Chapter 7 — Alkenes: Reactions and Synthesis

Chapter Outline

1. Preparation of alkenes (Section 7.1).
A. Dehydrohalogenation.

Reaction of an alkyl halide with a strong base forms an alkene, with loss of HX.

B. Dehydration.

Treatment of an alcohol with a strong acid forms an alkene, with loss of HyO.

II. Addition reactions of alkenes (Sections 7.2 — 7.6).
A. Addition of halogens (Section 7.2).

1.

2.
3.

Br; and Cl, react with alkenes to yield 1,2-dihaloalkanes.

Reaction occurs with anti stereochennstry both bromines come from opposite
sides of the molecule.

The reaction intermediate is a cyclic bromonium intermediate that is formed in a
single step by interaction of an alkene with Br™.

B. Addition of hypohalous acids (Section 7.3).

1.

2.
3.
4.

Alkenes add HO-X (X = Br or Cl), forming halohydrins, when they react with
halogens in the presence of H,O.

The added nucleophile (H,O) intercepts the bromonium ion to yield a bromohydrin.
Bromohydrin formation is usually achieved by NBS in aqueous DMSO.
Aromatic rings are inert to halohydrin reagents.

C. Addition of water to alkenes (Sections 7.4).

1.

2.

Hydration.

a. Water adds to alkenes to yield alcohols in the presence of a strong acid catalyst.

b. Although this reaction is important industrially, reaction conditions are too
severe for most molecules.

Oxymercuration.

a. Addition of Hg(OAc),, followed by NaBH4, converts an alkene to an alcohol.

b. The mechanism of addition proceeds through a mercurinium ion.

c. The reaction follows Markovnikov regiochemistry

D. Addition of water to alkenes: hydroboration/oxidation (Seé:tion 7.5).

1.

BHj adds to an alkene to produce an organoborane.
Three molecules of alkene add to BHj to produce a trialkylborane.

. Treatment of the trialkylborane with H,O, forms 3 molecules of an alcohol.

Addition occurs with syn stereochemistry.
Addition occurs with non-Markovnikov regiochemistry.
Hydroboration is complementary to oxymercuration/reduction.
The mechanism of hydroboration involves a four-center, cyclic transition state.
a. This transition state explains syn addition.
b. Stabilization of the transition state by a substituted double-bond carbon also
explains non-Markovnikov regiochemistry.

E. Addition of carbenes (Section 7.6).

1.
2.
3.

A carbene (R,C:) adds to an alkene to give a cyclopropane.

The reaction occurs in a single step, without intermediates.

Treatment of HCCIy with KOH forms dichlorocarbene.
Addition of dichlorocarbene to a double bond is stereospecific, and only cis-
dichlorocyclopropanes are formed.

. The Simmons-Smith reaction (CHzI5, Zn—Cu) produces a nonhalogenated

cyclopropane via a carbenoid reagent.
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III. Reduction and oxidation of alkenes (Sections 7.7 — 7.9).
A. Reduction of alkenes (Section 7.7).
1. Catalytic hydrogenation reduces alkenes to saturated hydrocarbons.
2. The catalysts used are Pt and Pd.
Catalytic hydrogenation is a heterogeneous process that takes place on the
surface of the catalyst.
3. Hydrogenation occurs with syn stereochemistry.
The reaction is sensitive to the steric environment around the double bond.
4. Alkenes are much more reactive than other functional groups.
B. Oxidation of alkenes (Sections 7.8 — 7.9).
1. Epoxidation (Section 7.8).
a. Epoxides can be prepared by reaction of an alkene with a peroxyacid RCO;H.
The reaction occurs in one step with syn stereochemistry.
b. Epoxides are formed when halohydrins are treated with base.
c. Acid-catalyzed reaction of an epoxide ring with water yields a 1,2-diol.
i. Ring opening takes place by back-side attack of a nucleophile on the
protonated epoxide ring.
ii. A trans-1,2-diol is formed from an epoxycycloalkane.
2. Hydroxylation
a. OsOy4 causes the addition of two —OH groups to an alkene to form a diol.
Hydroxylation occurs through a cyclic osmate.
b. A safer reaction uses a catalytic amount of OsOy4 and the oxidant NMO.
c. The reaction occurs with syn stereochemistry.
2. Cleavage to carbonyl compounds (Section 7.9).
a. O3 causes cleavage of an alkene to produce aldehyde and/or ketone fragments.
The reaction proceeds through a cyclic molozonide, which rearranges to an
ozonide that is reduced by Zn.
b. KMnO4cleaves alkenes to yield ketones, carboxylic acids or CO,.
c. Diols can be cleaved with HIO,4 to produce carbonyl compounds.
IV. Alkene polymers (Section 7.10).
Many types of polymers can be formed by radical polymerization of alkene monomers.
1. There are 3 steps in a polymerization reaction.
a. Initiation involves homolytic cleavage of a weak bond to form a radical
The radical adds to an alkene to generate an alkyl radical.
b. The alkyl radical adds to another alkene molecule (propagation) to yield a
second radical.
This step is repeated many, many times.
c. Termination occurs when two radical fragments combine.
2. Mechanisms of radical reactions are shown by using fishhook arrows.
3. Asinelectrophilic addition reactions, the more stable radical (more substituted) is
formed in preference to the less stable radical.
V. Biological additions of radicals to alkenes (Section 7.11).
Biochemical radical reactions are more controlled than laboratory radical reactions.



Alkenes: Reactions and Synthesis 133

Solutions to Problems

7.1
?Hs CHg CHj
CHaCH oty —— O GHICH=CCH; + CHCHAC=CH
3vn2 | 3 CH30H20H 3 3 3wtz 2
Br
Dehydrobromination may occur in either of two directions to yield a mixture of products.
7.2
CHyCHp  CHoCHg CHaCHp  CHg
/C:C\ * /C=C\ ¥
H CHg H CH,CHj5
(Z)-3-Methyl-3-hexene (E)-3-Methyl-3-hexene
OH HoCH
| H,804 CHaCHaCHp  CHy CHaGHaCHp  H
CH30H20H2CCHQCH3 —_— Cc=¢C + C=C +
| Ho0 / \ / \
CHa HaC H HaC CHg
(Z)-3-Methyl-2-hexene (E)-3-Methyl-2-hexene
CH30HZC{-|2— H
F=4
CHsCH, H
2-Ethyl-1-pentene
Five alkene products, including E, Z isomers, might be obtained by dehydration of 3-
methyl-3-hexanol.
7.3

R —
HzC CHa HsC ( CHg HaC cl

1,2-Dimethylcyclohexene | -:C_Ii_ ] trans-1,2-Dichloro-1,2-
dimethylcyclohexene

The chlorines are trans to one another in the product, as are the methyl groups.
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7.4

7.5

7.6

7.7

Chapter 7

Mol . HC 4
+
HqC CHy Hod ( CHg
1,2-Dimethylcyclohexene o
B - i

Addition of hydrogen halides involves formation of an open carbocation, not a cyclic
halonium ion intermediate. The carbocation, which is sp*-hybridized and planar, can be
attacked by chloride from either top or bottom, yielding products in which the two methyl
groups can be either cis or trans to each other.

NBS o — B
@ H,O/DMSO
HO H

-Br and -OH are trans in the product.

Reaction of the alkene with Br, (formed from NBS) produces a cyclic bromonium ion.
When this bromonium ion is opened by water, a partial positive charge develops at the
carbon whose bond to bromine is being cleaved.

a8 4 s 4

CBr: Br:
Hodt b He /)

>=C ==C
H307\ HaC™™ N5+
CHp .~ WCH,
HoO:

less favorable

Since a secondary carbon can stabilize this charge better than a primary carbon, opening of
the bromonium ion occurs at the secondary carbon to yield the Markovnikov product.

Keep in mind that oxymercufation is equivalent to Markovnikov addition of H,O to an
alkene.

(a) OH
_ 1. Hg(OAc),, Ho0 |
CHaCHoCHoCH=CH > CHaCHoCH,CHCH
KhdR A dl) 2 2. NaBH4 3 2 2 3
b
(®) CHa CH
CHiCH,CH—=CCH, - HUOADR B0 o o e
Kadl ) - 3 2. NaBH4 - 3vriz 2| 3

OH
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Think backwards to select the possible alkene starting materials for the alcohols pictured.

(a)

CH3C|:=CHCH2CH20H3 cl)H

CHs or 1. HgOAC)y H90 _  oHLCCH,CHyCH,CHg
2. NaBH, l
HQC=CI3CHZCH20HQCH3 CHg
CHg
(b) OH
Ny, Hg(OAC), HoO CHs

2. NaBH,

Oxymercuration occurs with Markovnikov orientation.

Strategy: Hydroboration/oxidation occurs with non-Markovnikov regiochemistry to give
products in which “OH is bonded to the less highly substituted carbon.

Solution:
@ ¢
H H
CH cl; SCHCH cHy e THE o i SCHCH CH
3= 2¥8 2. H,0p,OH 3] YT
_ H OH
less substituted
b .
(b) less s%bstltuted OH
7" “CHz  1.BH3 THF CHj

2. HyOp "OH

Strategy: As described in Worked Example 7.2, the strategy in this sort of problem
begins with a look backward. In more complicated syntheses this approach is essential, but
even in problems in which the functional group(s) in the starting material and the reagents
are known, this approach is effective.

All the products in this problem result from hydroboration/oxidation of a double bond.
The —OH group is bonded to the less substituted carbon of the double bond in the starting
material.

Solution:

(a)
CHg CHg

o (|:HCH —en 1. BHg, THF I
3 T2 2. H,0, OH

CH3CHCH,CH,OH



136 Chapter 7

(b) CHa CHg
CHAC=CHCH 1-BHs THE _ on (IZHCHCH
& 3 2. HyOp, OH VTS
OH

This product can also result from oxymercuration of the starting material in (a).

1.BHy THF
CHy 2 0, On CH,0H

7.11 The drawings below show the transition states resulting from addition of BHj to the
double bond of the cycloalkene. Addition can occur on either side of the double bond.

Sk,

_B—
7
HaC H o _BHs
CHy THF H &
H H—B'..!-’
HaC H

Reaction of the two neutral alkylborane adducts with hydrogen peroxide gives two alcohol
isomers. In one isomer, the two methyl groups have a cis relationship, and in the other
isomer they have a trans relationship.

H

‘ CHg
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Strategy: Reaction of a double bond with chloroform under basic conditions gives a
product with a cyclopropane ring in which one of the carbons has two chlorine atoms
bonded to it. Reaction of a double bond with CHyI; yields a product with a cyclopropane
ring that has a -CHj,~ group.

Solution:
(@)
KOH CCly
CH, + CHClz —> I
CHy
(b)
CH CH CH
2 Zn(Cu) A

CHSCHCHch:CHCH3 + CHQIZ I CHacHCHch_CHCHs

Depending on the stereochemistry of the double bond of the alkene in (b), two different
isomers can be formed.

Catalytic hydrogenation produces alkanes from alkenes.

(a) (|:H3 C|>H3
Ho
CHgC=CHCHaCH3  Tom——=——=s CHaCHCH,CH;CHg
2-Methyl-2-pentene 2-Methylpentane
(b)

H
Pd/C in ethanol
CHg CHg
3,3-Dimethylcyclopentene 1,1-Dimethylcyclopentane

Epoxidation using m-chloroperoxybenzoic acid (RCO3H) is a syn addition of oxygen to a
double bond. The original bond stereochemistry is retained.

O
H\C C,.H RCOzH C/ \C
— _— U0~
HaC” NCHy H" 4" "\ H
HsC CHj
cis-2-Butene cis-2,3-Epoxybutane

In the epoxide product, as in the alkene starting material, the methyl groups are cis.
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7.15 Strategy: Reaction of an alkene with a catalytic amount of OsOy, in the presence of N-
morpholine N-oxide (NMO), yields a diol product. To pick a starting material for these
products, choose an alkene that has a double bond between the diol carbons.

Solution:
(a)
CHg CHs
CH3 ) ) (@) /' L OH
catalytic N/ NMO
—_—— OS ——
0804 VAN
\ 0] (0] v OH
1-Methylcyclohexene H H
b
®) OH OH
0504 I I
CH3CHoCH=C(CHz) ~o" CHgCH,CH —(CHg
2-Methyl-2-pentene CHj
HO OH
0304 1
CHy=CHCH=CH, ——ds HOCHoCHCHCHoOH

NMO
1,3-Butadiene

7.16 Strategy: Both sets of reactants cleave double bonds. Aqueous KMnO, produces a
carboxylic acid from a double bond carbon that is monosubstituted and a ketone from a
double bond carbon that is disubstituted. Ozone produces an aldehyde from a double bond
carbon that is monosubstituted and a ketone from a double bond carbon that is
disubstituted. If the double bond is part of a ring, both carbonyl groups occur in the same
product molecule.

a
(@) oy ok,
KMI’lO4 N
_—_—"—-)
H40 0
C—OH

(b)

CHg _CHjg
1. 04 _ <|3|
2. Zn, CH3C02H O
C—H




Alkenes: Reactions and Synthesis 139

7.17 Strategy: Orient the fragments so that the oxygens point toward each other. Remove the
oxygens, and draw a double bond between the remaining carbons.

Solution:
(a)

1.0,
(CHg)oC=CHy ——~ 30" >  (CH3,C=0 + O=CH,

(b)

1.0
CHaCHpCH=CHCHpCHz ~— 23 R0 CHaCHzCH=0 + O=CHCH,CHg

Strategy: Find the smallest repeating unit in each polymer. This is the monomer unit.

7.18
Monomer Polymer
@ OCH; OCH; OCH;
H2C:CHOCH3 CHZ_CH _CH2 —CH —CHz_CH
(b) c|;| c|:| (|:| (IDI ?n c|:|
CIHC=CHCI ‘QCH—CH—CH—CH—CH—CH%
7.19 One radical abstracts a hydrogen atom from a second radical, and the remaining two

electrons create a double bond.
_g_ CU b _é' CH= CH2
+

—%—CHE—E:H2 -§-CH2—CH3

Visualizing Chemistry

7.20
@ CHg CHg
RCOH | |
—= CHaC — CHCHoCHCHoCHg
N/
o)
OHs CH HaC, OH CHy
CH3C=CHCH,CHCH,CHg Kin?i) /C=O + O=CCHyCHCH,CH3
Ha0
2,5-Dimethyl-2-heptene - HaC
CH
1. 03 HSC\ | 3
>  C=0 * O=CHCH,CHCH,CHs

2. Zn, CH3002H
HaC



140 Chapter 7
(b) 0
RCOgH H3C>@
_—
HaC
HO\
H3C Hsc cC=0
><j KMnO,
+ 0
HaC o0 H3C ?4
3,3-Dimethylcyclopentene H\ OH
HaC C=0
1.0, N 3
2.2Zn, CHaCO.H 20
32 H3C (i:/
H
7.21
a
® GHa CH3 OH
1. Hg(OAc),, HoO
CH4CHCCH,CH » CHaC—CCH,CH
e 2. NaBH, 3§ T {CHCHs
CHy H CHs
2-Ethyl-3-methyl-1-butene or
CH, CHy OH
CH,CHG = GHCH 1. Ho(OA0p Hp0 o o dotacn
il 3 2. NaBH, R R
CHg H CHg

3,4-Dimethyl-2-pentene

Only oxymercuration/reduction can be used to produce an alcohol that has <OH bonded to
the more substituted carbon. A third alkene, 2,3-dimethyl-2-pentene, gives a mixture of
or

tertiary alcohols when treated with either BH3 or Hg(OAc);.
/E><CH3
1. Hg(OAc)Q, HQO - CH3

: CHj
CHg
2. NaBH,
4,4-Dimethylcyclopentene

Both hydroboration/oxidation and oxymercuration yield the same alcohol product from the
symmetrical alkene starting material.

®) 1.BHg, THF

2. HoOp, OH

HO
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H3C CHg HsC CHga H3C CHj
: H OH
H 1.BHg THF or
2. HyO,, OH OH H
H H
H not formed
H H

Two possible alcohols might be formed by hydroboration/oxidation of the alkene shown.
One product results from addition of BHj3 to the top face of the double bond (not formed),
and the other product results from addition to the bottom face of the double bond (formed).
Addition from the top face does not occur because a methyl group on the bridge of the
bicyclic ring system blocks approach of the borane.

3C
1. RCOgH trans
2. H30+

4-Methylcyclohexene

RCOsH = meta-Chloroperoxybenzoic acid

Since the hydroxyl groups in the diol product have a trans relationship, the product can
only be formed by epoxide hydrolysis. (Treatment of the alkene with OsQy4 yields a
product in which the two —OH groups have a cis relationship.)
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Additional Problems

7.24
(a)

CHoCHg
Hy/Pd @/
—— i

Br, H

\C/
B \
-ﬁ—) ©/ CH2Br

HO H

\C/
0s0, ~CHyOH
S
NMO

HO H

\/

C
Cly S CHLC
—
H0

CH212, Zn/Cu

RCO3H
—_—

RCO;H = meta-Chloroperoxybenzoic acid
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@ [ FHa
CH3CH,CH,CHLC=CH» 2-Methyl-1-hexene
CHgCHoCHoCH=C(CH3)o  2-Methyl-2-hexene CHg
CHgCHaCH=CHCH(CHg)y  2-Methyl-3-hexene | 2 0w CH3CHpCHoCHoCHGH,
CHaCH=CHCHoCH(CHg)o  5-Methyl-2-hexene 2-Methylhexane

HoC=CHCH,CH,CH(CHg)p  5-Methyl-1-hexene

(b) CHy
CHj
3,3-Dimethylcyclohexene CHg
Hy/Pd CHg
CHy | —™
. CHj
4,4-Dimethylcyclohexene 1,1-Dimethylcyclohexane

© Br Br
Bl’2 | I
CH3CH=CHCHyCH(CH3), —————  CH3CH —CHCH,CH(CHg)o
5-Methyl-2-hexene 2,3-Dibromo-5-methylhexane
() 0
|
HQC=CH(|3HCHQCHQCH2CH3 ——HC—> CH3CH(I3HCHZCH20H20H3
CHjy CHq
3-Methyl-1-heptene 2-Chloro-3-methylheptane
(e) OH
1. Hg(OAc),, Ho0 !
CHACHoCHpCH=CH, —9OA% M0 _ ) oy Ch,CHCH,
2. NaBH,
1-Pentene 2-Pentanol
®

CHol,, Zn/Cu
CH2 22 >
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7.26

7.27
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(a)

(b)

(c)

QO ©

CHs

1. 03 ﬁ’

2. Zn, HzO" o)
KMnO, COoH
HsO* COLH

H
| JCHj
1.BHg, THF

2. HyOp, OH

G

Remember that —-H and —OH add syn across the double bond.

(d

(a)

(b)

o0 O

OH

3
1. Hg(OAC), HoO CHg
2. NaBH,4 B
H

)
0504 o
—_—
NMO OH
\
H

1. Hg(OAc)p, HoO

Q

2. NaBH,

Hydroboration/oxidation is another route to this product.
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© H
<jl CHClg KOH C[><CI
L ol
H
(d)
CH
3 CHj
oH H,S04, HpO
heat
(e)
fHs o i "G q
1. 0g
CHiCH=CHCHCHy 5 Zn57>  CHaCH + CHGCHCH
® CHy CHg
CH é—CH 1.BHg THF _ CH CIIHCH OH
v 2 2. HyOp, "OH 3 2
H

H
HBr H Br H
—_— —_
H
H
Br

secondary carbocation
less stable

[ ' H
O\ = H - Cﬁ :
CH
3
CH CH
3 3 Br

tertiary carbocation
more stable

Remember from Section 6.10 that a reaction that forms a more stable carbocation
intermediate is faster than a comparable reaction that forms a less stable carbocation

intermediate. Thus, the reaction of 1-methylcyclohexene with HBr is faster than the

reaction of cyclohexene with HBr.

145
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7.29

7.30

7.31

7.32
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Recall the mechanism of hydroboration and note that the hydrogen added to the double
bond comes from borane. The product of hydroboration with BD3 has deuterium bonded
to the more substituted carbon; —-D and ~OH are cis to one another.

1.BDg, THE a— R
Q 2. HyOp, OH H
CHs H CH,

Because ozonolysis gives only one product, we can assume that the alkene is symmetrical.

HaC. CH H

8 ‘ol 3 1.0 3C\C_ _ fa
ST 2. Zn, HgO" L£=0 + 0=C

HsC CHg HaC CHy

2,3-Dimethyl-2-butene

Remember that alkenes can give ketones, carboxylic acids, and CO; on oxidative cleavage
with KMnQy in acidic solution.

(a)

KMnO
CH3CHoCH=CH, 4

H 0+ CH3CH2C02H + C02
3

(b)

nO4
CH3CH20H2CH:C(CH3)2

H.O" CH3CH20H2002H + (CH3)QC =0
3

(c)

KMnO4
C(CH + (CHg)pC=0
<} (CHalp  — O+ Q": (CHg)2
i
QCHZCH3 '%’”(‘%» CH3CHCCHyCHoCHoCHoCOLH
3

(a) Compound A has three degrees of unsaturation. Because compound A contains only
one double bond, the other two degrees of unsaturation must be rings.

(b). ()

0] H
1. 03 H,/Pd
- F >
2. Zn, H30
0] A H

Other compounds containing two fused rings and a shared double bond also yield
symmetrical diketone products.

(d)
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7.33 Don't get discouraged by the amount of information in this problem. Read slowly and
interpret the information phrase by phrase. We know the following:

(1) Hydrocarbon A (CgHj3) has one double bond or ring.
(2) Because A reacts with one equivalent of Hj, it has one double bond and no ring.
(3) Compound A forms a diol (B) when reacted with OsOyg.
(4) When alkenes are oxidized with KMnQOy they give either carboxylic acids or ketones,
depending on the substitution pattern of the double bond.
(a) A ketone is produced from what was originally a disubstituted carbon in the double
bond.
(b) A carboxylic acid is produced from what was originally a monosubstituted carbon
in the double bond.
(5) One fragment from KMnO, oxidation is a carboxylic acid, CH;CH,CO,H.
(a) This fragment was CH3CH,CH= (a monosubstituted double bond) in compound
A

(b) It contains three of the six carbons of compound A.
(6) (a) The other fragment contains three carbons.
(b) It forms ketone C on oxidation.
(c) The only three carbon ketone is acetone, O=C(CHs),.
(d) This fragment was =C(CH3); in compound A.
(7) If we join the fragment in 5(a) with the one in 6(d), we get:

CH;CH,CH=C(CH3), CeHi2
A

The complete scheme:

CHy CHg
( 1. Os0y, pyridine l

CH3CHQCH=CCH3 5 NaHSO3 H20 - CH3CH20IH "'Cl:CHS
A B OH OH
l Ho/Pd KMnO4
?HS Ha0* l
CHaCHoCH,CHCH;4 CHaCHoCOoH  +  O=C(CHg)s

c

7.34 The oxidative cleavage reaction of alkenes with Os, followed by Zn in acid, produces
aldehyde and ketone functional groups at sites where double bonds used to be. On

ozonolysis, these two dienes yield only aldehydes because all double bonds are
monosubstituted.

@)

H
1. 04 K\ﬁ/ o g
e + P
2. Zn, H30 /C\O o A H

i
A
H H

Because the other diene is symmetrical, only one dialdehyde, OCHCH,CHO, is produced.
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7.35 Try to solve this problem phrase by phrase.
(1)C;oH 3O has two double bonds and/or rings.
(2) C10H;30 must be an alcohol because it undergoes reaction with HpSOj4 to yield an

alkene.
(3) When ClongO is treated with dilute H,SOy4, a mixture of alkenes of the formula

CioHig is produced
(4) Since the major alkene product B yields only cyclopentanone, CsHgO, on ozonolysis,

B and A contain two rings. A therefore has no double bonds.
OH
H,S0,
A 2YY4
1. O3
Q=<:] 2. Zn 0" 2 O:O

B

7.36

CH,l CH2
H C CH3 Zn—Cu H3C CH3
cis-2-Butene cis-1,2-Dimethylcyclopropane
CHo
HC- oG =g 1 CHolp HgC-- ¢ —a--H
H” NCHy Zn-Cu H” NCHy
trans-2-Butene trans-1,2-Dimethylcyclopropane

The Simmons-Smith reaction occurs with syn stereochemistry. Only cis-1,2-
dimethylcyclopropane is produced from cis-2-butene, and only trans-1,2-
dimethylcyclopropane is produced from trans-2-butene.

7.37
()

::I:—.|\1=N='r\'l: - ::I:—:r\i—NEN:

(b)

l: # of valence] _ [ # of bonding electrons ] _ [# nonbonding]

(FC) = "electrons 3 electrons
A B Formal Charge
I—N=N=N: <= ::I:—-:I\]—NEN: I N1 N2 N3
1 2 3 1 2 3 A O 0 +1 -
+1 -1 +1
I—N=N=N I—N—N=N B o - +1 0

Formal charge calculations show a partial negative charge on N1.
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(c) Addition of INj3 to the alkene yields a product in which —I is bonded to the primary
carbon and —Nj3 is bonded to the secondary carbon. If addition occurs with Markovnikov
orientation, I must be the electrophile, and the reaction must proceed through an iodonium
ion intermediate. Opening of the iodonium ion gives Markovnikov product for the reasons

discussed in Problem 7.6. The bond polarity of iodine azide is:

 E
I_'N3

( .
s A Yo

CH3CHoCH=CHp —— | CH3CH,CH —CH, | ——— CH3CH,CHCH,I

:Nj
7.38
—_—
Bromo-
. peroxidase Brt
Br \5
y-Bisabolene L bromonium ion |
[ H’/\ :Base
&
Br -
10-Bromo-a-chamigrene cyclic carbocation
7

.39
0 0
2 Hy/Pd 1. 04 N Il I
<2 5 Zn Fio™ " 2 HCCHCHoCH

Cyclooctane 1,5-Cyclooctadiene
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7.41

7.42
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HsC._ _H He _CHs

/“L:CHCH3"
T,

Focus on the stereochemistry of the three-membered ring. Simmons—Smith reaction of
1,1-diiodoethane with the double bond occurs with syn stereochemistry and can produce
two isomers. In one of these isomers (A), the methyl group is on the same side of the
three-membered ring as the cyclohexane ring carbons. In B, the methyl group is on the
side of the three-membered ring opposite to the cyclohexane ring carbons.

(a) Addition of HI occurs with Markovnikov regiochemistry — iodine adds to the more
substituted carbon.

(b) Hydroxylation of double bonds produces cis, not trans, diols.

(c) Ozone reacts with both double bonds of 1,4-cyclohexadiene.

(d) Because hydroboration is a syn addition, the —H and the —OH added to the double bond
must be cis to each other.

(a) This alcohol can't be synthesized selectively by hydroboration/oxidation. Consider the
two possible starting materials.

b CHACH,CHoCH=CH, ———i3 THF CHACHoCH,CHoCHoOH

1-Pentene yields only the primary alcohol.

2. OH OH

1. BHg, THF | |
CHSCHQCH = CHCH3 2 HaOw —OH > CH3CH20HCHQCH3 + CH3CH2CH2CHCH3
- g2

2-Pentene yields a mixture of alcohols.

) OH
CH3)o,C=C(CH - By, THF CH CH(|3 CH
g ————
(CHgla (CHala 2. H,0,, OH (Chig)a (CHa)

2,3-Dimethyl-2-butene yields the desired alcohol exclusively.

(c) This alcohol can't be formed cleanly by a hydroboration reaction. The —H and -OH
added to a double bond must be cis to each other.

(d) The product shown is not a hydroboration product; hydroboration yields an alcohol in
which "OH is bonded to the less substituted carbon.
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7.43

H3 H3

Hi3G Hg
/C HBr
A
HO . HO ' B
Br Br
Br
[
Br2
H
3 0504 H3
NMO
Ha Hg
C
HO Cholesterol HO I
OH:
OH
Zn/Cu
Hg 1. BHg, THF
2. Hy0,, "OH
H3
E
] ]
OH
7.44

KMnO
CH3(CH2)120H=CH(CH2)7CH3 -_|'|—6+i> CH3(CH2)12002H + CH3(CH2)7C02H
3

7.45 CgHg has five double bonds and/or rings. One of these double bonds reacts with Hy/Pd.
Stronger conditions cause the uptake of four equivalents of H,. CgHg thus contains four
double bonds, three of which are in an aromatic ring, and one C=C double bond. A good
guess for CgHg at this point is:
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Reaction of a double bond with KMnOQy yields cleavage products of the highest possible
degree of oxidation. In this case, the products are CO; + CgHsCO,H.

I
C— CH=CH2 CHQCH3
OH  kmno, Ha/Pd
-— —_—
+ C02 H3O
B A
Hy/Rh
CH,CHg
: c
7.46
HaC O CHy CHg CHg
[l | | |
H,C=C—COCH; ——> —{CHQ—(IB—CHz—?—CHZ—Cl:%
CO,CHz CO,CH3 CO,CHg
7.47

many H2C ?H —_— —<CH2 —CH— CH2 ‘—CH CH2 — CH 9‘

og SA0A0d

N-Vinylpyrrolidone Poly(vinyl pyrrolidone)
7.48
r . + L=
H—A CHz0—H o A HA
\f I CHaO—H
HSC\ Hac\ IA\\ +
C=CHy == +C—CHa == CH3(l3 CH3 | === CH30OC(CHg)
protonation of nucleophilic attack loss of
double bond of methanol on proton
carbocation

The above mechanism is the same as the mechanism shown in Section 7.4 with one
exception: In this problem, methanol, rather than water, is the nucleophile, and an ether,
rather than an alcohol, is the observed product.
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/ _-OH

Brt HOo T X —
/ Bromo-
I ‘ peroxidase

Laurediol

,OH
4 -0

~ <
o I
Br I |

Prelaureatin cation

(a) Bromine dissolved in CH;Cl; has a reddish-brown color. When an alkene such as
cyclopentene is added to the bromine solution, the double bond reacts with bromine, and
the color disappears. This test distinguishes cyclopentene from cyclopentane, which does
not react with Bry. Alternatively, each compound can be treated with Hy/Pd. The alkene
takes up Hj, and the alkane is unreactive.

(b) An aromatic compound such as benzene is unreactive to the Bry/CH,Cl, reagent and
can be distinguished from 2-hexene, which decolorizes Bro/CH,Cl,. Also, an aromatic
compound doesn't take up H; under reaction conditions used for hydrogenation of
alkenes.

Cl Ci
rP 1. Cl _ 2. c\ _
Cl—C—C — | Cl—C: e C: + (ClI
RS /
c 0: Cl Cl
+CO2

In step 1, carbon dioxide is lost from the trichloroacetate anion. In step 2, elimination of
chloride anion produces dichlorocarbene. Step 2 is the same for both the above reaction
and the base-induced elimination of HCI from chloroform, and both reactions proceed
through the trichloromethanide anion intermediate.
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7.52

7.53

7.54

Chapter 7

(a) a-Terpinene, CyoH;¢, has three degrees of unsaturation.
(b) Hydrogenation removes only two degrees of saturation, producing a hydrocarbon
CioHag, that has one ring. a-Terpinene thus has two double bonds and one ring.

(© |
H o) c
Hy/Pd 1. 04 ~c” 0”
- 2. Zn, HgO" | *
o-Terpinene Glyoxal 6-Methyl-2,5-
heptanedione

Make models of the cis and trans diols. Notice that it is much easier to form a five-
membered cyclic periodate from the cis diol A than from the trans diol B. The cis periodate
intermediate is of lower energy than the trans periodate intermediate because of the lack of
strain in the cis periodate ring. Because any factor that lowers the energy of a transition
state or intermediate also lowers AG* and increases the rate of reaction, diol cleavage
should proceed more slowly for trans diols than for cis diols.

> >
v g
:ia.:r:- Br

('\ trans-1-Bromo-3- cis-1-Bromo-3-
—Br methylcyclohexane methylcyclohexane

‘e e

| =" | trans-1-Bromo-2-  cis-1-Bromo-2-
methylcyclohexane methylcyclohexane

In the reaction of 3-methylcyclohexene with HBr, two intermediate carbocations of
approximately equal stability are formed. Both react with bromide ion from top and
bottom faces to give four different products.
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Br Br
- @-»

H—Br Br
- 'Br .

The most stable cation intermediate from protonation of 3-bromocyclohexene is a cyclic
bromonium ion, which is attacked by Br™ from the opposite side to yield anti product.

7.55
C(l)Ac i HgOAc
Hg—OAc HgOAc
—_— C% OCH3
HOCH3 l OAc
gOAc
NaBH4
OCH3 -— OCHj,
Cyclohexyl + HOAc

methyl ether
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7.56
CO,CHj CO,CHs CO,CHj
AN A + X
X (1) (2
+
H
H
CQAe L A ?)
l AcO + OA c
g—oAc L l(3)
CO,CH COOCH
2CHg 2 ,_.R
"OAc
-—
4)
Hglg H?
AcO + HOAc | AcO
The reaction mechanism involves the following steps:
(1) Addition of Hg(OAc); to one of the double bonds to form a cyclic mercurinium ion;
(2) Reaction of a second double bond with the mercurinium ion to form a six-membered
ring and a different carbocation;
(3) A second cyclization forms the other ring and yields another carbocation;
(4) Removal of —H gives a double bond.
7.57
Br—Br | + Br ] H30+
v C:Br\+ +
HC—CH2 HC —CH2 HC—’CHzBr HC —CHzBr
/ / A\' . / N\ Y / N\
HoC —» | Ho,C OH —> H,C +O—~H" =« |—=H,C O
| | | | 1A) :OH, | |
HQC - CHQOH H2C _'CH2 HZC - CH2 Hzc _"CH2
formation of cyclic  nucleophilic attack loss of H*

bromonium ion

of —OH on bromo-
nium ion

The above mechanism is the same as that for halohydrin formation, shown in Section 7.3.
In this case, the nucleophile is the hydroxyl group of 4-penten-1-ol.
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7.58 Hydroboration of 2-methyl-2-pentene at 160°C is reversible. The initial organoborane
intermediate can eliminate BHj in either of two ways, yielding either 2- -methyl-2-pentene
or 4-methyl-2-pentene, which in turn can undergo reversible hydroboration to yield either
4-methyl-2-pentene or 4-methyl-1-pentene. The effect of these reversible reactions is to
migrate the double bond along the carbon chain. A final hydroboration then yields the most
stable (primary) organoborane, which is oxidized to form 4-methyl-1-pentanol.

BH,
BH -BH BH
BHj -BHj

-BHg
2-Methyl-2-pentene 4-Methyl-2-pentene
-BH BH H202
— —
BH3 X -BHj NaOH, H20
4-Methyl-1-pentene 4-Methyl-1-pentanol
7.59
CHs
(a) 1 equiv Bry |
o CH30HCH2C}\‘|2 /Br
C=C
/ \
Br H
CHg CHg
I _ (b) 2 equiv Hy |
CH3CHCH20H20 = CH - CH3CHCH2CH20H20H3
Pd/C
. CH3 Br
(c) 1equiv HBr | I

»  CH3CHCH,CH,C =CH,

Addition of one equivalent of HX or X; to a triple bond occurs with Markovnikov
regiochemistry to yield a product in which the two added atoms usually have a trans-
relationship across the double bond.
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7.60
N7
s
V4 N
OsO O\ IO NMO INIO\ /OH
H~‘C=C"H ——8—4—> _-C—C-. —_— _.C—C-.
HaC” NCHg H"Z" "wH H° 2" X°H
HaC CHg HaC CH
cis-2-Butene 3 3
0 0
N 4
\Os/
Q" o HO OH
0sO \ NMO \ /
H--c=g-CHs =4, .C—C- —>  _.c—C-
H3C' hIY H" » CHs H 4 \ “CHj
HaC H HaC H

trans-2-Butene

Formation of the cyclic osmate, which occurs with syn stereochemistry, retains the cis-
trans stereochemistry of the double bond because osmate formation is a single-step
reaction. Oxidation of the osmate does not affect the stereochemistry of the carbon-oxygen
bond, and the diol produced from cis-2-butene is a stereoisomer of the diol produced from
trans-2-butene. We'll study this type of isomerism in Chapter 9.



