double bond occurs and a dichlorocyclopropane is formed. As the reaction of
dichlorocarbene with cis-2-pentene demonstrates, the addition is stereospecific,
meaning that only a single stereoisomer is formed as product. Starting from a cis
alkene, for instance, only cis-disubstituted cyclopropane is produced; starting
from a trans alkene, only trans-disubstituted cyclopropane is produced.

q e
Hse=c! & oo, KoM c + KCl
e ~cH 3 B % H
CH3CH» 3 s il
CH3CH5 CHs
cis-2-Pentene
,H
KOH < M
+ CHCly —— . + KCI
>‘\CI
H

Cyclohexene

The best method for preparing nonhalogenated cyclopropanes is by a process
called the Simmons-Smith reaction. First investigated at the DuPont company,
this reaction does not involve a free carbene. Rather, it utilizes a carbenoid—a
metal-complexed reagent with carbene-like reactivity. When diiodomethane is
treated with a specially prepared zinc-copper mix, (iodomethyl)zinc iodide,
ICH,Znl, is formed. In the presence of an alkene, (iodomethyvl)zinc iodide trans-
fers a CH, group to the double bond and vields the cyclopropane. For example,
cyclohexene reacts cleanly and in good yield to give the corresponding cyclo-
propane. Although we won't discuss the mechanistic details, carbene addition to
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an alkene is one of a general class of reactions called cycloadditions, which we’ll
study more carefully in Chapter 30.

CHpl, + ZniCu) —— ICHp—2Znl ['f:CHzf']

Diiodomethane {Iodomethyl)zinc iodide
(a carbenoid)

Zn{Cu)
Ether

+ CH212

Cyclohexene
Bicyclo[4.1.0]heptane
(92%)

Problem 7.12 What products would you expect from the following reactions?

(a) CH2

+ CHEly 2. @

(b) CHg
Zn{Cu)
CH3CHCHoCH=CHCHz + CH3l, ——— 7

1.7  Reduction of Alkenes: Hydrogenation

Thomson! OV Click Organic Alkenes react with H; in the presence of a metal catalyst to yield the correspond-

Interactive to use a web-based ing saturated alkane addition products. We describe the result by saying that the

palette to predict products from . :

tharadiotionoF alkenas. double bond has been hydrogenated, or reduced. Note that the words oxidation
and reduction are used somewhat differently in organic chemistry from what you
might have learned previously. In general chemistry, a reduction is defined as
the gain of one or more electrons by an atom. In organic chemistry, however, a
reduction is a reaction that results in a gain of electron density by carbon,
caused either by bond formation between carbon and a less electronegative
atom or by bond-breaking between carbon and a more electronegative atom.
We'll explore the topic in more detail in Section 10.9.

Reduction  Increases electron density on carbon by:
- forming this: C—H
- or breaking one of these: C-0 C—N C=X

A reduction:
H /H
- o= Catalyst N
=C=CZ 4+ H —— ) & o 0
EEEEEE > H7  N\°H
H H

An alkene An alkane
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Roger Adams (1889-1971) was
barn in Boston, Massachusetts,
and received his Ph.D.in 1912 at
Harvard. He taught at the Univer-
sity af Hlinois fram 1916 until his
retirement in 1957, during which
time he had an enormous influ-
ence on the development of
organic chemistry in the United
States. Amang many other
accomplishments, he established
the structure of tetrahydro-
cannabinol, the active ingredient
in marijuana.
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Platinum and palladium are the most commeon catalysts for alkene hydro-
genations. Palladium is normally used as a very fine powder “supported” on an
inert material such as charcoal (Pd/C) to maximize surface area. Platinum is
normally used as PtO,, a reagent called Adams’ catalyst after its discoverer,
Roger Adams.

Catalytic hydrogenation, unlike most other organic reactions, is a hetero-
geneous process rather than a homogeneous one, That is, the hydrogenation
reaction does not occur in a homogeneous solution but instead takes place
on the surface of insoluble catalyst particles. Hydrogenation usually occurs
with syn stereochemistry—both hydrogens add to the double bond from the
same face.

CHa
CH3 1 H
Hy, PtO;
CHZCO,H
CHg solvent i H
CHa

1,2-Dimethyl-
cyclohexene

cis-1,2-Dimethyl-
cyclohexane (82%)

The first step in the reaction is adsorption of Hy onto the catalyst surface,
Complexation between catalyst and alkene then occurs as a vacant orbital on
the metal interacts with the filled alkene # orbital. In the final steps, hydro-
gen is inserted into the double bond and the saturated product diffuses away
from the catalyst (Figure 7.7). The stereochemistry of hydrogenation is syn
because both hydrogens add to the double bond from the same catalyst
surface.

An interesting feature of catalytic hydrogenation is that the reaction is
extremely sensitive to the steric environment around the double bond. As a
result, the catalyst often approaches only the more accessible face of an alkene,
giving rise to a single product. In a-pinene, for example, one of the methyl
groups attached to the four-membered ring hangs over the top face of the dou-
ble bond and blocks approach of the hydrogenation catalvst from that side.
Reduction therefore occurs exclusively from the bottom face to yield the prod-
uct shown.

Top side of double
bond blocked by
methyl group

HaC CHg [HgC._ _CHj i
H B
Hy
— CH H
PdiC e '
H | H
H CHs
a-Pinene f (NOT formed)
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Metal catalyst
@ Molecular hydrogen adsorbs to the
catalyst surface and dissociates into
hydrogen atoms.
Hz bound to
catalyst

@ The alkene adsorbs to the catalyst
surface, using its = bond to complex
to the metal atoms.

Hz and alkene
bound to catalyst

© A hydrogen atom is transferred from
the metal to one of the alkene carbon
atoms, forming a partially reduced
intermediate with a C-H bond and
carbon-metal o bond.

Partially reduced

intermediate
@ A second hydrogen is transferred from
the metal to the second carbon, giving
the alkane product and regenerating the
catalyst. Because both hydrogens are
transferred to the same face of the alkene,
the reduction has syn stereochemistry.
Alkane plus
regenerated catalyst

Figure 7.7 MECHANISM: Mechanism of alkene hydrogenation. The reaction takes place
with syn stereochemistry on the surface of insoluble catalyst particles.

Alkenes are much more reactive than most other unsaturated functional
groups toward catalytic hydrogenation, and the reaction is therefore quite selec-
tive. Other functional groups such as aldehydes, ketones, esters, and nitriles sur-
vive normal alkene hyvdrogenation conditions unchanged, although reaction
with these groups does occur under more vigorous conditions. Note particularly

@© John McMurry
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Problem 7.13

in the hydrogenation of methyl 3-phenylpropenoate shown below that the aro-
matic ring is not reduced by hydrogen and palladium even though it contains
apparent double bonds.

O 0]
Ha
Pd/C in ethanol

2-Cyclohexenone Cyclohexanone
{ketone NOT reduced)

0] 0
i ]
= """ 0CH;Z Hy “OCH3
- Pd/C in ethanol
Methyl 3-phenylpropencate Methyl 3-phenylpropanoate
(aromatic ring NOT reduced)
% C%N Hy CQ.N
Pd/C in ethanol
Cyclohexylideneacetonitrile Cyclohexylacetonitrile

(nitrile NOT reduced)

In addition to its usefulness in the laboratory, catalytic hydrogenation is
also important in the food industry, where unsaturated vegetable oils are
reduced on a vast scale to produce the saturated fats used in margarine and
cooking products (Figure 7.8). As we'll see in Section 27.1, vegetable oils are
triesters of glycerol, HOCH,CH(OH)CH,OH, with three long-chain car-
boxylic acids called fatty acids. The fatty acids are generally polyunsaturated,
and their double bonds invariably have cis stereochemistry. Complete hydro-
genation yields the corresponding saturated fatty acids, but incomplete
hydrogenation often results in partial cis-trans isomerization of a remaining
double bond. When eaten and digested, the free trans fatty acids are released,
raising blood cholesterol levels and contributing to potential coronary
problems.

What product would you obtain from catalytic hydrogenation of the following
alkenes?

(a) ?Hs {b) CH5
CHC=CHCH,CH4 ©<CH3



Figure 7.8 Catalytic hydro-
genation of polyunsaturated
fats leads to saturated prod-
ucts, along with a small
amount of isomerized

trans fats.

1.8

Cycloheptene
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0 cis cis
I 0 H H H ] H
CH,—0—C—R [ \ l / \ / A polyuﬂns_aturated
0 G e _C=C_ LC=C fatty acid in
[ 0 (CH2)7 CHy (CH2)4CH3 vegetable oil
CH—O—C—R'
9
CH,—0—C—R" ‘ 2 Hp, Pd/C
A vegetable oil
ﬁ \}4 H H
3 G _C._ _CHy_ /\C’i\ A saturated fatty
0 {CHa2)y fC\ /C\ (CH2)4CH4q acid in margarine
H H H H
trans
0 H H H
I | N\ /

C CE CH & A trans fatty acid
07 N CHy” *g" 2507 M (CH)CHy

/N
H H H

Oxidation of Alkenes: Epoxidation and Hydroxylation

Like the word reduction used in the previous section for addition of hydrogen to
a double bond, the word oxidation has a slightly different meaning in organic
chemistry from what you might have previously learned. In general chemistry,
an oxidation is defined as the loss of one or more electrons by an atom. In organic
chemistry, however, an oxidation is a reaction that results in a loss of electron
density by carbon, caused either by bond formation between carbon and a more
electronegative atom—usually oxygen, nitrogen, or a halogen—or by bond-
breaking between carbon and a less electronegative atom—usually hvdrogen. Note
that an oxidation often adds oxygen, while a reduction often adds hydrogen.

Oxidation Decreases electron densily on carbon by:

- forming one of these: C—0 C—N C=X

— or breaking this: C—H

Alkenes are oxidized to give epoxides on treatment with a peroxyacid (RCO3H),
such as metu-chloroperoxybenzoic acid. An epoxide, also called an oxirane, is a
cvclic ether with an oxygen atom in a three-membered ring. For example:

i
cl B .0 Cl (.
+ CH,Cly ! \ﬂ/ 0
solvent U

Ny

meta-Chioro-
benzoic acid

1,2-Epoxy-
cycloheptane

meta-Chloroperoxy-
benzoic acid
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Peroxyacids transfer an oxygen atom to the alkene with syn stereo-
chemistry—both C—0O bonds form on the same face of the double bond—
through a one-step mechanism without intermediates. The oxygen atom
farthest from the carbonyl group is the one transferred.

ST, S H
gt B ~ 0
[N SN >0 + |

A R ~F 07 ™R
Alkene Peroxyacid Epoxide Acid

Another method for the svnthesis of epoxides is through the use of halo-
hydrins, prepared by electrophilic addition of HO—X to alkenes (Section 7.3).
When a halohydrin is treated with base, HX is eliminated and an epoxide is

produced.
H
H | »OH
Sy, Swion, + H,0 + NaCl
H,0 H,0 <
H | *H
Cl
Cyclohexene trans-2-Chloro- 1,2-Epoxycyclohexane
cyclohexanol (73%)

Epoxides undergo an acid-catalyzed ring-opening reaction with water (a
fydirolysis) to give the corresponding dialcohol (diol), also called a glycol. Thus, the
net result of the two-step alkene epoxidation/hydrolysis is hydroxylation—
the addition of an —OH group to each of the two double-bond carbons. In fact,
more than 3 million tons of ethylene glycol, HOCH,CH,OH, most of it used for
automobile antifreeze, is produced each year in the United States by epoxida-
tion of ethylene followed by hydrolysis.

\ i 0 HO

=< Epodation, /N HgO", "__\C_C'\/-
Z 5 7 L

An alkene An epoxide A 1,2-diol

Acid-catalyzed epoxide opening takes place by protonation of the epoxide
to increase its reactivity, followed by nucleophilic addition of water. This
nucleophilic addition is analogous to the final step of alkene bromination, in
which a cyclic bromonium ion is opened by a nucleophile (Section 7.2). That is,
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a trans-1,2-diol results when an epoxycycloalkane is opened by aqueous acid,

just as a trans-1,2-dibromide results when a cycloalkene is halogenated. We'll
look at epoxide chemistry in more detail in Section 18.6.

H40*

1.2-Epoxycyclo-

trans-1,2-Cyclo-
hexane

hexanediol
(86%)
(Recall the following: ]
H
H {_oBr
Bry
H i TH
Br
Cyclohexene
trans-1,2-Dibromo-
cyclohexane

Hydroxylation can be carried out directly without going through the inter-
mediate epoxide by treating an alkene with osmium tetroxide, OsOy. The reac-
tion occurs with syn stereochemistry and does not involve a carbocation
intermediate. Instead, it takes place through an intermediate cvclic osmate,
which is formed in a single step by addition of OsOy to the alkene. This cvclic
osmate is then cleaved using aqueous sodium bisulfite, NaHSO4.

CHs CHy

CH3 i &0 0 | .a0H
Q[ 0s0, C[: N NaHS05 G:

Pyridine TR Hz0 |

CHg i 0 0 | OH

CH5 CHg
1,2-Dimethylcyclopentene A cyclic osmate cis-1,2-Dimethyl-1,2-cyclo-
intermediate pentanediol (87%)

Unfortunately, a serious problem with the osmium tetroxide reaction is
that OsOy is both very expensive and very toxic. As a result, the reaction
is usually carried out using only a small, catalytic amount of OsO, in the pres-
ence of a stoichiometric amount of a safe and inexpensive co-oxidant such as
N-methylmorpholine N-oxide, abbreviated NMO. The initially formed
osmate intermediate reacts rapidly with NMO to vield the product diol plus
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1-Phenyl-
cyclohexene

Problem 7.14

Problem 7.15 ‘

19

ThomsonMNCW  Click Organic
Interactive to use a web-based
palette to predict products from
the oxidation of alkenes.

N-methylmorpholine and reoxidized OsOy4. The OsOy then reacts with more
alkene in a catalytic cycle.

E W HaC 0O~ = 3
| N |
1 Nt E
L 1 | }
Catalytic i 0 0 | _.OH |
0s0 TR
A i : o5 (N-Meth |O ho ¥
cetane, 2N -iviegthyimorp H
H,0 |0 0 line N-oxide, NMO) | OH
L H | H
Osmate 1-Phenyl-r-1,¢-2-eyclo-
hexanediol +
93%
(93%) CHa

|

N
N-Methyl-
morpholine

0

Note that a cis- or frans- prefix would be ambiguous when naming the diol
derived from 1-phenylcyclohexene because the ring has three substituents. [n
such a case, the substituent with the lowest number is taken as the reference sub-
stituent, denoted r, and the other substituents are identified as being cis (¢) or
trans () to that reference. When two substituents share the same lowest num-
ber, the one with the highest priority by the Cahn-Ingold-Prelog sequence rules
(Section 6.5) is taken as the reference. In the case of 1-phenyl-1,2-cyclohexane-
diol, the —OH group at Cl1 is the reference (r-1), and the —OH at C2 is either cis
(¢-2) or trans (-2) to that reference. Thus, the diol resulting from cis hydroxy-
lation is named 1-phenyl-r-1,c-2-cyclohexanediol, and its isomer resulting from
trans hydroxylation would be named 1-phenyl-r-1,{-2-cyclohexanediol.

What product would you expect from reaction of cis-2-butene with meta-chloro-
peroxybenzoic acid? Show the stereochemistry.

How would you prepare each of the following compounds starting with an alkene?

(a) H (b) HO OH (c) HO (IJH
|_LOH
CH3CHZCH(|3CH3 HOCH,CHCHCH,0H
T~0H CH3
CHs

Oxidation of Alkenes: Cleavage to Carbonyl Compounds

In all the alkene addition reactions we've seen thus far, the carbon—carbon dou-
ble bond has been converted into a single bond but the carbon skeleton has
been left intact. There are, however, powerful oxidizing reagents that will cleave
C=C bonds and produce two carbonyl-containing fragments.
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Ozone (O3) is perhaps the most useful double-bond cleavage reagent. Prepared
by passing a stream of oxvgen through a high-voltage electrical discharge, ozone
adds rapidly to an alkene at low temperature to give a cyclic intermediate called a
molozonide. Once formed, the molozonide then spontaneously rearranges to form
an ozonide. Although we won't study the mechanism of this rearrangement in
detail, it involves the molozonide coming apart into two fragments that then
recombine in a different way.

30, %{;— 205
O o \C=O
LI o b B \CP D\C/ w
P \  CHClp, -78°C _L—C._ /o7 CHaCOMMZ0
L / \_ 0=c
An alkene A molozonide An ozonide

Low-molecular-weight ozonides are explosive and are therefore not iso-
lated. Instead, the ozonide is immediately treated with a reducing agent such as
zinc metal in acetic acid to convert it to carbonyl compounds. The net result of
the ozonolysis/reduction sequence is that the C=C bond is cleaved and oxygen
becomes doubly bonded to each of the original alkene carbons. If an alkene with
a tetrasubstituted double bond is ozonized, two ketone fragments result; if an
alkene with a trisubstituted double bond is ozonized, one ketone and one alde-
hyde result; and so on.

CH4 0
C/ 1.04 & Il
P £
X 2.7n, Hy0* GHyGCHy
CHg
Isopropylidenecyclohexane Cyclohexanone Acetone
(tetrasubstituted) ’
84%; two ketones
0 0] 0 (0]
I 1,05 [ I I
CH3(CH2)3CH=CH(CH3)7COCH4 i LG CH3(CH5);CH + HC(CH5)7COCH3
<Zn; Ry
Methyl 9-octadecenoate Nonanal Methyl 9-oxononanoate

(disubstituted) ”
78%; two aldehydes

Several oxidizing reagents other than ozone also cause double-bond cleavage.
For example, potassium permanganate (KMnQO,) in neutral or acidic solution
cleaves alkenes to give carbonyl-containing products. If hydrogens are present on
the double bond, carboxylic acids are produced; if two hydrogens are present
on one carbon, CQO5 is formed.

CHs CHz CHs chf (1:|)

| | KMnO,
CHgCHCHzCHchchCH:CHZ W’
3

3,7-Dimethyl-1-octene 2,6-Dimethylheptanoic acid (45%)

|
CH3CHCH,CH,CHoCHCOH — + €O,
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In addition to direct cleavage with ozone or KMnO,, an alkene can also be
cleaved by initial hydroxylation to a 1,2-diol followed by treatment with per-
iodic acid, HIO4. If the two —OH groups are in an open chain, two carbonyl
compounds result. If the two —OH groups are on a ring, a single, open-chain
dicarbonyl compound is formed. As indicated in the following examples, the
cleavage reaction takes place through a cyclic periodate intermediate.

(IIH3 CHg 0
|_aOH =0 OH CHa
_— ol —
~oH i~0" 0 H
H H 0]
A 1,2-diol Cyclic periodate 6-Oxoheptanal (86%)
intermediate
HIO, 5 o
H20, THF
HO OH Q. 0
s
(8] 0 OH
A 1,2-diol Cyclic periodate Cyclopentanone (81%)
intermediate

WORKED EXAMPLE 7.3

Strategy

Solution

Problem 7.16

Problem 7.17

Predicting the Reactant in an Ozonolysis Reaction

What alkene would yield a mixture of cyclopentanone and propanal on treatment
with ozone followed by reduction with zinc?

0

R O + GHsC IcI
! 2. Zn, acetic acid H3CH,CH

Reaction of an alkene with ozone, followed by reduction with zinc, cleaves the
carbon-carbon double bond and gives tlwo carbonyl-containing fragments. That is,
the C=C bond becomes two C=0 bonds. Working backward from the carbonyl-
containing products, the alkene precursor can be found by removing the oxygen
from each product and joining the two carbon atoms to form a double band.

O:o © OFCHCHyCHy «— QECHCHZCHS

What products would you expect from reaction of 1-methylcyclohexene with the
following reagents?
(a) Aqueous acidic KMnOy (b) O3, followed by Zn, CH3CO,H

Propose structures for alkenes that yield the following products on reaction with

| ozone followed by treatment with Zn:
| (@) (CH3),C=0 + H,C=0  (b) 2equiv CH3CH,CH=0
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Radical Additions to Alkenes: Polymers

We had a brief introduction to radical reactions in Section 5.3 and said at that
time that radicals can add to alkene double bonds, taking one electron from the
double bond and leaving one behind to yield a new radical. Let’s now look at
the process in more detail, focusing on the industrial synthesis of alkene polymers.

A polymer is simply a large—sometimes very large—molecule built up by
repetitive bonding together of many smaller molecules, called monomers.
Nature makes wide use of biological polymers. Cellulose, for instance, is a poly-
mer built of repeating glucose monomer units; proteins are polymers built of
repeating amino acid monomers; and nucleic acids are polymers built of repeat-
ing nucleotide monomers. Synthetic polymers, such as polyethylene, are chem-
ically much simpler than biopolymers, but there is still a great diversity to their
structures and properties, depending on the identity of the monomers and on
the reaction conditions used for polymerization.

Cellulose—a glucose polymer

CH,OH CH,0H
HO °Q ET0 g o S, CH,OH
HO OH ' HO 0 . CH,0H
OH OoH | Ho \ 0 Q
X
Glucose OH HO
OH
Cellulose
Protein—an amino acid polymer
H 0
\ Il
N c —_—
H™ S Tow —
H R
An amino acid A protein
Nucleic acid—a nucleotide polymer
0 - Q
\P/D \Pi‘,
o/ \ v % O;‘; \ -‘,,_::..-,-\-:\,/n,-,y
0
OH H {OH) \ O H (OH)
O—;—’P PR
A nucleotide \O e i
0]
/
2,0 H (OH)

&

A nucleic acid
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Polyethylene—a synthetic alkene polymer

H [H H

H H H
H\ /H C"' \Cl_. \C’, :
ISR Al
H H H H H H H H
Ethylene Polyethylene

The simplest synthetic polymers are those that result when an alkene is
treated with a small amount of a radical as catalyst. Ethylene, for example, yields
polyethylene, an enormous alkane that may have up to 200,000 monomer units
incorporated into a gigantic hydrocarbon chain. Approximately 14 million tons
per year of polyethylene is manufactured in the United States alone.

Historically, ethylene polymerization was carried out at high pressure
(1000-3000 atm) and high temperature (100-250 °C) in the presence of a cata-
lyst such as benzoyl peroxide, although other catalysts and reaction conditions
are now more often used. The key step is the addition of a radical to the ethylene
double bond, a reaction similar in many respects to what takes place in the addi-
tion of an electrophile. In writing the mechanism, recall that a curved half-
arrow, or “fishhook” ~, is used to show the movement of a single electron, as
opposed to the full curved arrow used to show the movement of an electron pair
in a polar reaction.

B Initiation The polymerization reaction is initiated when a few radicals are
generated on heating a small amount of benzoyl peroxide catalyst to break the
weak O—O bond. A benzoyloxy radical then adds to the C=C bond of
ethylene to generate a carbon radical. One electron from the C=C bond pairs
up with the odd electron on the benzoyloxy radical to form a C—0 bond, and
the other electron remains on carbon.

0 0]
{ \
\ 8] L O/ Heat k. 0
= Bz-
Benzoyl peroxide Benzoyloxy radical

N
8207 VHaClcH, ——  BzO—CHCHy'

I Propagation Polymerization occurs when the carbon radical formed in the
initiation step adds to another ethylene molecule to yield another radical.
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Repetition of the process for hundreds or thousands of times builds the poly-
mer chain.

Repeat

~ //‘\\ A
BZOCHECHz' HQC:CHQ — BZOCH2CH2CH2CH2' BZO(CHQCHz)nCHECHZ »

many times

B Termination The chain process is eventually ended by a reaction that con-
sumes the radical. Combination of two growing chains is one possible chain-
terminating reaction.

2R—CH,CH,» ——> R—CH,CH,CH,CHy—
Ethylene is not unique in its ability to form a polymer. Many substituted ethyl-
enes, called vinyl monomers, also undergo polymerization to yield polymers with

substituent groups regularly spaced on alternating carbon atoms along the chain.
Propylene, for example, yields polypropylene, and styrene yields polystyrene.

H3 CH3 (‘:H3 C‘HB]
Hzc CHCHg — CHchCHQCHCHchCHch

Propylene Polypropylene
“£N
H,C=CH CH3CHCH;CHCH,CHCH,CH

Styrene @ @

Polystyrene

When an unsymmetrically substituted vinyl monomer such as propylene
or styrene is polymerized, the radical addition steps can take place at either end
of the double bond to yield either a primary radical intermediate (RCHy-) or a
secondary radical (R,CH-). Just as in electrophilic addition reactions, however,
we find that only the more highly substituted, secondary radical is formed.

A e ik
BzO-f""//H;\:fCHCHg, ——  Bz0—CHy—CH- BzO—CH—CHy:

Secondary radical Primary radical
(MOT formed)
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Table 7.1 shows some commercially important alkene polymers, their uses,
and the vinyl monomers from which they are made.

‘Table7.1 = Some Alkene Polymers and Their Uses

Monomer Formula Trade or common name of polymer Uses

Ethylene H,C=CH, Polyethylene Packaging, bottles
Propene (propylene) H,C=CHCH4 Polypropylene Moldings, rope, carpets
Chloroethylene H,C=CHCI Poly(vinyl chloride) Insulation, films, pipes
(vinyl chloride) Tedlar

Styrene H,C=CHCgHg Polystyrene Foam, moldings
Tetrafluoroethylene F,C=CF, Teflon Gaskets, nonstick coatings
Acrylonitrile H,C=CHCN Orlon, Acrilan Fibers

Methyl methacrylate CH3 Plexiglas, Lucite Paint, sheets, moldings

|
H2C=CC02CH3

Vinyl acetate H,C=CHOCOCH, Poly(vinyl acetate) Paint, adhesives, foams

WORKED EXAMPLE 7.4

Predicting the Structure of a Polymer

Show the structure of poly(vinyl chloride), a polymer made from H,C=CHCI, by
drawing several repeating units.

Strategy Mentally break the carbon-carbon double bond in the monomer unit, and form sin-
gle bonds by connecting numerous units together.

Solution The general structure of poly(vinyl chloride) is

i

cl ci $|'
CH4CH—CH5CH—CH,CH

Problem 7.18 | Show the monomer units you would use to prepare the following polymers:

|
(a)
. OCHg ?CHg OCH3

|
CHy—CH—CH,—CH—CH,—CH

(b}
CLI (i,‘l CLI 1[31 (|}I (i.‘l
CH—CH—CH—CH—EH—CH
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One of the chain-termination steps that sometimes occurs to interrupt polymeriza-
tion is the following reaction between two radicals. Propose a mechanism for the
reaction, using fishhook arrows to indicate electron flow.

2 3 CHpCHy —— —5CHyCHz + —3CH=CH,

Biological Additions of Radicals to Alkenes

The same high reactivity of radicals that makes possible the alkene polymerization
we saw in the previous section also makes it difficult to carry out controlled radi-
cal reactions on complex molecules. As a result, there are severe limitations on the
usefulness of radical addition reactions in the laboratory. In contrast to an electro-
philic addition, where reaction occurs once and the reactive cation intermediate is
rapidly quenched in the presence of a nucleophile, the reactive intermediate in a
radical reaction is not usually quenched, so it reacts again and again in a largely
uncontrollable way.

Electrophilic addition
{Intermediate is quenched,
so reaction stops.)

E E
\ / ET A - Nu™ = 3 /"

+-
= L1 L

/ ? \ -‘-/ L / \Nu

Radical addition
(Intermediate is not quenched,
so reaction does not stop.)

\ / Rad / \C=C/ Rf‘\d ’ \C:C/
c=f 2 ,,,.\c—c“" £ 5, g L1
/N {7 / __\ch""

In biological reactions, the situation is different from that in the laboratory.
Only one substrate molecule at a time is present in the active site of the enzyme
where reaction takes place, and that molecule is held in a precise position, with
coenzymes and other necessary reacting groups nearby. As a result, biological
radical reactions are both more controlled and more common than laboratory
or industrial radical reactions. A particularly impressive example occurs in the
biosynthesis of prostaglandins from arachidonic acid, where a sequence of four
radical additions take place. The reaction mechanism was discussed briefly in
Section 5.3,

Prostaglandin biosynthesis begins with abstraction of a hydrogen atom
from C13 of arachidonic acid by an iron—oxy radical (Figure 7.9, step 1) to give
a carbon radical that reacts with O, at C11 through a resonance form (step 2).
The oxygen radical that results adds to the C8-C9 double bond (step 3) to give
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a carbon radical at C8, which then adds to the C12-C13 double bond and
gives a carbon radical at C13 (step 4). A resonance form of this carbon radical
adds at C15 to a second O; molecule (step 5), completing the prostaglandin
skeleton, and reduction of the O—0 bond then gives prostaglandin H; (step 6).
The pathway looks complicated, but the entire process is catalyzed with exqui-
site control by just one enzyme.

\.F/ A
e
) ?
0 +
! H
S
H

e ( o § COgH == . COzH
HWH ' '
‘\‘) —o—’ ’ —e
"1\ — I===13\—

Arachidonic acid

~COgH

0 o ]
H ) H E
. - . 5
{ A T '
g\
~ < \_‘_, W e ok A 15
H H H 0—0
(6]

Prostaglandin Hy

Figure 7.9 Pathway for the biosynthesis of prostaglandins from arachidonic acid. Steps 2
and 5 are radical addition reactions to O,; steps 3 and 4 are radical additions to carbon-
carbon double bonds.
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Focus On . ..

0 i \L “‘.:_:‘\ \
A" ‘i I v \‘ t
Natural Rubber

Rubber—an unusual name for an unusual substance—is a
naturally occurring alkene polymer produced by more
than 400 different plants. The major source is the so-called
rubber tree, Hevea brasiliensis, from which the crude mate-
rial is harvested as it drips from a slice made through the
bark. The name rubber was coined by Joseph Priestley,
the discoverer of oxygen and early researcher of rubber
chemistry, for the simple reason that one of rubber’s carly
uses was to rub out pencil marks on paper.

Unlike polyethylene and other simple alkene poly-
mers, natural rubber is a polymer of a diene, isoprene
(2-methyl-1,3-butadiene). The polymerization takes place
by addition of isoprene monomer units to the growing
chain, leading to formation of a polymer that still con-
tains double bonds spaced regularly at four-carbon inter-
vals. As the following structure shows, these double bonds
have Z stereochemistry:

Many isoprene units

Natural rubber is obtained
from the bark of the rubber

tree, Hevea brasiliensis, grown J

on enormous plantations in

Southeast Asia. Z geometry

pﬂ)x;\

A segment of natural rubber

Crude rubber, called latex, is collected from the tree as an aqueous disper-
sion that is washed, dried, and coagulated by warming in air. The resultant
polymer has chains that average about 5000 monomer units in length and
have molecular weights of 200,000 to 500,000 amu. This crude coagulate is
too soft and tacky to be useful until it is hardened by heating with elemental
sulfur, a process called vulcanization. By mechanisms that are still not fully
understood, vulcanization cross-links the rubber chains together by forming

fcontinued)
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carbon-sulfur bonds between them, thereby hardening and stiffening the
polymer. The exact degree of hardening can be varied, yielding material soft
enough for automobile tires or hard enough for bowling balls (ebonite).

The remarkable ability of rubber to stretch and then contract to its origi-
nal shape is due to the irregular shapes of the polymer chains caused by the
double bonds. These double bonds introduce bends and kinks into the poly-
mer chains, thereby preventing neighboring chains from nestling together.
When stretched, the randomly coiled chains straighten out and orient along
the direction of the pull but are kept from sliding over one another by the
cross-links. When the stretch is released, the polymer reverts to its original
random state.

SUMMARY AND KEY WORDS

Alkenes are generally prepared by an elimination reaction, such as dehydrohalo-
genation, the elimination of HX from an alkyl halide, or dehydration, the elimi-
nation of water from an alcohol.

HCI, HBr, and HI add to alkenes by a two-step electrophilic addition mech-
anism. Initial reaction of the nucleophilic double bond with H* gives a carbo-
cation intermediate, which then reacts with halide ion. Bromine and chlorine
add to alkenes via three-membered-ring bromonium ion or chloronium ion
intermediates to give addition products having anti stereochemistry. If water
is present during the halogen addition reaction, a halohydrin is formed.

Hydration of an alkene—the addition of water—is carried out by either of
two procedures, depending on the product desired. Oxymercuration
involves electrophilic addition of Hg2* to an alkene, followed by trapping of
the cation intermediate with water and subsequent treatment with NaBH,.
Hydroboration involves addition of borane (BHjy) followed by oxidation of
the intermediate organoborane with alkaline H,O5,. The two hydration meth-
ods are complementary: oxymercuration gives the product of Markovnikov
addition, whereas hydroboration/oxidation gives the product with non-
Markovnikov syn stereochemistry.

A carbene, R,C:, is a neutral molecule containing a divalent carbon with
only six valence electrons. Carbenes are highly reactive toward alkenes, adding
to give cyclopropanes. Nonhalogenated cyclopropanes are best prepared by
treatment of the alkene with CH5l, and zinc-copper, a process called the
Simmons-Smith reaction.

Alkenes are reduced by addition of H; in the presence of a catalyst
such as platinum or palladium to yield alkanes, a process called catalytic
hydrogenation. Alkenes are also oxidized by reaction with a peroxyacid to give
epoxides, which can be converted into trans-1,2-diols by acid-catalyzed epoxide
hydrolysis. The corresponding cis-1,2-diols can be made directly from alkenes by
hydroxylation with OsO4. Alkenes can also be cleaved to produce carbonyl
compounds by reaction with ozone, followed by reduction with zinc metal.

Alkene polymers—large molecules resulting from repetitive bending
together of many hundreds or thousands of small monomer units—are formed
by reaction of simple alkenes with a radical initiator at high temperature and
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pressure. Polyethylene, polypropylene, and polystyrene are common examples.
As a general rule, radical addition reactions are not common in the laboratory
but occur much more frequently in biological pathways.

What's seven times nine? Sixty-three, of course. You didn’t have to stop and
figure it out; you knew the answer immediately because you long ago
learned the multiplication tables. Learning the reactions of organic chem-
istry requires the same approach: reactions have to be learned for immedi-
ate recall if they are to be useful.

Different people take different approaches to learning reactions. Some
people make flash cards; others find studying with friends to be helpful. To
help guide your study, most chapters in this book end with a summary of
the reactions just presented. In addition, the accompanying Study Guide and
Solutions Manual has several appendixes that organize organic reactions
from other viewpoints. Fundamentally, though, there are no shortcuts.
Learning organic chemistry does take effort.

SUMMARY OF REACTIONS

Note: No stereochemistry is implied unless specifically indicated with
wedged, solid, and dashed lines.

1. Addition reactions of alkenes
(a) Addition of HCI, HBr, and HI (Sections 6.7 and 6.8)

Markovnikov regiochemistry occurs, with H adding to the less
highly substituted alkene carbon and halogen adding to the more
highly substituted carbon.

H X
\\ _C/ HX N /
7 0 \  Ether //C b

(b) Addition of halogens Cl, and Br; (Section 7.2)
Anti addition is observed through a halonium ion intermediate.

(c) Halohydrin formation (Section 7.3)
Markovnikov regiochemistry and anti stereochemistry occur.

X 7
S el am Xz -
e

i
/o

+ HX
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(d) Addition of water by oxymercuration (Section 7.4)
Markovnikov regiochemistry occurs.

HO H

\c— # 1. Hg(OAc)z, HoO/THF \C—C/
T 2. NaBH; 7 oy
£ ¢ & %

(e) Addition of water by hydroboration/oxidation (Section 7.5)
Non-Markovnikov syn addition occurs.

H\ OH
P s
ot & Hz03, OH™ /C C\

(f) Addition of carbenes to yield cyclopropanes (Section 7.6)
(1) Dichlorocarbene addition

KOH C

=C=€cl + CHCl3

(2) Simmons-Smith reaction

H H
Zn|C \C/
g el ) e ol n{Cu)
i L A
¥
(g) Catalytic hydrogenation (Section 7.7)
Syn addition occurs.
H\ /H
S, Hz
=c=c<l ——2*— _C—C-.

Pd/C or PtOy /

(h) Epoxidation with a peroxyacid (Section 7.8)
Syn addition occurs.
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(i) Hydroxylation by acid-catalyzed epoxide hvdrolysis (Section 7.8)
Anti stereochemistry occurs.

(j) Hydroxylation with OsO, (Section 7.8)
Syn addition occurs.

HO OH
= C*C'_" 1 DSD,; \C—C
= 7T YT~ 2 NaHS0s, H;0 -'7 \
or OsOy, NMO
(k) Radical polymerization (Section 7.10)
B A
R H _ o
B ‘Ré(?_ilcﬂ I \C}f
/ & initiator LN
- H H H

2. Oxidative cleavage of alkenes (Section 7.9)
(a) Reaction with ozone followed by zinc in acetic acid

i A i 7
oy e, By ¥ O=C
\ 2. ZnfHz0% ¥ %
R

(b) Reaction with KMnOy in acidic solution

R /R . R\ R
KMnOj, H
c=¢ _KMnOy, HaOF | /c:() + 0=
R R R R
A I
KMnO,, H30*
Cc=C (& + CO
\ R SOH "
R H
3. Cleavage of 1,2-diols (Section 7.9)
HO OH
\ i HIO, \ 4
/C—C.\ e 6=0 + B=C
i S R \
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Organic KNOWLEDGE TOOLS

Thomsoni/ovy Sign in at www.thomsonedu.com to assess your knowledge of this
chapter’s topics by taking a pre-test. The pre-test will link you to interactive organic
chemistry resources based on your score in each concept area.

h@?* Online homework for this chapter may be assigned in Organic OWL.

B indicates problems assignable in Organic OWL.

VISUALIZING CHEMISTRY

(Problems 7.1-7.19 appear within the chapter.)

7.20 ® Name the following alkenes, and predict the products of their reaction with
(i) meta-chloroperoxybenzoic acid, (i) KMnO, in aqueous acid, and (iii) O,
followed by Zn in acetic acid:

(a)

7.21 ® Draw the structures of alkenes that would yield the following alcohols on

hydration (red = O). Tell in each case whether you would use hydroboration/
oxidation or oxymercuration.

{a) (b)

M Assignable in OWL
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7.22 The following alkene undergoes hydroboration/oxidation to vield a single
product rather than a mixture. Explain the result, and draw the product show-
ing its stereochemistry.

= - ‘ £ =

7.23 m From what alkene was the following 1,2-diol made, and what method was
used, epoxide hvdrolysis or OsO,?

- L=

o W P

8-3 %9,
i g ! =
T ¥ o

=y

ADDITIONAL PROBLEMS

7.24 m Predict the products of the following reactions (the aromatic ring is unreac-
tive in all cases). Indicate regiochemistry when relevant.

Ha/Pd
(a) : ?
Br.
(b) : ?
H 0s0
| (c) NMS ?
C-\\.C/H
| Cly, Hy0
H (d) ?
‘e} CHzlz. Zn/Cu ?
meta-Chloroperoxy-
M) benzaic acid ?

B Assignable in OWL
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7.25 H Suggest structures for alkenes that give the following reaction products.
There may be more than one answer for some cases.

- Hy/Pd (|:H3 (b) CHa
= ; CH
? CH3CHCH,CH,CH,CH3 7 HaPd 3
(c) Br CHs (d) cl
y B I I HCI |
i CH3CHCHCH,CHCH, : ; CH3CHClHCH2CHZCH2CH3
|
Br CHs
le) OH (f)
? 1. Hg(OAc)3, H0 | 2 M
2. NaBH, CH3CH9CH,CHCH4

7.26 ®W Predict the products of the following reactions, showing both regiochem-
istry and stereochemistry where appropriate:

(a} CH3
1 03 KMHO4
2.Zn, Hz0* H30*
H
(0] CH3
1.BHg 1. HglOAcly H0 5
2. Hy0,, ~OH 2.NaBH, NaBH,

7.27 m How would you carry out the following transformations? Tell the reagents
yvou would use in each case.

" OH
"G ard
H OH
H
d CH
ol B (d) 3 -
? | ?
@ L% <:R OH
\ Ci
H
(e) CHg 0 HaC O

| 7 Il I
CH3CH=CHCHCH3 —— CH3CH + CH3CHCH

(" (]3H3 CHg
[
CH3C=CH, —— CH3CHCH,OH

B Assignable in OWL
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7.30

7.31

7.32

7.33

7.34

7.35

7.36
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Which reaction would you expect to be faster, addition of HBr to cyclohexene
or to 1-methylcyclohexene? Explain.

What product will result from hydroboration/oxidation of I-methylcyclo-
pentene with deuterated borane, BD4y? Show both the stereochemistry (spatial
arrangement) and the regiochemistry (orientation) of the product,

B Draw the structure of an alkene that vields only acetone, (CH3),C=0, on
ozonolysis followed by treatment with Zn.

B Show the structures of alkenes that give the following products on oxidative
cleavage with KMnOy in acidic solution:

(a) CHSCH2C02H N COZ (b} (CH3)2CZO + CH3CH2CH2C02H

(e} / () (ﬁl
< 0 * iEHglt=0 CH4CH;CCH5CHoCHoCHoCOoH

® Compound A has the formula CH¢. On catalytic hydrogenation over pal-
ladium, it reacts with only 1 molar equivalent of Hy. Compound A also under-
goes reaction with ozone, followed by zinc treatment, to yield a symmetrical
diketone, B (CIUHM':C)Z)'

(a) How many rings does A have?

(b) What are the structures of A and B?

(c) Write the reactions.

An unknown hydrocarbon A with the formula CgHq, reacts with 1 molar
equivalent of Hy over a palladium catalyst. Hydrocarbon A also reacts with
050y to give diol B. When oxidized with KMnO, in acidic solution, A gives two
fragments. One fragment is propanoic acid, CH3;CH,CO,H, and the other frag-
ment is ketone C. What are the structures of A, B, and C? Write all reactions,
and show your reasoning.

Using an oxidative cleavage reaction, explain how you would distinguish
between the following two isomeric dienes:

and

Compound A, CyyH g0, undergoes reaction with dilute H,50,4 at 50 °C to
vield a mixture of two alkenes, CgHs. The major alkene product, B, gives only
cyclopentanone after ozone treatment followed by reduction with zinc in
acetic acid. Identify A and B, and write the reactions.

The cis and trans isomers of 2-butene give different cyclopropane products in

the Simmons-Smith reaction. Show the structure of each, and explain the
difference.

CHjI5, ZniCu)
Cis-CHaCH=CHCH; —22°0, 7

CHaly, Zn(C
trans-CH3CH=CHCH5 LHaly ZniCu) |

M Assignable in OWL
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7.37

7.38

y-Bisabolene

7.39

7.40

7.41

lodine azide, IN3, adds to alkenes by an electrophilic mechanism similar to
that of bromine. If a monosubstituted alkene such as 1-butene is used, only
one product results:

T:N:N
CH3CHCH=CH; + I—N=N=N —— CH3CH;CHCH,I

(a) Add lone-pair electrons to the structure shown for IN3, and draw a second
resonance form for the molecule.

(b) Calculate formal charges for the atoms in both resonance structures vou
drew for IN; in part (a).

(c) In light of the result observed when IN3 adds to 1-butene, what is the
polarity of the I-N3 bond? Propose a mechanism for the reaction using
curved arrows to show the electron flow in each step.

B 10-Bromo-a-chamigrene, a compound isolated from marine algae, is
thought to be biosynthesized from y-bisabolene by the following route:

"Brt” Bromonium Cyclic Base
_— B —_— » —_—
Bromo- ion carbocation  (—H*)
peroxidase Br

10-Bromo-a-
chamigrene

Draw the structures of the intermediate bromonium and cyclic carbocation,
and propose mechanisms for all three steps.

® Draw the structure of a hydrocarbon that absorbs 2 molar equivalents of Hy
on catalytic hydrogenation and gives only butanedial on ozonolysis.

I [
HCCH,CH,CH Butanedial

Simmons-Smith reaction of cyclohexene with diiodomethane gives a single
cyclopropane product, but the analogous reaction of cyclohexene with
1,1-diiodoethane gives (in low vield) a mixture of two isomeric methyl-
cyclopropane products, What are the two products, and how do they differ?

In planning the synthesis of one compound from another, it's just as impor-
tant to know what rnot to do as to know what to do. The following reactions all
have serious drawbacks to them. Explain the potential problems of each.

@ CHy HiC 1
CHsC=CHCHs — s CH3CHCHCH3

H
i_OH
1. 0s0y4
@ 2. NaHS04 C[
| H
OH

(b)

M Assignable in OWL
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(c)

1. 04 CHO
S CHO
{d) . H -
H3 5 3
R -
2. Hy0,, "OH
| “OH
H

255

‘Which of the following alcohols could nof be made selectively by hydroboration/

oxidation of an alkene? Explain.

(a) OH (b) ?H
|
CH3CH,CH,CHCHg (CH3)2CHC(CH3)»
() H (d) OH
i CHE i CH3
{ ~OH I H
H

B Predict the products of the following reactions. Don’t worry about the size

of the molecule; concentrate on the functional groups.

__ B | A?
CH HB
3 — . B?
CH

3 1. 0504 c?

2. NaHSO3

1. BHg, THF
3—T, D?

HO 2. Hy0,, "OH
Cholesterol CHylIp, Zn(Cu) 7

The sex attractant of the common housefly is a hydrocarbon with the formula
CazHyge. On treatment with aqueous acidic KMnQOy, two products are obtained,

CH3(CH3)12CO5H and CH3(CH3);CO3H. Propose a structure.

Compound A has the formula CgHg. It reacts rapidly with KMnO, to give CO,
and a carboxylic acid, B (C;HgO5), but reacts with only 1 molar equivalent of
H, on catalytic hydrogenation over a palladium catalyst. On hydrogenation
under conditions that reduce aromatic rings, 4 equivalents of H; are taken up
and hydrocarbon C (CgH;) is produced. What are the structures of A, B, and

C? Write the reactions.

M Assignable in OWL
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7.46 W Plexiglas, a clear plastic used to make many molded articles, is made by
polymerization of methyl methacrylate. Draw a representative segment of
Plexiglas.

OCH34 Methyl methacrylate

7.47 ® Poly(vinyl pyrrolidone), prepared from N-vinylpyrrolidone, is used both in
cosmetics and as a synthetic blood substitute. Draw a representative segment
of the polymer.

0

|\/N—CH=CH2 N-Vinylpyrrolidone

7.48 Reaction of 2-methylpropene with CH3OH in the presence of H,S0, catalyst
yields methyl tert-butyl ether, CH30OC(CH3)3, by a mechanism analogous to
that of acid-catalyzed alkene hydration. Write the mechanism, using curved
arrows for each step.

7.49 MW Jsolated from marine algae, prelaureatin is thought to be biosynthesized
from laurediol by the following route. Propose a mechanism.

a _-OH 74 _-OH
W “Brt” S R
/ HO Bromo- o
| ‘ peroxidase Br | |

Laurediol Prelaureatin

7.50 How would vou distinguish between the following pairs of compounds using
simple chemical tests? Tell what you would do and what you would see.
(a) Cyclopentene and cyclopentane (b) 2-Hexene and benzene

7.51 Dichlorocarbene can be generated by heating sodium trichloroacetate. Pro-
pose a mechanism for the reaction, and use curved arrows to indicate the
movement of electrons in each step. What relationship does your mechanism
bear to the base-induced elimination of HCI from chloroform?

0
cl _C =

“}c\/ TNt 2 C: + CO, + NaCl
ca’ o ci

W Assignable in OWL
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752 m o-Terpinene, CigHyg, is a pleasant-smelling hydrocarbon that has been iso-

7.53

7.54

lated from oil of marjoram. On hydrogenation over a palladium catalyst,
a-terpinene reacts with 2 molar equivalents of H, to yield a hydrocarbon,
CipHzp. On ozonolysis, followed by reduction with zinc and acetic acid,
a-terpinene yields two products, glyoxal and 6-methyl-2,5-heptanedione.

0 0 0
N/ I I
G CH3CCH5CHoCCHCH;
/! \ |
H H CHs
Glyoxal 6-Methyl-2,5-heptanedione

(a) How many degrees of unsaturation does a-terpinene have?
(b) How many double bonds and how many rings does it have?
(c) Propaose a structure for a-terpinene.

lividence that cleavage of 1,2-diols by HIO, occurs through a five-membered
cyclic periodate intermediate is based on kinetic date—the measurement of
reaction rates. When diols A and B were prepared and the rates of their reac-
tion with HIO 4 were measured, it was found that diol A cleaved approximately
1 million times faster than diol B. Make molecular models of A and B and of
potential cyclic periodate intermediates, and then explain the kinetic results.

OH OH

H H
OH

A B
[cis diol) {trans diol)

B Reaction of HBr with 3-methylcyclohexene yields a mixture of four prod-
ucts: cis- and trans-1-bromo-3-methvleyclohexane and cis- and trans-1-bromo-
2-methylcyclohexane. The analogous reaction of HBr with 3-bromocyclohexene
vields trars-1,2-dibromocyclohexane as the sole product. Draw structures of
the possible intermediates, and then explain why only a single product is
formed in the reaction of HBr with 3-bromocyclohexene.

CH3 CH3 CH3
Br

Br

cis, trans cis, trans

Br
Br !
HBr O:H
| Rnl= 1 <
H

M Assignable in OWL
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7.55 Reaction of cyclohexene with mercury(Il) acetate in CH3OH rather than H,O,
followed by treatment with NaBH,, vields cyclohexyl methyl ether rather than
cyclohexanol. Suggest a mechanism.

OCH3
1. HglOAc)z, CHaOH
2. NaBH,

Cyclohexene Cyclohexyl
methyl ether

7.66 Use your general knowledge of alkene chemistry to suggest a mechanism for
the following reaction:

CO5CH5 CO,CHs
Hgl(OAc)a

AcO—Hg

7.57 m Treatment of 4-penten-1-ol with aqueous Br, yields a cyclic bromo ether
rather than the expected bromohydrin. Suggest a mechanism, using curved
arrows to show electron movement.

0 CH,Br
Brg,HQO
HyC=CHCH,CH,CH,0H  — 22 g
4-Penten-1-ol 2-(Bromomethyl)tetrahydrofuran

7.58 Hydroboration of 2-methyl-2-pentene at 25 °C followed by oxidation with
alkaline H,O5 yields 2-methyl-3-pentanocl, but hydroboration at 160 °C fol-
lowed by oxidation yields 4-methyl-1-pentanol. Suggest a mechanism.

HsC OH
1. BHg, THF, 25 °C [ ]
———————  CH3CHCHCH3CH;
= 2. Hy0y, OH
[ 3 2-Methyl-3-pentanol
CH3C=CHCH>CHq
CH3
2-Methyl-2-pentene 1. BHg, THF, 160 °C |
2 Hy0,, OH- CH3CHCH,CHoCH,0H
4-Methyl-1-pentanol

7.59 We'll see in the next chapter that alkynes undergo many of the same reactions that
alkenes do. What product might you expect from each of the following reactions?

CHa L. -

| )
CH3CHCHoCHLC=CH i)y SEENHERHE.
fpj lSOURUEF 5

7.60 Hydroxylation of cis-2-butene with OsQy yields a different product than
hydroxylation of trans-2-butene. Draw the structure, show the stereochemistry
of each product, and explain the difference between them.

W Assignable in QWL





