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Ch^ter 1 : Covalent Bonds and Shapes of Molecules OvCTview

CHAPTER 1: COVArFNT RONDS AND SHAPES OF MOrFCTirFS

1.0 OVERVIEW
• Organic Chemistry is the study of compounds that contain carbon atoms in combination with other types of
atoms such as hydrogen, nitrogen, oxygen, and chlorine.

• The Lewis model of bonding qualitatively describes coordination numbers of atoms and molecular
geometries.

• Valence bond theory and molecular orbital theory comprise a more accurate theoretical framework with
which to understand relationships between molecular structure and reactivity.

• Organic chemists are concerned primarily with where electrons are located in an atom, molecule, or ion,

because then they can understand or predict structure, bonding, and reactivity. *

1.1 ELECTRONIC STRUCTURE OF ATOMS
• Electrons are found around atoms in defined regions of space called atomic orbitals.

- An atomic orbital can hold up to two electrons (the Pauli Exclusion Principle), one with spin

quantum number of +1/2, and the other with spin quantum number -1/2.

- Atomic orbitals are classified as s, p, d,or f.

- For most of organic chemistry, s and p atomic orbitals are the only types of orbitals that we need to

consider.

• The d atomic orbitals are important for third row elements such as sulfur (S) and phosprfiorus (P).

• Orbitals with the same principal quantum number (1, 2, 3, etc.) form what is called a shell of

electrons. For example, the 2s and 2p orbitals are in the same shell (the 2nd shell) while Is and 2s

orbitals are in different shells.

- There is only one s orbital for a given shell

- There are three p orbitals for shells with principal quantum number 2 and higher. The three 2p orbitals

are orthogonal to each other and are designated 2px, 2py, and 2pz.
- There are five d orbitals for shells with a principal quantum number of 3 or higher.

- All the orbitals of the same type in a given shell have the same energy; that is, they are said to be

degenerate. For example, all three 2p orbitals are degenerate.

• Different elements have different numbers of electrons, and these are placed in orbitals beginning with the

lowest energy orbital (the Aufbau Principle).

- Orbitals with the smallest principal quantum number are lowest in energy and are filled first.

- For orbitals with the same principal quantum number, s orbitals are filled before p orbitals which are

filled before d orbitals.

- According to Hund's rule, one electron is added to each degenerate orbital before two electrons are

added to any one of them.
• Chemists are primarily interested in the valence electrons of an atom. Valence electrons are the

electrons in the outermost shell of an atom. *
- For H, the valence electron is in the 1^^ shell, namely the Is orbital.

- For C, N, O, and F the valence electrons are in the 2^^ shell, namely the 2s and the three 2p orbitals.

- For Si, P, S, and CI the valence electrons are in the 3^^^ shell, namely the 3s, and the three 3p orbitals.

For P and S, the 3d orbitals are important.

1.2 THE LEWIS MODEL OF BONDING
, x.

• Atoms can gain or lose electrons to fill their valence shells. An atom that gams electrons has an overall

negative charge and is called an anion, while an atom that loses electrons has an overall posmve charge

and is called a cation. *
• , u n

• Atoms can also take part in chemical bonds to fill their valence shells.

• Chemical bonds in molecules are made from electrons in the valence shells of atoms. *
- Bonds do not involve electrons from shells below the valence shell.

^ ,, ^ ,
, .,

- Atoms overwhelmingly prefer to be surrounded by a filled valence shell of electrons (noble gas

configuration). *
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- A filled valence shell for H is 2 electrons, and a filled valence shell for C, N, O, and F is 8 electrons; the

"octet rule."
- P and S can have 8 electrons in their valence shells, but the valence shell for S may contain as many as

10 electrons, and the valence shell of P may contain as many as 12 electrons. This is due to the presence

of 3d orbitals in these third row elements.

• In an ionic bond, an atom transfers one or more electrons to a different atom creating negatively and
positively charged ions that then attract each other.

- Ionic bonding is only observed when the electron transfer creates filled valence shells for both of the

ions.

• In a covalent bond, atoms share pairs of electrons, thus increasing the number of electrons around each
atom. In this way the valence shell of each atom is filled.

- Sharing a pair of electrons holds the two atoms together.

- Organic chemistry is concerned primarily with covalent bonds.
- Noble gases do not normally take part in bonding because their valence shells are already filled.

• Electron pairs taking part in covalent bonds are not necessarily shared evenly between the atoms. The more
electronegative element taking part in a bond attracts the majority of the electron density of the shared

electrons. *
- The unequal sharing of electrons of a covalent bond can be analyzed using a table of electronegativities of

the eleinents.

- On the Periodic Table of the elements, electronegativity increases from the bottom left hand comer to

the upper right hand comer (See Table 1.3 in book).
• Knowing how to identify the electron-rich and electron-poor regions of molecules is the key to

understanding and leaming organic chemistry. *
- The unequal sharing of electrons in covalent bonds forms the basis for reactivity in a molecule, so
understanding how electrons are distributed in a given molecule allows chemical reactions to be predicted

accurately. [By the time you have finished studying organic chemistry you should be able to look at the

structure of a molecule, and then, based on your understanding of the electron distribution in the

molecule, predict chemical reactions. This prediction approach is much more successful than trying to

memorize reactions without understanding the reasons they take place.]

• A nonpolar covalent bond has a relatively small difference in electronegativities, less than 0.5, between
the two atoms of the bond. A polar covalent bond has a relatively large difference in electronegativities,

(between 0.5 and 1 .9) between the two atoms of the bond.
• The polarity of a covalent bond can be measured as the bond dipole, ii, the product of one of the charges

times the distance separating the charges. *
• Lewis structures are used to represent molecules. [Lewis structures are not as hard as they look, but you
need a lot ofpractice to get the hang ofthem.]
- In a Lewis structure, a line between two atoms represents a pair of electrons taking part in a bond and a

pair of dots represents an unshared or lone pair of electrons.

• To draw a Lewis structure:
- First, count all the valence electrons of each atom in the structure. Remember that in the neutral states,

H has 1 valence electron, C has 4, N has 5, O has 6 and F has 7. Add a valence electron for each unit of
negative charge on an atom or ion, and subtract a valence electron for each imit of positive charge.

- Second, determine how the atoms are connected to each other. Usually the connectivity information

must be provided for you in the form of a condensed structural formula.
- Third, draw single bonds (a line) between all of the atoms known to be connected to each other. For
example, for the condensed structural formula CH3CHO write down:

H O
I I

H—0—0—

H

I

H

- Fourth, draw any remaining bonds (double or triple bonds) and add any lone pairs of electrons that

may be necessary so that each atom in the molecule is surrounded by a filled valence shell of

electrons. *
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For H, a filled valence shell is 2 electrons (1 bond), and for C, N, O, and F; a filled valence shell is 8
electrons distributed as described in the following table:

Atom # Of Bonds (Single bonds count as 1 bond,

double bonds as 2, and triple bonds as 3)

# Of Lone Pairs

Of Electrons

C 4

N 3 1

2 2

F 1 3

Finishing the example, two lone pairs of electrons are added to the oxygen atom and a double bond is

added between the carbon and oxygen atoms to fill all valence shells and complete the structure:

H :o:
I II

H-C-C—H
I

H

In most organic molecules, the halogens CI, Br, and I are treated the same as F. On the other hand,

the neutral atoms B, P, and S have some unusual bonding patterns as described in the following table.

Atom

B

S*

# Of Bonds (Single bonds count as 1 bond,

double bonds as 2, and triple bonds as 3)

# Of

Of

Lone Pairs

Electrons

1

1

(* 3d orbitals are involved, so more than 8 valence electrons can be accommodated in the

valence shell.)

If there is a negative formal charge (see below) on an atom, add a lone pair of electrons and use one

If there is a positive formal charge on an atom other than carbon, add a bond and use one less lone

pair of electrons.
,

,

,. , j u r t

For carbon with a positive formal charge, you cannot add a bond because carbon already has four. In

this case, you should use one less bond and no lone pairs (the carbon is surrounded by only six

valence electrons).

Some Helpful Hints for drawing Lewis structures:
• r , . c

- After drawing the single bonds between all connected atoms, draw the lone pairs of electrons. For

neutral atoms, the number of lone pairs on a given element does not change from molecule to molecule.

In the neutral, uncharged state, C has zero lone pairs, N has one lone pair O has two lone pairs, and

F has three lone pairs For example, in the molecule CO2, draw the single bonds and lone pairs of

electrons around oxygen as follows:

o-c-*q

- After drawing the lone pairs, fill in multiple bonds as necessary^ If there are not enough single bonds to

Xr aloms slirounding an atom to give a filled valence shell, then use multiple bonds.
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In these cases you should draw the multiple bond(s) to the adjacent atom(s) that also need multiple
bond(s) to fill their valence shell. The CO2 example is completed by adding a double bond to each
oxygen atom, thereby filling the valence shell of carbon as well:

• • • •

o=c=o
• • • •

Formal charges are useful as a bookkeeping method for keeping track of charges on a molecule. *
- For the computation of formal charge, the electrons in bonds are counted as being distributed evenly
between the bonded atoms. One electron is counted for each atom taking part in a single bond, two
electrons for each atom taking part in a double bond, and three electrons for each atom taking part in a
triple bond.

- Lone pairs of electrons and electrons in shells lower than the valence shell (Is electrons for C, N, O, F,
etc.) are counted as belonging entirely to the atoms to which they are attached.

- Total formal charge derives from comparing the number of electrons counted as above to the number of
protons in the nucleus of the atom (an extra electron results in a formal charge of -1, an extra proton
results in a formal charge of +1, etc.).

- The following tables show the formal charges associated with certain atoms commonly found in organic
molecules and reaction intermediates.

- The sum of formal charges in a molecule is equal to the net charge.

Table Of Atoms With +1 Formal Charge

Atom # Of Bonds (Single bonds count as 1 bond,

double bonds as 2, and triple bonds as 3)

# Of Lone Pairs

Of Electrons
H
C 3

N 4

3 1

S 3 1

P 4

Table Of Atoms With -1 Formal Charge

Atom # Of Bonds (Single bonds count as 1 bond,

double bonds as 2, and triple bonds as 3)

# Of Lone Pairs

Of Electrons
C 3 1

N 2 2

1 3
S 1 3
F 4

1.3 FUNCTIONAL GROUPS
• Condensed structural formulas are highly abbreviated versions of Lewis structures that are used to
describe molecules.

- The number of hydrogen atoms attached to a given atom is denoted with a subscript. For example -CH3
nieans there are three hydrogen atoms attached to the carbon atom.

- Lmes are used to denote bonds. A single line (-) between two atoms represents a single bond, a double
Ime (=) denotes a double bond, etc.

Lone pairs of electrons are not drawn.
- Parentheses are used to denote branching in a molecule. In other words, whole groups of atoms attached

to a given atom are placed in parentheses. For example, (CH3)3CH indicates that there are three -CH3
groups attached to the remaining carbon atom.
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• Carbon combines with other atoms to form characteristic structural units called functional groups such as

hydroxyl groups (-0H), carboxyl groups (-CO2H), and carbonyl groups (C=0) that are important for three

reasons: ^
- First, they are sites of chemical reactions, and a particular functional group, in whatever compound it is

found, undergoes the same types of chemical reactions.

- Second, they are used to divide organic molecules into classes in terms of their physical properties.

- Third, they provide a basis for naming compounds.

1.4 BOND ANGLES AND SHAPES OF MOLECULES
• The Valence-Shell Electron-Pair Repulsion (VSEPR) model of molecular structure assumes that

areas of valence electron density around an atom are distributed to be as far apart as possible in three-

dimensional space. *
- When using the VSEPR model, lone pairs of electrons, the two electrons m a smgle bond, the tour

electrons in a double bond, and the six electrons in a triple bond are each counted as only a single area of

electron density.

- Four areas of electron density around an atom adopt a tetrahedral shape with bond angles near 109.5 ,

such as in methane, CH4.

109.5°

H/

H
/

- Three areas of electron density around an atom adopt a trigonal planar shape with bond angles near 120°,

such as in formaldehyde, H2C=0.

:0- 120
II

H H

- Two areas of electron density around an atom adopt a Imear shape with bond angles near 180°, such as in

acetylene, HC^H.
180°

H-C=C-H

ThP VSFPR model oredicts shape but does not explain why the electrons are located where they are.

?;fus ffo^y a uS i^^^^^^^^ not a theory.'The theory of electronic structure .s presented m

Sections 1.7 and 1.8.

1.5 POLAR AND NONPOLAR MOLECULES
_^^.^_^^^, ^^^ ^^^^ ,^

. The dipole moment, n, of a
™''™'fJ^,f'J^^^°J^^^^^^ of ihe bond dipoles musi be combined with

ru^nrfa:!Snt^f'rs:°u^cr."^^^^
such BF3 and CCI4, but not in molecules such as H2O and NH3. *

V ReScllh^eofy is used to depict and understand those special chemical species for wh.ch no smgle

Lr™e provides an adequate descnptton. * ,ms also requires a lot ofpracuce.,
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- Resonance theory is particularly good at helping to understand cases of partial bonding (for example 1.5
bonds between two atoms, etc.) or when a formal charge is distributed between more than one atom. In
these situations, the true structure (referred to as a resonance hybrid) is thought of as a composite of
two or more contributing structures.

In drawing resonance structures, a straight, double headed arrow (<r->) is placed between contributing
structures. Curved arrows (^-^) are used to indicate how electrons can be redistributed to make one
contributing structure from another. Always draw the curved arrows to indicate where a pair of
electrons started (tail of arrow) to where the electrons end up (head of arrow).

- No atoms are moved between contributing structures, and only certain kinds of electrons are moved. *
Lone pairs of electrons or a pair of electrons taking part in a multiple bond are moved.
A lone pair of electrons from an atom can only move to an adjacent bond to make a multiple bond. A
pair of electrons in a multiple bond can only move to an adjacent atom to create a new lone pair of
electrons or to an adjacent bond to make a multiple bond.

- Contributing structures cannot have atoms with more than a filled valence shell of electrons.*
There can be no more than 2 electrons around H or more than 8 electrons around C, N, O, or F.
You cannot have more than a filled valence shell because there are no more orbitals in which to place
the extra electrons. On the other hand, atoms can have less than the filled valence shell, for example a
carbon atom with +1 formal charge only has 6 valence electrons and one empty 2p orbital.

• Keep in mind that even though we use multiple contributing structures to describe a molecule or ion, the
molecule or ion in fact only has Qn£ true structure. It does nQi alternate between the contributing
structures.*

• The following qualitative rules are used to estimate the relative importance of contributing
structures.

- Equivalent structures (those that have the same pattems of covalent bonding) contribute equally. For
example, carbonate ion (COs^) has three equivalent contributing structures.

- Structures in which all atoms have filled valence shells (complete octets) contribute more than those in
which one or more valence shells are not filled.

- Structures involving separation of unlike charges contribute less than those that do not involve charge
separation.

- Structures that carry a negative charge on the more electronegative element contribute more than those
with the negative charge on the less electronegative element. Similarly, structures that carry a positive
charge on the less electronegative element contribute more than those with the positive charge on the less
electronegative element

1.7 QUANTUM OR WAVE MECHANICS
• Electrons have certain properties of particles and certain properties of waves. *

- Electrons have mass and charge like particles.

- Because they are so small and are moving so fast, electrons have no defined position. Their location is

best described by wave mechanics and a wave equation called the Schrodinger equation.
Solutions of the Schrodinger equation are called wave functions and are represented by the Greek
letter \\f (psi).

Each wave function (y) describes a different orbital.

There are many solutions to the Schrodinger equation for a given atom.
- The sign of the wave function \|/ can change from positive (+) to negative (-) in different parts of the
same orbital. This is analogous to the way that waves can have positive or negative amplitudes. *

The sign of the wave function does not indicate anything about charge. [This can be confusing.
Make sure that you understand it before you go on.]

- The value of Mp- is proportional to the probability of finding electron density at a given point in an orbital.

Note that the sign of Mp- is always positive, because the square of even a negative value is still positive.
In a 2p orbital, it is just as probable to find electron density in the negative lobe as it is to find electron
density in the positive lobe. [Make sure you understand this statement.]

- A node is any place in an orbital at which the value of vk and thus \p- is zero.

A nodal surface or nodal plane are surfaces or planes where v and \p- is zero. There is absolutely no
electron density at a node, a nodal surface, or a nodal plane.
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- The Schrodinger equation can in principle describe covalent bonding, but, even with powerful computers

the equation is too complicated to be solved exactly for large molecules.

1.8 MOLECULAR ORBITAL THEORY TO COVALENT BONDING
• Molecular orbital theory assumes that individual electron pairs are found in molecular orbitals that

are distributed over the entire molecule. *
• Molecular orbitals are analogous to atomic orbitals and are described by the following four rules:

- First, combination of n atomic orbitals in a molecule or ion forms n molecular orbitals, each of which

extends over the entire molecule or ion.

The number of molecular orbitals is equal to the number of atomic orbitals combined, because atomic

orbitals can be combined by both addition and subtraction.

- Second, molecular orbitals, just like atomic orbitals, are arranged in order of increasing energy.

- Third, filling of molecular orbitals is governed by the same principles as the filling of atomic orbitals.

(See Section 1.1)

Electrons are placed in molecular orbitals starting with the lowest energy orbitals first.

A molecular orbital cannot hold more than two electrons.

Two electrons in the same molecular orbital have opposite spins.

When two or more degenerate (same energy) molecular orbitals are available, one elecu-on is placed

in each before any one of them gets two electrons.

• When two atomic orbitals combine to form a molecular orbital, the wave functions are both added and

subtracted to create one bonding molecular orbital and one antibonding molecular orbital.

- A bonding molecular orbital occurs when the electron density of the orbital is concentfated between the

atomic nuclei.
, , , cc , ,u

Elecu-ons in bonding molecular orbitals stabilize covalent bonds because they serve to ottset tne

repulsive forces of the positively-charged atomic nuclei. Both nuclei are attracted to the elecu-ons

between them. ^ , , • j • u» i

The energy of a bonding molecular orbital is lower than the energy of the uncombined atoniic orbitals.

- An antibonding molecular orbital (designated with an *) occurs when the electron density of the orbital is

concentrated in regions of space outside the area between the atomic nuclei.

Electrons in antibonding molecular orbitals do not stabilize covalent bonds because the elecu-ons are

nor positioned to offset the repulsive forces of the positively charged atomic nuclei.
.. . ,

The energy of an antibonding molecular orbital is higher than the energy of the uncombined atomic

• A o (s^gma) bond occurs when the majority of the electron density is found on the bond axis.

- For example, a o bond results from the overlap between two 1 sorbitols.
y a ^.\

. - Because rotating a a bond does not decrease the overiap of the orbitals involved (o bonds have cylindrical

svmmeu-y), a o bond can rotate freely about the bond axis.
k^„^ o.ic

. A n^bond occurs when the majority of the electron density is found above and below the bond a^is^

For example, a n bond results from the overlap of two 2p orbitals that are parallel to each other, and

- 'B'^S^fol^^r^lt^^^^^^ ^ bonds cannot rotate around the bond

. An deVrS-u1.d^ all of the electrons are in the molecular orbitals of lowest

^ssilTeenegyZ electronic excited state occurs when an electron m a lower lying orbital is pro-

S^otedtoTo^bitaUhati' higher m energy. This can occur when light is absorbed by a molecule, for

. FlTSLuis more complicated than hydrogen, it is helpful to combine (hybridize) the .alence atomic

-^]^^;:Xi^:^^ ^'sZ^^^^^ -, or all .ree 2p

. TheTeTuTtst/lhe orbital combinations are called hybrid orbitals, the number of hybrid orbitals are equal

to the number of atomic orbitals combined.
. , uu -> k;.o1c

An sp3 hybrid orbital is the combination of one 2s orbital with three 2p orbitals.

Four sp3 orbitals of equivalent energy are created.
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Each sp3 orbital has one large lobe and a smaller one of opposite sign pointing in the opposite
direction (with a node at the nucleus). The large lobes point to different comers of a tetrahedron
(109.5*' bond angle). This explains the tetrahedral structure of molecules like methane, CH4.

• An sp2 hybrid orbital is the result of combining the 2s orbital with two 2p orbitals.

Three sp^ orbitals of equivalent energy are created.

Each sp2 orbital has one large lobe and a smaller one of opposite sign pointing in the opposite
direction (with a node at the nucleus). The large lobes point to a different comer of a triangle (120°
bond angle). This explains the trigonal planar structure of molecules like formaldehyde, CH2=0.
The left over 2p orbital lies perpendicular of the plane formed by the three sp2 orbitals.

An sp hybrid orbital is the combination of one 2s orbital with one 2p orbital.

Two sp orbitals of equivalent energy are created.

Each sp orbital has two lobes of opposite sign pointing in opposite directions (with a node at the
nucleus).

The lobes with like sign point in exactly opposite directions (180° bond angle). This explains the
linear stmcture of molecules like acetylene, HC^H.
The two left over 2p orbitals are orthogonal to each other, and orthogonal to the two sp hybrid orbitals
as well.

Carbon atoms in molecules are either sp3, sp2, or sp hybridized. Is Orbitals are not considered for
hybridization with C, N, or O because the Is orbitals do not participate in covalent bonding.
The hybridization of a given atom (sp3, sp2, or sp) determines the geometry and type of bonds made by
that atom. The important parameters associated with each hybridization state are listed in the following
table.

Carbon Atom Hybridization State Parameters

Hybridiztion

State

# Of Hybrid

Orbitals

# Of 2p Orbitals

Left Over

# Of Groups

Bonded To

Carbon

#0f
Bonds

#0f 7C

Bonds

Geometry

Around

Carbon

sp^ 4 4 4 Tetrahedral

sp^ 3 1 3 3 1
Trigonal
Planar

sp 2 2 2 2 2 Linear

Bonding in complex molecules can be qualitatively understood as overlap of hybrid orbitals. *
Organic chemistry is primarily concerned with two types of covalent bonds, namely sigma (a)
bonds and pi (71) bonds.
- A a (sigma) bond can be formed in a variety of ways. *

A CT bond results from the overlap between an s orbital and any other atomic orbital.

A c bond also results from the overlap of an sp^, sp2, or sp hybrid orbital and any s, sp^, sp2, or sp
hybrid orbital along the bond axis. [You should be able to picture these different types of orbital
overlap that all lead to cbonds.]
Because rotating a o bond along the bond axis does not decrease any orbital overlap, there is only a
small barrier to rotation. Thus, single bonds rotate extremely rapidly around the bond
axis. This explains why molecules with only a bonds are highly flexible, able to adopt an almost
infinite number of rapidly interconverting conformations in solution. *

- A double bond in molecules such as H2C=CH2 can be understood in terms of:

One o bond formed by sp2 hybridized orbitals on each carbon atom.
One 7t bond formed between the 2p orbitals on each carbon atom.
Because rotating a 71 bond by 90° destroys the orbital overlap, there is a large barrier to rotation and for
all practical purposes double bonds cannot rotate around the bond axis. [Make sure this
makes sense to you before moving on. The fact that n bonds cannot rotate adds rigidity to molecules
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that contain them. This rigidity imparted by n bonds has a major influence on the conformations of

complex molecules in solution.] *
- A triple bond in molecules such as HC^H can be understood in terms of:

One o bond formed by sp hybridized orbitals on each carbon atom.

Two 71 bonds formed between the two 2p orbitals on each carbon atom. Because rotating a n bond
by 90® destroys the orbital overlap, triple bonds also cannot rotate around the bond axis. /// is

absolutely essential that students understand bonding in complex molecules in terms of the overlap of
hybrid orbitals. This orbital picture ofmoleculesforms the theoreticalfoundationfor understanding

the reactions of the differentfunctional groups discussed in the rest of the book. Do not go anyfurther

until these concepts are thoroughly understood.] *
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CHAPTER 1

Solutions to the Problems

Problem 1.1 Write and compare the ground-state electron configurations for the following:
(a) Carbon and silicon

C (6 electrons) Is^ls^lp^
Si (14 electrons) Is22s22p<^3s23p2

Both carbon and silicon have four electrons in their highest (valence) shells.

(b) Oxygen and sulfur

O (8 electrons) Wls^lp^
S (16 electrons) U^2s^2p^is'^2>p^

Both oxygen and sulfur have six electrons in their highest (valence) shells.

(c) Nitrogen and phosphorus

N (7 electrons) Is22s22p3
P (15 electrons) Is22s22p<^3s23p3

Both nitrogen and phosphorus have five electrons in their highest (valence) shells.

Problem 1.2 Show that the following obey the octet rule.

(a) Sulfur (atomic number 16) forms sulfide ion, S^-.

S (16 electrons): ls^2s^2p^3s^3p'*

S^- (18 electrons): ls^2s^2p*^3s^3p^

(b) Magnesium (atomic number 12) forms Mg2+.

Mg (12 electrons): ls^2s^2p*^3s^

Mg2+ (10 electrons): ls^2s^2p*^

Problem 1.3 Judging from their relative positions in the Periodic Table, which element is more electronegative?
(a) Lithium or potassium

In general, electronegativity increases from left to right across a row and from bottom to top
of a column m the Periodic Table. This is because electronegativity increases with increasing
positive charge on the nucleus and with decreasing distance of the valence electrons from the
nucleus. Lithium is higher up on the Periodic Table and thus more electronegative than
potassium.

(b) Nitrogen or phosphorus

Nitrogen is higher up on the Periodic Table and thus more electronegative than phosphorus.

(c) Carbon or silicon

Carbon is higher up on the Periodic Table and thus more electronegative than silicon.
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Problem 1.4 Classify these bonds as nonpolar covalent, polar covalent, or ionic.

(a)S-H (b)P-H (c)C-F (d)C-Cl

Using the rule that bonds formed from atoms with an electronegativity difference of 0.4 or
less are nonpolar covalent, the following table can be constructed:

Differences in

Bond electronegativity Type of bond
S^H 2.5 - 2.1 = 0.4 Nonpolar covalent
P-H 2.1 - 2.1 = Nonpolar covalent
C-F 4.0 - 2.5 = 1.5 Polar covalent
C-Cl 3.0 - 2.5 = 0.5 Polar covalent

Problem 1.5 Indicate the direction of polarity in these polar covalent bonds using the symbols 6- and 5+.

(a) C-N
5+ 6-

C-N

Nitrogen is more electronegative than carbon

(b)N-O
8+ 6-

N-0
Oxygen is more electronegative than nitrogen

(c) C-Cl

6+ 6-

C-Cl

Chlorine is more electronegative than carbon

Problem 1 6 Draw Lewis structures, showing all valence electrons, for the following covalent molecules.

(a) C2H6 (b) CS2 (c) HCN

H H

H-C—C-H S=C='S H-C=N:
11 •• ••

H H

Problem 1 7 Draw Lewis structures for these ions, and show which atom in each bears the formal charge.

(a)CH3NH3+ (b)C032- (c)OH-

Methylammonium ion Carbonate ion Hydroxide ion

H H :0:

H-d^-Nt-H "id-C-JD:" :0-H
I I

H H

Problem 1.8 Draw a condensed structural formula for the one ether of molecular formula CaHgO.

CH3-CH2-O-CH3

Problem 1 9 Draw condensed structural formulas for the three ketones of molecular formula CsHjoO.

o o o

CH3-CH2-CH2-C-CH3 CH3-CH-C-CH3 CH3-CH2-C-CH2-CH3

CH3
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Problem 1.10 Draw condensed structural formulas for the two carboxylic acids of molecular formula C4H8O2.
O

CHo-CH,-CH,~C-OH

Problem 1.11 Predict all bond angles for these molecules,
(a) CH3OH

O
II

CH3-CH—C-OH
CH,

109.5

(b)PF3

^ N09.5^

(c) H2CO3 (Carbonic Acid)

120 120
109.5

120

Problem 1.12 Which molecules are polar? For each molecule that is, specify the direction of its dipole momenL
(a) CH2CI2

*^

Recall that a molecular dipole moment is determined as the vector sum of the bond dipoles in
three-dimensional space. Thus, by superimposing the bond dipoles on a three-dimensional
drawing, the molecular dipole moment can be determined.

[i = 1.60 D

(b) HCN

H

H = 2.98 D

Act

h/

H— C=N
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(c) H2O2

The H2O2 molecule can rotate around the O-O single bond, so we must consider the molecular
dipole moments in the various possible conformations. Conformations such as the one
depicted on the left below have a net molecular dipole moment, while conformations such as
the one the right below do not. The presence of at least some conformations (such as that on
the left) that have a molecular dipole moment means that the entire molecule must have an
overall dipole moment, in this case ^ = 2.2 D.

i

H H y,'

^ = 2.2 D

Problem 1.13 Draw the contributing structure indicated by curved arrows. Be certain to show all formal charges.

(:o:
VII ..-

(a) H-C-0:
I ..-

-^ H-C-O:
4-

(:o:
Vll^.-

(b) H-C-O: -*-

:o:

H-C=b

(c) CH3-C—p-CHa

Problem 1.14 Which sets are pairs of contributing structures?

-^ CH3-C=0-CH3

P/°=
:0:

^
O:

- -^
O:

(a) CHg-C^ CH3-C+ (b) CH3-C -—- CH3-C
O: O: U?

O:

The set in (a) is a pair of contributing structures, while the set in (b) is not. The structure on

the right in set (b) is not a viable contributing structure because there are five bonds to the

carbon atom.

Problem 1.15 Estimate the relative contribution of the members in each set.

(o:

:a) X
H H H H

(b) ^11 ^•
:0:

I +
H—C=0-H

The rirst structure makes the greater contribution in (a) and (b). In both cases, the second

contributing structure involves the disfavored creation and separation of unlike charges.
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Problem 1.15 Describe the bonding in these molecules in terms atomic orbitals involved, and predict all bond
angles.

H

(a) H—C-C=C—

H

I I I

H H H

/AH—C—C=C—H

(b) H—C—N—

H

H H

109.5° H ^20°

H—C—C=C—

H

H H H

H
sp'

/I
H—C N —

H

H H

a 3 H
"sp -1 s

a 3 3sp -sp

H^C-^N—

H

H H ^sp^-1 s

H 109.5°

'A
H—C—N—

H

H H

Electronic Structures of Atoms
Problem 1.17 Write ground-state electron configurations for each atom. After each atom is given its atomic
number.
(a) Sodium (11)

Na (11 electrons) Is22s22p<»3si

(b) Magnesium (12)

Mg (12 electrons) Is22s22p<^3s2

(c) Oxygen (8)

O (8 electrons) Is22s22p4

(d) Nitrogen (7)

N (7 electrons) Is22s22p3

Problem I.IR Which atom has the ground-state electron configuration of
(a) Is22s22p63s23p4

Sulfur (16) has this ground-state electron configuration

(b) Is22s22p4

Oxygen (8) has this ground-state electron configuration
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Problem 1.19 Define valence shell and valence electron.

The valence shell is the outermost occupied shell of an atom. A valence electron is an electron
in the valence shell.

Problem 1.20 How many electrons are in the valence shell of each atom?
(a) Carbon

With a ground-state electron configuration of Is22s22p2 there are four electrons in the valence
shell of carbon.

(b) Nitrogen

With a ground-state electron configuration of Is^ls'^lp^ there are five electrons in the valence
shell of nitrogen.

(c) Chlorine

With a ground-state electron configuration of Is^ls^lp^Ss^Sp^ there are seven electrons in the
valence shell of chlorine.

(d) Aluminum

With a ground-state electron configuration of Is^ls^Zp^^Ss^Spi there are three electrons in the
valence shell of aluminum.

Lewis Structures
Problem 1.21 Judging from their relative positions in the Periodic Table, which atom is more electronegative?

(a) Carbon or nitrogen

In general, electronegativity increases from left to right across a row and from bottom to top
of a column in the Periodic Table. This is because electronegativity increases with increasing

positive charge on the nucleus and with decreasing distance of the valence electrons from the

nucleus. Nitrogen is farther to the right on the Periodic Table and thus more electronegative

than carbon.

(b) Chlorine or bromine

Chlorine is higher up on the Periodic Table and thus more electronegative than bromine.

(c) Oxygen or sulfur

Oxygen is higher up on the Periodic Table and thus more electronegative than sulfur.

Problem 1.22 Which of these compounds have covalent bonds and which have ionic bonds?

(a)LiF (b)CH3F (c) MgCl2 (d) HCl

Using the rule that an ionic bond is formed between atoms with an electronegativity difference

of 1.9 or greater, the following table can be constructed:

Differences in

Bond electronegativity Type of bond

LTF 4.0 - 1.0 = 3.0 Ionic

C-H 2.5 - 2.1 = 0.4 Nonpolar covalent

C-F 4.0 - 2.5 = 1.5 Polar covalent

Mg-Cl 3.0 - 1.2 = 1.8 Polar covalent

II. Q\ 3.0 - 2.1 = 0.9 Polar covalent

Based on these values, only LiF has an ionic bond, the other compounds have only covalent

bonds.



16 Solutions Chapter 1 : Covalent Bonds and Shapes of Molecules

Problem 1.23 Using the symbols 6- and 6+, indicate the direction of polarity, if any, in each covalent bond.

(a) C-Cl

6+ 6-

C-Cl

Chlorine is more electronegative than carbon

(b) S-H

6- 5+
S-H

Sulfur is more electronegative than hydrogen

(c) C-S

Carbon and sulfur have the same electronegativities so there is no direction of polarity in a C-
S bond

(d) P-H

Phosphorus and hydrogen have the same electronegativities, so there is no direction of
polarity in a P-H bond

Problem 1.24 Write Lewis structures for these molecules. Be certain to show all valence electrons. None of
these compounds contains a ring of atoms.

(a) H2O2 (b) N2H4 (c) CH3OH
Hydrogen peroxide Hydrazine Methanol

H—O—O—

H

H—N—N—

H

I I

H H

H
I ..

H—C—O—

H

I
••

H

(d) CH3SH
Meihanethiol

H
I ..

H—C—S—

H

I

••

H

(e) CH3NH2
Methylamine

H
I

H—C—N—

H

I I

H H

(f) CH2CI2
Dichloromethane

H
I ..

H—C— Ci:
I

:CI :

(g) CH3OCH3
Dimethyl ether

H H
I .. I

H—C—O—C—

H

I
••

I

H H

(h) H2CO3
Carbonic acid

.. II ..

H—O—C—O—

H

(i)CH20
Methanal

H
\

H
/
C=0

0) CH3CO2H
Ethanoic acid

H :o:
I

II ..

H—C—C—O—

H

I

H

(k) CH3COCH3
Propanone

H :o: H
I II I

H—C—C—C—

H

I I

H H

(1) HCN
Hydrogen cyanide

H—C=N:



Chapter 1 : Covalent Bonds and Shapes of Molecules Solutions 17

(m) HNO3 (n) HNO2 (O) HCO2H
Nitric acid Nitrous acid Methanoic acid

:0- :o:
.. II .. -

II ..

H—O—N—O: H—O—N=0 H—C—O—

H

•• + •• ....

Problem 1.25 Why are the following molecular formulas impossible?

(a) CH5

Carbon atoms can only accommodate four bonds, and each hydrogen atom can only

accommodate one bond. Thus, there is no way for a stable bonding arrangement to be created

that utilizes one carbon atom and all Ave hydrogen atoms.

(b) C2H7

Since hydrogen atoms can only accommodate one bond each, no single hydrogen atom can
make stable bonds to both carbon atoms. Thus, the two carbon atoms must be bonded to each

other. This means that each of the bonded carbon atoms can accommodate only three more
bonds. Therefore, only six hydrogen atoms can be bonded to the carbon atoms, not seven

hydrogen atoms.

Problem 1.26 Write Lewis structures for these ions. Show all valence electrons and all formal charges.

(a)NH2- (b)HC03- (c)C032-

Amide ion Bicarbonate ion Carbonate ion

H :0: :o:

I _ ..II .._ - ^11 ..-
H—N: H—O—C—9: :9~C—p:

(d)N03- (e)HC02- (f)CH3C02-

Nitrate ion Methanoate ion Ethanoate ion

:0: :o: H :0:

-!!..- II ..- I II ••-

:6-N-0: H-C-O: H-C-C-q:
.. + •• ••

I

H

Problem 1 27 Following the rule that each atom of carbon, oxygen, and nitrogen reacts to achieve a complete

outer shell of eight electrons, add unshared pairs of electrons as necessary to complete the valence shell of each

atom in these ions. Then assign formal charges as appropriate.

The following structural formulas show all valence electrons and all formal charges.

H H H H H H
:o:

I I

-
I I - 11^^

(a) H-C-C-6: (b) H-C-C: (C)H-N*-C-C^.. -

H H H H H H ••

Problem 1.28 Following are several Lewis structures showing all valence electrons. Assign formal charges to

each structure as appropriate.

There is a formal positive charge in parts (a), (e), and (0- There is a formal negative charge

in parts (b), (c), and (d).
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H :o: H
I II /"

(a) H—C—C—C+

H "

:0:
.. I

(b) H—N—C=C—

H

I I

H H

(c) H—C—C—

H

I

H

H :0:
I I

(d)H—C—C=C—

H

I I

H H

H H

(e) H—C—C-C—

H

I I I

H H H

H
I .• +

(f) H—C-O-H
H H

Problem 1.29 Each compound contains both ionic and covalent bonds. Draw the Lewis structure for each and
show by dashes which are covalent bonds and, by indication of charges, which are ionic bonds,

(a) CHsONa (b) NH4CI (c) NaHCOs
Sodium methoxide Ammonium chloride Sodium bicarbonate

H
I .. -

H—C—p: Na*

H

(d) NaBH4
Sodium borohydride

H
I
-

H—B—

H

I

H

Na'

H
uH—N—H :Ci:

I

H

(e) LiAlH4
Lithium aluminum hydride

H—AH-H
H

:0:
.. II ..-

H—O—C—O: Na+

In naming these compounds, the cation is named first followed by the name of the anion.

Polarity of Covalent Bonds
Problem 1.30 Which of these statements are true about electronegativity?

(a) Electronegativity increases from left to right in a row of the Periodic Table.

(b) Electronegativity increases from the top to the bottom in a column of the Periodic Table.

(c) Hydrogen, the element with the lowest atomic number, has the smallest electronegativity.

(d) The higher the atomic number of an element, the greater its electronegativity.

Electronegativity increases from left to right across a row and from bottom to top of a column
in the Periodic Table. Thus, statement (a) is true, but (b), (c), and (d) are false.

Problem 1.31 Why does fluorine, the element in the upper right comer of the Periodic Table, have the largest

electronegativity of any element?

Electronegativity increases with increasing positive charge on the nucleus and with decreasing
distance of the valence electrons from the nucleus. Fluorine is that element for which these
two parameters lead to maximum electronegativity.

Problem 1.32 Arrange the single covalent bonds within each set in order of increasing polarity,

(a) C-H, O-H, N-H (b) C-H, B-H, 0-H (c) C-H, C-Cl, C-I
C-H < N-H < OH B-H < C-H < OH C-I = C-H < C-CI
(0.4) (0.9) (1.4) (0.1) (0.4) (1.4) (0.4) (0.4) (0.9)

(d) C-S, C-0, C-N
C-S < C-N < CO
(0) (0.5) (1.0)

(e)C-Li, C-B,C-Mg
C-B < C-Mg < C-Li
(0.5) (1.3) (1.5)

The difference in electronegativities is given in parentheses underneath each answer.
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Problem 1.33 Using the values of electronegativity given in Table 1.5, predict which indicated bond in each set is
more polar and usmg the symbols 5+ and 6-, show its direction of polarity
(a) CH3-OH or CH3O-H (b) H-NH2 or CH3-NH2

6- 6 +

CH3O-H

(c) CH3-SH or CH3S-H

6- 5+
CH3S-H

6+ 8-

H-NH2

(d) CH3-F or H-F

6+ 6-

H-F

Problem 1.34 Identify the most polar bond in each molecule,
(a) HSCH2CH2OH (b) CHCI2F (c) HOCH2CH2NH2

The 0-H bond
(1.4)

The C-F bond The 0-H bond
(1.5) (1.4)

The difference in electronegativities is given in parentheses underneath each answer.

Problem 1.35 Predict whether the carbon-metal bond in these organometallic compounds is nonpolar covalent,
polar covalent, or ionic. For polar covalent bonds, show the direction of polarity by the symbols 5+ and 5-.

(1.3) (0.6)(0.7) CHoCHo
5+1 ^ ^ 5- 6+

(b) CHg-Mg-CI

Methylmagnesium
chloride

5- 5+

(c) CH3—Hg-CHg

Dimethyhnercury

(a) CH3CH2 Pb-CH2CH3

CH2CH3

Tetraethyllead

All of the above carbon-metal bonds ar^ polar covalent because the difference in

electronegativities is between 0.5 and 1.9. In each case, carbon is the more electronegative

element. The difference in electronegativities is given above the carbon-metal bond in each
answer.

Bond Angles and Shanes of Molecules
Problem 1.36 Use the VSEPR model to predict bond angles about each highlighted atom.

Approximate bond angles as predicted by the valence-shell electron-pair repulsion model are

as shown.

109.5°

H/H

(a) H-fc^C-fo^H

H H

120'

(b) H—C=4c)-Ci:

H H
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H /

H H

Problem 1.37 Use the VSEPR model to predict bond angles about each atom of carbon, nitrogen, and oxygen in

these molecules. Hint; first add unshared pairs of electrons as necessary to complete the valence shell of each
atom and then make your predictions.

109.5" 1?°"

\ A
(a) CH3—CH=CH2

109.5°
109.5° /

(b)CH3—N-CH3

109.5°

(C)CH3-CH2-C—p-H

109.5°
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120*

(d)CH2=C=CH2

/
180°

120°

(e)CH2=C=0

/
180°

109.5° ^5?-5°

(f) CH3-CH=N-0-H

120°

Problem 1.38 Use VSEPR model to predict the geometry of the following ions:

(a) NH2-

109.5° ^^ r^ ' /Y'"'^

H—N:
I

H

(b) NO2-

120°

... /..
:0—N=p

(c) NO2+
180°

.. /..
P=N=p

(d) NO3-

^' UH

:o:
120'

:0—N—O:

(e) CH3CO2-

109^ H :o:
.120*

H—C—C—O:
I

H
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(f) CH3-

V
109.5°

H-C:
I

H

(g)AlCl4-

109.5° :c,:

..\ L ..

:CI—Al—Ci:

I
••

:Ci:

Problem 1.39 Silicon is immediately under carbon in the Periodic Table. Predict the geometry of silane, SiH4.

Silicon is in Group 4 of the Periodic Table, and like carbon, has four valence electrons. In

silane, SiH^, silicon is surrounded by four regions of electron density. Therefore, predict all

H-Si-H bond angles to be 109.5o, so the molecule is tetrahedral around Si.

109.5°

Problem 1.40 Phosphorus is immediately under nitrogen in the Periodic Table. Predict the molecular formula for

phosphine, the compound formed from phosphorus and hydrogen. Predict the H-P-H bond angle in phosphine.

9

109.5"
Like nitrogen, phosphorus has five valence electrons, so predict that phosphine has the
molecular formula of PH3 in analogy to ammonia, NH3. In phosphine, the phosphorus atom
is surrounded by four areas of electron density; one lone pair of electrons and single bonds to

three hydrogen. Therefore, predict all H-P-H bond angles to be 109.5*^, so the molecule is

pyramidal.

Functional Groups
Problem 1.41 Draw Lewis structures for the following functional groups. Be certain to show all valence

electrons on each.

(a) Carbonyl group (b) Carboxyl group (c) Hydroxyl group

:0: :0:

II II .. —0-H—C

—

—C—0-H

Problem 1.42 Draw condensed structural formulas for all compounds of molecular formula C4H8O that contain:

(a) A carbonyl group (there are two aldehydes and one ketone).

Ketones

CH,

O
11

C~'Cn2 CH3 also written as CH3COCH2CH3
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Aldehydes

O
II

CH3—CHj-CHj-C—H also written as CHgCHgCHgCHO

O
II

CH3—CH—C—H also written as (CH3)2CHCHO

CH3

(b) A carbon-carbon double bond and an alcohol (there are eight)

There are three separate but related things to build into this answer; the carbon skeleton (the
order of attachment of carbon atoms), the location of the double bond, and the location of the
-OH group. Here, as in other problems of this type, it is important to have a system and to
follow it. As one way to proceed, first decide the number of different carbon skeletons that
are possible. A little doodling with paper and pencil should convince you that there are only
two.

C
I

C-C-C-C and C-C-C
Next locate the double bond on these carbon skeletons. There are three possible locations for

it.

C

C=C-C-C and C-C=C-C and C=C-C
Finally, locate the -OH group and then add the remaining seven hydrogens to complete each

structural formula. For the first carbon skeleton, there are four possible locations of the -OH
group; for the second carbon skeleton there are two possible locations; and for the third, there

are also two possible locations. Four of these compounds (marked by an asterisk) are not

stable and are in equilibrium with a more stable aldehyde or ketone. You need not be

concerned, however, with this now. Just concentrate on drawing the required eight structural

formulas.
*0H OH

* I
>

HO-CH=CH-CH2-CH3 CH2=C-CH2-CH3 CH2=CH-CH-CH3

*0H

CH2=CH-CH2-CH2-OH HO-CH2-CH=CH-CH3 CH3-C=CH-CH3

CH3 CH3

h6-CH=C-CH3 CH2=C-CH2-0H

(c) A carbon-carbon double bond and an ether (there are four)

CH3-0-CH2-CH=CH2 CH3-0-CH=CH-CH3 CH3-CH2-0-CH=CH2

CH3

CH3-0-C=CH2
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Problem 1.43 Draw structural formulas for

(a) The eight alcohols of molecular formula C5H12O.

To make it easier for you to see the patterns of carbon skeletons and functional groups, only

carbon atoms and hydroxyl groups are shown in the following solutions. To complete these

structural formulas, you need only supply enough hydrogen atoms to complete the tetravalence

of each carbon.

There are three different carbon skeletons on which the -OH group can be placed:

C

c-c-c-c-c C-C-C-C C-C-C
I I

c c

Three isomeric alcohols are possible from the first carbon skeleton, four from the second
carbon skeleton, and one from the third carbon skeleton.

OH OH

HO-C-C-C-C-C C-C-C-C-C C-C-C-C-C

(1) (2) (3)

OH OH C

HO-C-C-C-C C-C-C-C C-C-C-C C-C-C-C-OH C-C-C-OH
I I I I I

C C c

(4) (5) (6) (7) (8)

(b) The six ethers of molecular formula C5H12O.

Following are structural formulas for the six isomeric ethers of molecular formula C5H220*
They are drawn first with all possible combinations of (C)i-0-(C)4 and then all possible

combinations of (C)2-0-(C)3.

C C

C-0-C-C-C-C C-0-C-C-C C-0-C-C-C

(1) (2) (3)

c c

C-O-C-C C-C-0-C-C-C C-C-0-C-C
I

c

(4) (5) (6)

(c) The eight aldehydes of molecular formula C6H12O.

Following are structural formulas for the eight aldehydes of molecular formula C5Hj20-
They are drawn starting with the aldehyde group and then attaching the remaining five carbons
in a chain (structure 1), then four carbons in a chain and one carbon as a branch on the chain
(structures 2, 3, and 4) and finally three carbons in a chain and two carbons as branches
(structures 5, 6, 7, and 8).
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o o o
C-C-C-C-C-C-H c-C-C-C-C-H C-C-C-C-C-H

6 6

(1) (2) (3)

O CO CO
^ ^ *% ^ il .. I II I II

C-C-C-C-C-H c-C-C-C-H C-C-C-C-H
C C

(4) (5) (6)

CO O
i II II

C-C-C-C-H C-C-C-C-H
I I

c c-c

(7) (8)

(d) The six ketones of molecular formula CeHnO.

Following are structural formulas for the six ketones of molecular formula C^HjjO. They are

drawn first with all combinations of one carbon to the left of the carbonyl group and four
carbons to the right (structures 1, 2, 3, and 4) and then with two carbons to the left and three

carbons to the right (structures 5 and 6).

II

c-c-c-c-c--c
' II

c-c-c-
1

c

c--c c-
II

-c--c-c-c
1

c

(1) (2) (3)

c
II 1

c-c-c- c c
11

-c-c-c--c--c c--c-

c
II 1

-c-c-c

(4) (5) (6)

(e) The eight carboxylic acids of molecular formula C6H12O2.

There are eight carboxylic acids of molecular formula C5H12O2. They have the same carbon

skeletons as the eight isomeric aldehydes of molecular formula C5H12O shown in part (c) of

this problem. In place of the aldehyde group, substitute a carboxyl group.

o o o

C-C-C-C-C-C-OH C-C-C-C-C-OH C-C-C-C-C-QH

c c

(1) (2) (3)
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o
C-C-C-C-C-OH

I

c

(4)

c o
I II

C-C-C-C-OH
I

c

(5)

C O
C-C-C-C-OH

I

c

(6)

c o
C-C-C-C-OH

I

c

(7)

O
C-C-C-C-OH

I

c-c

(8)

Polar and Nonoolar Molecules
1.44 Draw a three-dimensional representation for each molecule. Indicate which have a dipole moment, and in

what direction it is pointing,

(a) CH3CI

\i = 1.87 D

(b) CH2CI2

[i = 1.60 D

(c) CH2ClBr

^i = 1.50 D

(d) CHCI3

t
^i = 1.01 D

H/

t

CI

H J J CI
h/

If'

H 4 J Br
H/

crV/V
CI/
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(e) ecu

J?'No molecular -I- I

dipole moment

(0 CH2=CCl2

[I = 1.34 D

CI/

hX x^I
C=C^

H^ \CI

(g) CH2=CHC1

c=c^
[i = 1.45 D H^ \C\

(h) HC=C-C=CH

No molecular
dipole moment

H—»- -*—I-

H—C=C-C=C—

H

(i) CHsC^N

H
^ = 3.92 D

0) (CH3)2C=0

h\
H"C-C=N
hV

^1 = 2.88 " hI U "

Note how the strong dipole of the

C=0 bond dominates

(k) BrCH=CHBr (two answers)

The two bromine atoms can either be on opposite sides or on the same side of the double

bond. Recall that double bonds do not rotate.
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No molecular
dipole moment C=C

H = 2.87 D

h\ /h
C=C

Problem 1.45 Account for the fact that the dipole moment of chloromethane, CH3CI (1 .87 D), is larger than that

of fluoromeihane, CH3F (1.85 D), even though the electronegativity of fluorine (4.0)is larger than that of chlorine

(3.5).

The only difference between the two molecules is the C-Cl vs. C-F bond, so the differences in

overall molecular dipole moments must be due to differences in these bond dipoles. A bond
dipole is a product of the charge times the separation distance between the atoms of the bond.
Fluorine is more electronegative than chlorine, so there is more charge built up on the C-F
bond. However, CI is a^ larger atom than F so the C-Cl bond (1.78 A) is considerably longer
than a C-F bond (1.38 A). This difference in bond length dominates and the C-CI bond has a
larger bond dipole.

Problem 1.46 Tetrafluoroethene, C2F4, is the starting material for the synthesis of the polymer
poly(tetrafluoroethene), better known as Teflon. TetrafluoroetheneJias a zero dipole moment. Propose a

structural formula for this molecule.

No molecular
dipole moment

fX 4
C=C

/ \

^/ V
Tetrafluoroethene

Problem 1.47 The dipole moment of chloromethane, CH3CI, is 1.87 D. Assume that the contribution of the three

C-H bonds to its dipole is negligible and that the measured value of 1.87 D is due entirely to the polarity of the C-
Cl bond. Given the fact that the charge on an electron is 1.60 x lO'^^ coulomb (C) and the length of the C-Cl
bond in CH3CI is 1.78 A, calculate the partial negative charge of chlorine and the partial positive charge on carbon
in this molecule.

Recall that 1 D = 3.34 x lO-^o C«m and 1 A = lO-io m. The bond dipole is a product of the
charge on either atom times the bond distance. Thus:

1.87 D = Charge x 1.78 x lO-io m

rearranging and substituting the D unit conversion gives:

-30

Charge =
(1.87) X (3.34 X 10"^" C-m)

= 3.51 X 10
-20

1.78 X lO-^'* m

Dividing by the charge on an electron gives the partial charge on each atom.
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3.51 X 10-20 C
Charge = = 0.22

1.6 X W^^ C

Note that the charge on the carbon atom is + 0.22, and the charge on the chlorine atom is
- 0.22.

Resonance and Contributing Stnictnrps
Problem 1.48 Which of these statements are true about resonance contributing structures?

(a) All contributing structures must have the same number of valence electrons.

(b) All contributing structures must have the same arrangement of atoms.
(c) All atoms in a contributing structure must have complete valence shells.

(d) All bond angles in sets of contributing structures must be the same.

For sets of contributing structures, electrons (usually k electrons or lone pair electrons)
move, but the atomic nuclei maintain the same arrangement in space. Thus, statements (b) and
(d) are true. In addition, the total number of electrons, valence and inner shell electrons, in

each contributing structure must be the same, so statement (a) is also true. However, the

movement of electrons often leaves one or more atoms without a filled valence shell in a given
contributing structure, so statement (c) is false.

Problem 1.49 Draw the contributing structure indicated by the curved arrow(s). Assign formal charges as

appropriate.

C/0
= :0:

(a) H-O-C ^ H-O-a
^O:" ••

?o:

.r^^P: ^ , :0:"

(b) H—0-C(^ ^ H-0=C
Q-" 9,''

..
(^O: ..

:6:"

(c) CH3—0-C( ^ CH3—0-C+^^
0:" O:"

(d) 0=C=p ^ P=C-p'

(e) H—O—N=0/ -* H-O-N-O:

(f) H-(5-^*N=^5^ ^ ^ H-q=N-p:

Problem 1 50 Using the VSEPR model, predict the bond angles about the carbon atom in each pair of

contributing structures in problem 1.49. In what way do the bond angles change from one contnbuung stniciure

to the other?

As stated in the answer to Problem 1.48, bond angles do not change from one contributing

structure to the other.
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120°

A />
(a) H-0-C(

120°

(b) H-O-C^..
O:

120°

^ H—0-C
>0:

120°

-^ H—0=C
^O:-

109.5° 120*109.5° 120°

(c) H—C-O-C.^ — H-C-0-C +
^6:- \

H O:

180'

\
(d) o=c^

180°

.X ...
0=C-0:

120°

(e)

120°

A.^ ..v....
H—0-N=0^ »- H—O—N—O:

120' 120°

.^V^ A.. ...
(f) H—p—N=p* ^ H—p=N-p:

Problem 1.51 In the Problem 1.49, you were given one contributing structure and asked to draw another. Label
pairs of contributing structures that are equivalent. For pairs of contributing structures that are not equivalent,

label the more important contributing structure.

(a) The two structures are equivalent because each involves a similar separation of charge,
(b, c, d, e, The first structure is more important, because the second involves creation and
separation of unlike charges.

Problem 1.52 Are the suiictures in each set valid contributing structures?

H
(a) )c=0

H

H

H

The structure on the right is not a valid contributing structure because there are 10 valence
electrons around the carbon atom. Besides this, the two structures cannot be valid
contributing structures of the same molecule because they have a different number of valence
electrons. The molecule on the left has 12 valence electrons, and the molecule on the right has
14 valence electrons.
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(b) H—N=N=N H—N—N=N:
Both of these are valid contributing structures.

H :o: H :0:
I II 11

(c) H—C—C—

H

^ H—C-C—

H

H H

The structure on the right is not a valid contributing structure because there are two extra

electrons and thus it is a completely different species.

H^ >0-H V 't
(d) ;C=& H-C-C-H

H H •

Although each is a valid Lewis structure, they are not valid contributing structures for the

same resonance hybrid. An atomic nucleus, namely a hydrogen, has changed position. Later

you will learn that these two molecules are related to each other, and are called tautomers.

Problem L53 Following are three contributing structures for diazomethane, CH2N2.

^C-^N^: >=N=N: C=N-N:

(a) Using curved arrows, show how each contributing structure is converted to the one on its right.

The arrows are indicated on the above structures.

(b) Which contributing structure makes the largest contribution to the hybrid.

The middle structure has filled valence shells, so this will make the largest contribution to the

hybrid.

Problem 1 54 Draw a Lewis structure for the azide ion, N3-. (The order of attachment is N-N-N). How does the

resonance model account for the fact that the lengths of the N-N bonds in this ion are idenucal.

It is not possible to draw a single Lewis structure that adequately describes the azide anion.

Rather, it can be drawn as the three contributing structures shown below.

, 2- -.....- 2-.. ,

:n=n—n: -« ^ :n=N=N: ^ ^ :n—N=N:

Taken together, the three contributing structures present a symmetric picture of the bonding,

thus explaining why both N-N bonds are identical.

th%17^nTX£^"'X^t^^T^Xtr man U,e 0-0 double bond . d,c oxygen n,o,ccu.e
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••of°-6:-
" -Q^^-

Taken together, the two contributing structures present a symmetric picture of the bonding in

which each 0-0 bond is intermediate between a single bond and a double bond, consistent

with the measured bond lengths.

Problem 1.56 Cyanic acid, HOCN, and hydrocyanic acid, HNCO, dissolve in water to yield the same anion on

loss of H+.

(a) Write a Lewis structure for cyanic acid.

H—O-C^N:

(b) Write a Lewis structure for hydrocyanic acid.

q=c=N—

H

(c) Account for the fact that each acid gives the same anion on loss of H+.

Loss of an H-*- from the two different acids gives the same anion that can best be described by
drawing the following two contributing structures.

H—0-C=N:

loss of H^

0=C=N—

H

loss of H"^

r\
:0-C=n: ^ o==C=N:

Molecular Orbital Theory
Problem L57 State the orbital hybridization of each circled atom.

Each circled atom is either sp, sp^, or sp^ hybridized.

,2

H H sp^

(a) H—C-(c^H

H H

(c) H C—

H

(e)

:0: /Sp^ H /p''

(h) H—

O

I

H

(
I ) CH2=^c)=CHj
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Problem 1.58 Describe each circled bond in terms of the overlap of atomic orbitals.

Shown is whether the bond is sigma or pi, as well as the orbitals used to form it.Gog

(b) H

2p-2p

sp^sp'

\sp-1s

sp^sp^

(e)H

2p-2p

/ sp-sp^

(C)CH2=<g^p^2

^2p-2p

H 7sp^sp^

H

:0: /^P"^^^ Ysp3-sp2

(1) H-^O^^O(g)H

Problem 1.59 Following is the structural formula of benzene, CeHs.

H

II I

H

(a) Predict each H-C-C bond angle in benzene; predict each C-C-C bond angle.

Each carbon atom in benzene has three areas of electron density around it so according to the

VSEPR model, the carbon atoms are trigonal planar. Predict each H-C-C bond angle to be

120° and each C-C-C bond angle to be 120°.

(b) State the hybridization of each carbon atom in benzene.

Each carbon atom is sp2 hybridized because each one makes three a bonds and one n bond.

(c) Predict the shape of benzene.

Since all of the carbon atoms in the ring are sp2 hybridized and thus trigonal planar, predict

c^bon"toms in benzene to form a llat hexagon in shape, with the hydrogen atoms m the same

plane as the carbon atoms.
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Problem 1.60 Many reactions involve a change in hybridization of one or more atoms in the starting material. In

each of the following, identify the atoms in the organic starting material that change hybridization and indicate

what the change is. We will examine these reactions in more detail later in the course.

H \ H

c=c
H V H

sp

(b)

sp

\
H—C=C—

H

\
sp

sp

\
(C) H—C=C—

H

\
sp

sp^
sp

(d) \ll

CI,

CI,

HoO

H,

sp
\:Ci: H
\l I

H—C—C—

H

I l\
sp

sp^

c=c
.CI. V H

sp

sp

\ H :o:

H—C—C—

H

A \.
sp

sp .. H

\ I

^sp
H—C—

H

I

H
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H H
I -f I

(e) H—C—C—C—H +

H hA H

HpO

sp

H :0: H
i I I

H—C-C-C—

H

I \\ i

H H\ H

Problem 1.61 Following is the structural formula of famotidine, manufactured by Merck Sharpe & Dohme under
the name Pepcid. The primary clinical use of Pepcid is for the treatment of active duodenal ulcers and benign
gastric ulcers. Pepcid is a competitive inhibitor of histamine H2 receptors and reduces both the gastric acid
concentration and volume of gastric secretions.

O
11

N—S—NH2
>gN;i^<^N^CH2-S-CH2^£H3^ O

(a) Complete the Lewis structure of famotidine showing all valence electrons and any formal positive or negative

charges.

:0:

H2N

HjN

N
,N-S—NH2

/ \ //

\
H

NH2

(b) Describe each circled bond in terms of the overlap of atomic orbitals.

a 2 2
sp -sp

a 2 2
sp -sp

^^CH2-S-CH

H2N

2p-2p 2p-2p

a 3 2
sp -sp

Problem 1.62 In Chapter 6, we study a group of organic cations called carbocations. Following is the structure

of one such carbocation, the rerf-butyl cation.

CH3

G-GH3

CH3/

tert-Buly\ cation



36 Solutions Chapter 1: Covalent Bonds and Shapes of Molecules

(a) How many electrons are in the valence shell of the carbon bearing the positive charge?

There are six valence shell electrons on the carbon atom bearing the positive charge, two
contained in each of the three single bonds.

(b) Predict the bond angles around this carbon.

According to the VSEPR model, there are three areas of electron density around the central

carbon atom, so predict a trigonal planar geometry and C-C-C bond angles of 120°.

(c) Given the bond angle you predicted in (b), what hybridization do you predict for this carbon?

Given the trigonal planar geometry predicted in (b), predict sp^ hybridization of this carbon
atom.
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CHAPTER 2: ATKANFv; A Nn rvn OAT i^AMt-g

SUMMARY OF REACTIONS

Alkanes + O

REACTION 2A: OXIDATION (Section 2.10)
- Alkanes react with O2 to give CO2, H2O, and heat

CH4 + 2O2 — ^ CO2 + 2H2O

- This reaction is the basis for using alkanes as sources of heat and energy.

SUMMARY OF IMPORTANT CONCEPTS

2.0 OVERVIEW
• A hydrocarbon is a molecule that contains only carbon and hydrogen, and an alkane is a hydrocarbon that
contains only single bonds. *

2.1 STRUCTURE OF ALKANES
• Alkanes have the general formula CnH2n+2-
• The carbon atoms of alkanes are sp^ hybridized and thus tetrahedral, with bond angles of approximately 109.5°.

2.2 CONSTITUTIONAL ISOMERISM IN ALKANES
• Constitutional isomers are two or more molecules that have the same molecular formula but the atoms are
attached to each other in different ways.
- Constitutional isomers have different chemical properties.

- For methane (CH4), ethane (C2H6), and propane (CsHg) there is only one way to attach the carbon atoms to

each other, hence there are no constitutional isomers of these alkanes. For alkanes with four or more carbon
atoms, the number of constitutional isomers is counted using a type of mathematics called graph theory.

- There is no foolproof way to find all constitutional isomers for a given molecular formula, so you must use a
combination of a systematic method and creativity. [This is harder than it looks and requires a great deal of
practice.]

- A reasonable system to answer the constitutional isomer questions is to first write all possible carbon
skeletons by starting with the straight chain alkane, then systematically adding appropriate branches.

2.3 NOMENCLATURE OF ALKANES
• To name organic compounds, chemists use systematic nomenclature rules established by the International

Union of Pure and Applied Chemistry (lUPAC). *
• For simple, unbranched alkanes the name consists of a prefix and a suffix. *

- The prefix indicates the number of carbon atoms. For example, "prop" means three carbon atoms. For a

more complete list of prefixes see Table 2.2 in the text. [It is important to learn these now because the rest

of the book assumes you arefamiliar with these names.]
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- Following the prefix, the suffix ane is used to designate that a compound is an alkane. For example,

propane is an alkane with three carbon atoms (CH3CH2CH3). It turns out that the ane suffix is actually

composed of the so-called infix "an" and the true suffix "e."

• For substituted or branched alkanes, the nomenclature is based on viewing the molecule as a chain with

substituents derived from an alkane, called alkyl groups. *
- To name an alkyl group, the ane suffix of the parent hydrocarbon is dropped and is replaced by the suffix

yl. For example, propyl is used to name the alkyl group with three carbon atoms (CH3CH2CH2-).
• Branched alkanes are named using the following set of rules.

- The alkane derived from the longest continuous chain of carbon atoms is taken as the parent chain. The
root or stem name of the branched alkane is that of the parent chain. [This can be tricky, especially when
the parent chain is drawn in a crookedfashion.]

- Each substituent attached to the parent chain is given a name and a number. Certain common names (see

below) can be used for naming substituents, such as "isopropyl."

- The substituent number shows the carbon of the parent chain to which the substituent is attached. The
numbers are designated on the parent chain according to the following rules. [This numbering scheme is as

complicated as it seems, and requires a lot ofpractice to master.]

If there is one substituent, number the parent chain from the end that gives the substituent the lower
number. For example, a correct name is 2-methylhexane, not 5-methylhexane.

If there are two or more identical substituents, number the parent chain from the end that gives the lower
number to the substituent encountered first, and the number for each substituent is given in the final

name. Indicate the number of times the same substituent occurs by a special set of prefixes. The prefixes

di, tri, tetra, penta, or hexa. For example, 2,3-dimethylhexane has methyl groups at positions 2 and
3 on the parent hexane chain.

If there are two or more different substituents, list them in alphabetical order, and number the parent

chain from the end that gives the lower number to the substituent encountered first. For example, 4-ethyl-

3-methyloctane is an acceptable name because ethyl comes before methyl in alphabetical order.

If there are different substituents in equivalent jx)sitions on the parent chain, give the lower number to the

substituent of lower alphabetical order.

Hyphenated prefixes, for example, sec- and tert- are not considered when alphabetizing. The prefix

iso is not a hyphenated prefix, and therefore is included when alphabetizing. The prefixes di, tri,

tetra, penta, etc., are also not included in the alphabetizing. Thus, ethyl comes before dimethyl,

because it is ethyl and methyl that are actually being compared, not ethyl and dimethyl. *
• In spite of the precision of the lUPAC system, an unsystematic set of common names is still used for certain

compounds. [These names are deeply rooted in organic chemistry and are still widely used . Remember that it

is always correct to use an lUPAC name. However, it is also important to learn how to use the common
names, because you will run across them often.]

- In the common nomenclature, the total number of carbon atoms in an alkane, regardless of their

arrangement, determines the name. The following terms are used in common nomenclature to indicate a few
selected branching patterns.

Iso is used to indicate that one end of an otherwise continuous chain terminates in a (CH3)2CH- group.

For example isobutane, (CH3)2CHCH3.
Neo is used to indicate that one end of an otherwise continuous chain terminates in a (CH3)3C- group.

For example, neopentane, (CH3)4C.
More complicated patterns of branching cannot be accommodated by common nomenclature, so the

lUPAC system must be used.

You can use some common names such as rerr-butyl and isopropyl for substituents, even though the rest

of the molecule is named according to lUPAC rules.

• Classify atoms according to their environment. *
- Classify a carbon atom in an alkane according to the number of alkyl groups bonded to it. [This is very
importaru when it comes to understanding relative reactivity.] A carbon atom bonded to a single alkyl group
is a primary carbon atom, a carbon atom bonded to two alkyl groups is a secondary carbon atom, a
carbon atom bonded to three alkyl groups is a tertiary carbon atom, and a carbon atom bonded to four

alkyl groups is a quaternary carbon atom.
- Hydrogen atoms are also classified as primary, secondary, or tertiary when they are bonded to a primary,
secondary, or tertiary carbon atom, respectively.

- Equivalent hydrogen atoms have the same chemical environment. * [This concept is very important when
it comes to spectroscopy, especially nuclear magnetic resonance (NMR) spectroscopy]

.

To determine which hydrogens in a molecule are equivalent, use the following procedure: In your mind,
replace each hydrogen with a "test atom." If replacement of two different hydrogens by the "test atom"
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gives the same compound, then the hydrogens are equivalent. If replacement of two different hydrogens
by the "test atom" gives different compounds, then the hydrogens are not equivalent.

2.4 CYCLOALKANES
• Organic chemists use line-angle drawings as a simple way to represent complex molecules. In line-angle
drawmgs, each line represents a C-C bond, each double line represents a C=C bond, and each triple line
represents a C=C bond. The vertex of each angle represents a carbon atom. In this way, only the carbon
framework of the molecule is shown. It is understood that hydrogen atoms complete the tetravalence of the
carbon atoms. For example, ^^.^^ represents pentane, CH3CH2CH2CH2CH3.

• A cycloalkane is an alkane in which there is a ring of carbon atoms. *
- lUPAC cycloalkane nomenclature rules are as follows:

Use the prefix cycio in front of the name of the alkane with the same number of carbon atoms as the

number of carbons in the ring. For example, cyclohexane is a six-membered ring,w

.

List substituents on the ring by name and number as you would on an open-chain hydrocarbon.
If there is only a single substituent on the ring, there is no need to give a number. If there are two or
more substituents, give each substituent a number to indicate its location on the ring. Number the atoms
of the ring beginning with the substituent of lowest alphabetical order.

• A bicycloaikane is a cycloalkane with two rings that share two or more atoms in common.
- lUPAC bicycloaikane nomenclature rules are as follows:

The parent name of a bicycloaikane is that of the alkane with the same number of carbon atoms as are in

the bicyclic ring system.

Numbering begins at one bridgehead carbon and proceeds along the longest bridge to the second

bridgehead carbon, and then along the next longest bridge back to the original bridgehead carbon, and so

forth until all atoms of the bicycloaikane rings are numbered.

Ring sizes are shown by counting the number of carbon atom linked to the bridgeheads and placing them
in decreasing order in brackets between the prefix bicycle and the parent name. For example,

bicyclo[2.2.1]heptane U-^^.
Name and locate substituents by the rules already described in Section 2.3A.

• A spiroalkane is a cycloalkane in which the two rings share only one atom. Name spiroalkanes with the

prefix spiro. For example, spiro[4.4]nonane '^--v^*""^. Numbering begins at the carbon atom on the shorter

bridge nearest the spirocarbon atom, around the shorter bridge, through the spirocarbon atom, and around the

longer bridge. Name the smaller bridge first as in spiro[4.5]decane.

2.5 THE lUPAC SYSTEMS-A GENERAL SYSTEM OF NOMENCLATURE
• The name assigned to any compound consists of at least three parts; the prefix, the infix and the suffix.

- The prefix tells the number of carbon atoms in the parent chain. See Table 2.3 in the text for examples.

- The infix (pan of the name directly in front of the suffix) tells the nature of the carbon-carbon bonds in the

parent chain.

an means the compound has all C-C single bonds, en means one or more C=C double bond, and yn

means there is one or more CsC triple bond.

- The suffix tells the class of the compound to which the substance belongs.

The class of a compound is determined by the functional groups present.

Important suffixes include e for hydrocarbons, ol for alcohols, al for aldehydes, one for ketones, and

oic acid for carboxylic acids.

2.6 CONFORMATIONS OF ALKANES AND CYCLOALKANES
, , , ,

• The conformation of an alkane refers to the three-dimensional arrangement of atoms that results from rotation

about carbon-carbon bonds. *
. ^, • .• a i.u u .u u

- It is convenient to analyze alkane conformaUons using a Newman projection. Although there may be a

number of C-C bonds in a molecule to analyze, you can look at only one C-C bond with each Newman

^'^^n a Newman projection, view the molecule along the axis of one C-C bond. * [Understanding this

statement is the key to using Newman projections ]
, .k .

Thus, a Newman projecUon examines how the different groups are disunbutcd around only the two

adjacent carbon atoms involved with the selected C-C bond.
, .^u ^ „,.

When drawing a Newman projection, orient the molecule so that the selected bond is parallel to your line

of vision. Use a large circle to represent the rear carbon, and a dot to represent the front carbon. Show
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the three groups bound to the carbon atom that are nearer your eye on lines extending from the dot at the

center of the circle at angles of 120°. Show the three groups bound to the carbon atom that isfarther from
your eye on lines extending from the circumference of the circle at angles of 120°. [Make sure you know
how to go between a three-dimensional molecular model and a Newman projection. Figures 2.5 and 2.6

are especially helpful.]

H a

At room temperature, the C-C bonds can rotate rapidly. Thus, an infinite number of conformations are

possible around a C-C bond as it rotates. The two extreme conformations are named eclipsed and staggered.
- In an eclipsed conformation, the groups on the near carbon atom are directly in front of the groups on the

far carbon atom.

A
In a staggered conformation, the groups on the near carbon atom are as far apart as possible from the

groups on the far carbon.

)^
- A dihedral angle is the angle between a given substituent on the near carbon atom and a given substituent

on the far carbon atom of a Newman projection.

For eclipsed conformations, the dihedral angles are thus 0°, 120°, 240°, for nearest groups, and for

staggered conformations, the dihedral angles are thus 60°, 180°, 300° for nearest groups.

The staggered conformations have lower potential energy than eclipsed conformations, probably due to the

repulsion of electron pairs in the bonds resulting in their preferring to be as far apart as possible.

Hydrogen atoms are probably not large enough to "crash" into each other even in an echpsed conformation. •*•

- This lower potential energy means that alkanes spend the majority of their time in a staggered conformation.
Taking the bond between the carbons 2 and 3 as reference, there are two types of staggered conformations
for butane, namely gauche and anti. *
- The two gauche conformations have the two methyl groups adjacent, that is with dihedral angles of 60°.

CH3 CH3

H XCH3 CH3^H

H H

- The anti conformation has the two methyl groups as far apart as possible, that is with a dihedral angle of
180°. [Ifyou do notfully understand this, review the preceding sections before going any further.]

CH3

:*:
CH,

The methyl groups take up a large amount of space and thus the anti conformation is the most stable

(lowest potential energy), because the methyl groups are farthest apart. The gauche conformations are the

next most stable, and all of the eclipsed conformations are the least stable.

Other large groups are also more stable in the anti conformation. The larger the groups, the larger the

preference for being anti. *
The most stable three-dimensional arrangement of atoms in cycloalkanes minimizes angle strain and
nonbonded interaction strain. * [Notice the discussion has turned back to cycloalkanes.]
- Angle strain arises because the geometry of certain cycloalkanes creates bond angles other than the ideal

109.5°.

- Nonbonded interaction strain arises because the geometry of cycloalkanes forces nonbonded atoms or
groups into close proximity. As expected, this type of strain is proportionately more important for larger

atoms or groups.
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• The three carbon atoms of cyclopropanes must necessarily lie in a plane.
- There is a large amount of angle strain in cyclopropane because the bond angles are 60°, a long way from the
preferred 109.5°. There is a large amount of nonbonded interaction strain because all of the groups bonded
to the central carbon atoms are eclipsed. [Use a model to prove this to yourself ifnecessary.]

• To minimize steric strain, the larger cycloalkanes exist in a variety of puckered, nonplanar
conformations.*

• The most stable conformation of cyclobutane is slightly puckered ^^n:^^'.

- The puckered conformation of cyclobutane relieves nonbonded interaction strain , because the hydrogens are
no longer fully eclipsed. Note that the puckering does cause a sUght increase in angle strain because the

angles are decreased to about 88°.

• An envelope conformation is the most stable conformation of cyclopentane. v^7. There are five

possible envelope conformations, each with a different carbon atom that is out of the plane formed by the other
four.

-This puckering reUeves nonbonded interaction strain by reducing the number of eclipsed hydrogen atoms in

the molecule. In this case the puckering only causes a sUght increase in angle strain, since the bond angles

are 105°.

• There are a number of different puckered conformations of cyclohexane, by far the most important of which

is a remarkably stable chair conformation ^\^^^----^. * [Understanding the following details ofcyclohexane
chair conformations is very important, because you will need to use these ideas in the future when issues like

the relative stabilities ofreaction intermediates or carbohydrates are discussed.]

- The chair conformation is dramatically more stable than the planar form, because all the groups are perfectly

staggered in the chair conformation. Furthermore, the chair conformation has all bond angles near the

preferred 109.5°. Cyclohexane molecules therefore spend the great majority of their time in the chair

conformation.
• In the chair conformation of cyclohexane, the 12 different hydrogen atoms attached to the six carbon atoms of

the ring can be classified as one of two types, axial or equatorial. *
- The six axial positions are perpendicular to the mean plane of the cyclohexane ring; three axial

hydrogens point straight up, and three point straight down.
- The six equatorial positions point roughly outward from the cyclohexane ring. [Models will help you

understand the difference between axial and equatorial positions.]

There are two different chair conformations of cyclohexane that are in equilibrium with each other.

[Using models, you should verify that interconveriing the two possible chair cyclohexane conformations

changes all of the axial hydrogens to equatorial hydrogens, and vice versa.]

• There are several less stable puckered conformations of cyclohexane such as the boat and twist boat. These

conformations are less stable than the chair conformation, because they have either some eclipsed hydrogen

atoms or bond angles other than the optimum 109.5°. These less stable conformations of cyclohexane are

intermediates in the interconversion of the two chair forms of cyclohexane.

• If one or more of the hydrogens of a cyclohexane are replaced by any larger atom or group, the more stable

chair conformation is the one that places the larger atom or group in an equatorial position. * [This is perhaps

the most important concept involved with cyclohexane chair conformations, and you will use it over and over

- The larger the atom or group, the greater the preference for it to be in an equatorial position. This preference

for large atoms or groups to be equatorial derives from a nonbonded interaction suain called diaxial

interactions.
, u , ,

Atoms or groups that are axial are relatively close to the two other atoms or groups that are also axial on

the same side of the ring, thus groups will crash into these other axial substituents. This contact occurs

between axial atoms or groups on the same side of the cyclohexane ring, hence the name diaxial

interactions [Confirm this nonbonded interaction strain for yourselfby making a model of

methylcyclohexane and make the chair conformation that places the methyl group in an axial position.}

. Atoms or groups in equatorial positions are out away from other groups, thus minunizing nonbonded

interaction strain * [Confirm this by converting your model to the other chair conformation and notice the

methyl group, which is now equatorial, is relatively freefrom nonbonded interaction strain.]

. Chemist have synthesized a variety of highly strained small-ring compounds includmg propellanes,

cubanes, and prismanes.

'yi rr^ tram^ ISOMERISM IN CYCLOALKANES AND BICYCLOALKANES

.Cycloalkanes with subsutuents on two or more carbons of the ring show a type of isomerism called cis-trans

isomerism. *
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- Cis-trans isomerism is a type of isomerism that depends on the placement of substituent groups on the

atoms of a ring or on a double bond.

Cis-trans isomerism can be understood by thinking of the cycloalkane as a planar structure. [This is just a

helpful trick. Ofcourse the true cycloalkane structuresfor everything larger than cyclopropane are

puckered.]

For a cycloalkane with two substituents, the cis isomer is the one in which the two substituents are on
the same side of the ring plane.

The trans isomer is the one in which the two substituents are on opposite sides of the ring plane. In

other words, for a given constitutional isomer such as 1,2 dimethylcyclopentane, the two methyl groups

can be either cis or trans with respect to each other. [Note that in orderfor the cis and trans comparison to

be valid, the same constitutional isomer must be considered in both cases.]

No matter how much the cycloalkane ring puckers or interchanges between conformations, the two
methyl groups of the cis isomer will always be on the same side of the ring plane, and the two methyl

groups of the trans isomer will always remain on opposite sides of the ring plane. Put another way, no
amount of conformational change can convert the cis isomer into the trans isomer, and vice versa.

[Again, making models will save you a lot of time, and it will also make things more clear .]

- The analysis of disubstituted cyclohexanes becomes more complicated in the context of chair conformations.

For example, trans- 1 ,4-dimethylcyclohexane can exist in two chair conformations. [You should make a
model to prove this to yourself]

In one chair conformation, both methyl groups are axial. In the other chair conformation, both methyl
groups are equatorial.

The chair conformation with both methyl groups equatorial is more stable. [It hasfewer diaxial

irueractions]

- For c/5-l,4-dimethylcyclohexane, each chair conformation has one methyl group axial and one methyl group
equatorial, so these conformations are equally stable. [Again, a model will be very helpful here.]

• Bicycloalkanes also exhibit cis-trans isomerism. [You should practice analyzing compounds like cis- and
trans-decalin with models using the same ideasjust discussedfor the cyclopentane and cyclohexane

derivatives.]

2.8 PHYSICAL PROPERTIES OF ALKANES AND CYCLOALKANES
• At rocMTi temp)erature, the simple alkanes the size of butane or smaller are gases, while pentane through decane
are liquids.

• At lower temperatures, the alkanes can be frozen into solids.

• The fact that alkanes can exist as Hquids and solids depends on the existence of intermolecular coulombic
forces of attraction that can hold the alkane molecules together.

- All intermolecular forces that hold ions and molecules together are electrostatic in nature, that is, they are

based on attraction between groups with opposite full charges in the case of ions, or opposite partial charges

associated with dipole moments in the case of overall neutral molecules. Important types of

intermolecular coulombic forces of attraction include ion-ion interactions, ion-dipole
interactions, dipole-dipole interactions and hydrogen bonding. These interactions will be

discussed at a later time. *
- Dispersion forces are the type of intermolecular attractive force most relevant to alkanes so they will be
discussed now. Dispersion forces are the weakest of all the intermolecular forces and they are the result of

electrostatic attraction between temporary dipole moments.
Even molecules such as alkanes without large permanent dipole moments have temporary dipole

moments caused by instantaneous fluctuations of electron density.

Averaged over time, the electron distribution is symmetrical, but, at any instant, there are small dipole

moments caused by small non-symmetrical shifts in electron density. Such an instantaneous dipole

moment induces an equally instantaneous but opposite dipole moment in adjacent molecules or atoms.

These weak but opposite temporary dipole moments form the basis of weak electrostatic attractions

referred to as dispersion forces.

The strength of dispersion forces depends on how easily an electron cloud is polarized. Small atoms
with tightly held electrons show weaker dispersion forces than larger atoms or molecules with less tightly

held electrons.

• Alkanes have very low boiling points because they are held together primarily by nothing but weak
dispersion forces.

-Larger alkanes (higher molecular weight) have higher boiling points than smaller alkanes (lower molecular
weight), and unbranched alkanes have higher boiling points Uian branched constitutional isomers. The
strength of dispersion forces is proportional to the surface area of contact between molecules. Branched
molecules are more compact resulting in smaller surface areas than unbranched constitutional isomers. [The
above ideas explain a large amount ofexperimental data.]
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2.9 SOURCES OF ALKANES
• The three natural sources of alkanes are natural gas, petroleum, and coal.

- Natural gas is mostly methane, with some ethane and a small amount of other small alkanes that are gases

at room temperature.

- Petroleum is an incredibly complex mixture of compounds, and the commercially important fractions are

purified by large scale distillation towers. Presently, petroleum is by far the most important source of

organic raw materials for products like fuels, lubricants, nylon, dacron, textile fibers, asphalt, and synthetic

rubber.
- Coal has an extremely complex structure, and a great deal of chemistry is required to produce useful alkanes

such as fuels.

2.10 REACTIONS OF ALKANES
• Alkanes are relatively unreactive, having small permanent dipole moments and only the relatively strong sigma

type of bonds.

• On the other hand, alkanes can react with oxygen and halogens under certain conditions. *
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CHAPTER 2
Solutions to the Problems

Problem 2.1 Do the structural formulas in each set represent identical compounds or constitutional isomers?

CHo-CHq CHo CH3
I

2 3
I

3
J

3

(a) CH3-CH-CH-CH3 and CH3-CH2-CH-CH2-CH-CH3

CH2~CH3

These molecules are constitutional isomers. Each has six carbons in the longest chain. The
first has one-carbon branches on carbons 3 and 4 of the chain; the second has one-carbon
branches on carbons 2 and 4 of the chain.

CHo CHo
I

^
I

^

(b) CH3-CH-CH-CH3 and CH3-CH-CH-CH2-CH3

CH2~CH3 CH3

These molecules are identical. Each has five carbons in the longest chain, and one-carbon
branches on carbons 2 and 3 of the chain.

FYoblem 2.2 Draw structural formulas for the three constitutional isomers of molecular formula C5Hj2-

CHo Cn<i
I

^
I

^

CH3-CH2-CH2-CH2-CH3 CH3-CH-CH2-CH3 CH3-C-CH3

CH3

Problem 2.3 Write lUPAC names for the following alkanes. Show that each name indicates the total number of
carbons in the molecule.

CH.

y Methyl group

(a) CHa-CH-CHg-CHg-CH-l-CH-CHa

CH.
y Isopropyl group

Crl2~Cn2""Cn3

5-Isopropyl-2-meth}'loctane

There are 3 (isopropyl) + 1 (methyl) + 8 (octane) = 12 carbon atoms.

CH2"CH2'~CH3 Propyl group

(b) CH3-CH2-CH2-C-CH2-'CH2-CH3

CH3—CH~CH3 Isopropyl group

4-Isopropyl-4-propylheptane

There are 3(isopropyl) + 3(propyl) + 7(heptane) = 13 carbon atoms.
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Prp^lgm 2,4 State the number of sets of equivalent hydrogens in each compound and the number of hydrogens
eacn seL

m

CH3

(a) CH3-CH2-CH-CH2-CH3

CH3 CH3

(b) CH3-CH-CH2-C-CH3

CHo

set of 6 equivalent

primary hydrogens

set of 3

equivalent
primary

hydrogens

CH3

(a) CH3-CH2-CHCH2-CH3

one
tertiary

hydrogeny

set of 6 equivalent

primary hydrogens

CH. CH.

(b) CH3-CHCH2-C-CH3

CH.

set of 9

equivalent
primary
hydrogens

tertiary "' °* ^ equivalent

hydrogen secondary hydrogens

set of 4 equivalent
secondary hydrogens

Problem 2.5 Following are line-angle drawings for three cycloalkanes. Write a structural formula and molecular

formula for each.

(a)

(C5H9)CH2CH(CH3)2
Isobutylcyclopentane

Molecular Formula C9H18

(c) ^o
HoC

I

H,C'
:C(CH3)CH2CH3

(b)

(C7Hi3)CH(CH3)CH2CH3
sec-Butylcycloheptane

Molecular Formula C11H22

1-Ethyl-l-methylcyclopropane
Molecular Formula C6H13



46 Solutions Chapter 2: Alkanes and Cycloalkanes

Problem 2.6 Write molecular formulas for each bicycloalkane, given its number of carbon atoms,
(a) Hydrindane (9 carbons) (b) Decalin (10 carbons)

Hydrindane
Molecular Formula CpH^^

H H^ H H

H H H H

Decalin
Molecular Formula C^oHig

(c) Norbomane (7 carbons)

H

Norbornane
Molecular Formula C7H12

Problem 2.7 Draw structural formulas for the following bicycloalkanes and spiroalkanes.

(a) Bicyclo[3.1.0]hexane (b) Bicyclo[2.2.2]octane

O
(c) Bicyclo[4.2.0]octane

(e) Spiro[2.4]heptane

01

(d) 2,6,6-Trimethylbicyclo[3. 1 . IJheptane

4 5

(f) Spiro[2.5]octane

0<3
Problem 2.8 Combine the proper prefix, infix, and suffix and write the lUPAC name for each compound.

O
o o

II

(c)
11

(a) CH3-C-CH3 (b) CH3-CH2-CH2-CH2-C-H

2-Propanone Pentanal Cyclopentanone
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Cycloheptene

PrQt)lem 2,9 From studies of dipole moments, it has been estimated that in the gas phase at room temperature, the
ratio of molecules in the anti to gauche conformation is approximately 7.6 to 1. Calculate the difference in energy
between these two conformations.

AG° = -RTInKeq

^eq -
7.6

= 7.6 so InK = 2.03
1

"
"^*i

Plugging in the gas constant (R = 1.98 caI»K-^»mor^) and temperature (T = 298 K)

AG° = - (1.98 caI«K-^»mor^)(298 K)(2.03) = 1200 cal/mol = 1.2 kcal/mol

Problem 2.10 Following is a chair conformation of cyclohexane with carbon atoms numbered 1 through 6.

5
1

(a) Draw hydrogen atoms that are above the plane of the ring on carbons 1 and 2 and below
the plane of the ring on carbon 4.

(b) Which of these hydrogens are equatorial; which are axial?

(c) Draw the other chair conformation. Now, which hydrogens are equatorial; which are axial?

H(a)

'H(e)
4 H{a)

H(a)

In the above figure (a) = axial and (e) = equatorial.

Problem 2.11 Estimate the difference in energy between the altemative chair conformations of the trisubstituted

cyclohexane given in Example 2. 11.

Diaxial interactions between

this methyl group and the

circled axial hydrogens

Diaxial interactions between
this methyl group and the

circled axial hydrogens

Diaxial interactions between

this methyl group and the

circled axial hydrogens

[ More stable by 1.74 kcal/mol
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Shown above are the two alternative chair conformations of the trisubstituted cyclohexane
given in Example 2.11. The conformation on the left has two axial methyl groups, while the
conformation on the right only has one. Each axial methyl group adds 1.74 kcal/mol in

energy, so the conformation on the right is more stable by 1.74 kcal/mol.

Problem 2.12 For 1 ,4-dimethylcyclohexane:

(a) Draw the chair conformation in which both methyl groups are equatorial.

(b) Draw the chair conformation in which both methyl groups are axial.

Diaxial interactions between
this methyl group and the

circled axial hydrogens

More stable by 3.48 kcal/mol

Diaxial interactions between
this methyl group and the

circled axial hydrogens

In the above representations, the diequatorial conformation is shown on the left and the diaxial

conformation is shown on the right.

(c) Estimate the difference in energy between these two conformations.

The diequatorial conformation has no diaxial interactions, the diaxial conformation has two
methyl groups with diaxial interactions. Therefore the diequatorial conformation is 2 x 1.74 =
3.48 kcal/mol more stable.
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(d) Calculate the ratio of the diequatorial to the diaxial conformation for 1,4-dimethylcyclohexane at 25°C.

Rearranging AG° = -RTInKeq gives InK., = -^=^

Plugging in the gas constant (R = 1.98 caNK'^*mol'^) and temperature (T = 298 K)

as well as the value for AG° converted to cal/mol gives

3480 cal/mol
InK,, =

(1.98 caNK-^.mor^)(298 K)

Keq = e^° = 400

= 6.0

So the ratio of diequatorial to diaxial is 400:1

Problem 2.13 Which cycloalkanes show cis-trans isomerism? For each that does, draw the cis and trans isomers.

(a) rr
1,3-Diniethylcyclopentane shows cis-trans isomerism. In the following drawings, the ring is

drawn as a planar pentagon with substituents above and below the plane of the pentagon.

cis-l,3-Dimethyl-
cyclopentane

fra/is-l,3-Dimethyl-
cyclopentane

(b)oCH2CH3

Ethylcyclopentane does not show cis-trans isomerism.

.CH2CH3

(c) [^

l-Ethyl-2-methylcyclobutane shows cis-trans isomerism.

HX CH2CH3 H3C

H

H

CH2Cn3

H H

cw-l-Ethyl-2-methyl-
cyclobutane

/ra/i5-l-Ethyl-2-methyl-

cyclobutane
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Problem 2.14 Following is a planar hexagon representation for one isomer of 1,2,4-trimethylcyclohexane. Draw
alternative chair conformations of this compound and state which is the more stable.

CH3 CH3

H T H

H

Following are alternative chair conformations for the all cis isomer of 1,2,4-

trimethylcyclohexane. The alternative chair conformation on the right is the more stable

because it has only one axial methyl group.

CH,

CH.
CH.

CH.

less stable chair

(two methyl groups axial)

Problem 2.15 Which stereoisomer is more stable?

CH, CH,

more stable chair
(one methyl group axial)

CH3
H = ^

H

In the first isomer of /ra/is-decalin, the methyl substituent is equatorial and in the second
isomer, it is axial. The equatorial methyl isomer is more stable.

H

CH,
H

more stable isomer less stable isomer
(methyl substituent is equatorial) (methyl substituent is axial)

Problem 2.16 Arrange the following in order of increasing boiling point.

(a) 2-Methylbutane, 2,2-Dimethylpropane, Peniane

2,2-Dimethylpropane, 2-MethyIbutane, Pentane

(bp 9.50C) (bp 290C) (bp 360C

)

(b) 3,3-dimethylheptane, 2,2,4,4-tetramethylpentane, nonane

2,2,4,4-Tetramethylpentane, 3,3-Dimethylheptane, Nonane
(bp 990C) (bp I370C) (bp 151«C )
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Constitu tional Tsompri<^m

^?^^l-^^ ^^^^^ statements are true about constitutional isomers?
(a) They have the same molecular formula.
(b) They have the same molecular weight.
(c) They have the same order of attachment of atoms.
(d) They have the same physical properties.

Statements (a) and (b) are true, statements (c) and (d) are false.

PrQblem2.18 Which of the following are identical compounds and which are constituUonal isomers?

(a) CH3-CH2-CH-CH3 (b) <(%-CI (c) CI-CH2-<1

CI

o^r^^ CH3

(d) CH3-CH-CH3 (e) CI-CH2-CH-CH3 (f) CH3-CH2-CH2-CH2-CI

CH2-CH3 CH3

(g) CH3-CH-CI (h) CH3-C-CH3

CI

Following are names and molecular formulas of each
(a) 2-Chlorobutane; C4H5CI
(b) Chlorocyclobutane; C4H7CI
(c) Chloromethylcyclopropane; C4H7CI
(d) l-Chloro-2-methylpropane; C4H5,CI

(e) l-Chloro-2-methylpropane; C4H9CI
(f) 1-Chlorobutane; C4H^CI

(g) 2-Chlorobutane; C4H9CI
(h) 2-Chloro-2-methylpropane; C4H5CI

The following are identical: (d),(e) (a),(g)

The following compounds are constitutional isomers of molecular formula C4H9CI: 2-

chlorobutane (a)(g), l-chloro-2-methylpropane (d)(e), and 2-chloro-2-methylpropane (h).

The following compounds are constitutional isomers of molecular formula C4H7CI:
chlorocyclobutane (b) and chloromethylcyclopropane (c).

Problem 2.19 Tell whether the compounds in each set are constitutional isomers.

(a) CH3-CH2-OH and CH3-O-CH3

II II

(b) CH3-C-CH3 and CH3-CH2-C-H

O O
II II

(C) CH3-C-O-CH3 and CH3-CH2-C-OH

OH
1

II

(d) CH3-CH-CH2-CH3 and CH3-C-CH2-CH3

51
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(e)

(f)

O
O

and CH3-CH2-CH2-CH2-CH3

and CH2=CH-CH2-CH2-CH3

Sets (a), (b), (c), and (f) contain constitutional isomers; sets (d) and (e) do not.

Problem 2.20 Name and draw structural formulas for the nine constitutional isomers of molecular formula

^7^16-

CH. CH,

Cri^CriowrioCHowrloCrioCri^ Cri2'didi2wH2wH2wrl4 diQ di2wHd*l2CH2wHo

Heptane
(bp 94.8° C)

CH,
I

'

CH3CCH2CH2CH3

CH3
2,2-Diniethylpentane

(bp 79.2*^ C)

CH3

CH3CH2CCH2CH3

CH3
33*Diniethylpentane

(bp 86.1° C)

2-Methylhexane
(bp 90.0° C)

CH3

CH3CHCHCH2CH3

CH3
2,3-Dimethylpentane

(bp 89.8° C)

I
^ ^

d*i3Cn2wnCn2di3

3-Ethylpentane
(bp 93.5° C)

CH3

CH3-CH-CH2-OH

3-Methylhexane
(bp 92.0° C)

CH3

CH3CHCH2CHCH3

CH3
2,4-Dimethylpentane

(bp 80.5° C)

CH3CHCCH3

CH3
2,2,3-Trimethyl-

butane
(bp 80.9° C)

Problem 2.21 Draw structural formulas for all of the following:

(a) Alcohols of molecular formula C4H10O.

OH
I

CH3-CH2-CH2-CH2-OH CH3-CH2-CH-CH3 CH3—C—OH
CH3

CH,

(b) Aldehydes of molecular formula C4H8O.

O O
II 11

CH3-CH2-CH2-C-H CH3-CH-C-H

CH,
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(c) Ketones of molecular formula C5H10O.

CH3-CH2-C-CH2-CH3 CH3-CH2-CH2-C-CH3 CH3-CH-C-CHJ
CH,

(d) Carboxylic acids of molecular formula C5H10O2.

O O CH,

CH3-CH-CH2-C-OH CH3-CH2-CH2-CH2-C-OH CH3-C—C-OH
CH.

CH,

CHo-CH,-CH-C-OH13 v*ii2

CH.

Nomenclature of Alkanes and Cvcloalkanes
Problem 2.22 Write lUPAC names for these alkanes and cycloalkanes.

(a) CH3CHCH2CH2CH3

CH3

2-Methylpentane (isohexane)

(c) CH3(CH2)4CHCH2CH3

Crl2CH3

3-Ethyloctane

(e) [^^CH2CH(CH3)2

Isobutylcyclopentane

(b) CH3CHCH2CH2CHCH3

CH3 CH3

2,5-Diniethylhexane

(d) {CH3)2CHCH2CH2C(CH3)3

2,2,5-Triniethylhexane

l-Ethyl-2,4-diniethylcyclohexane

Problem 2.23 Write structural formulas for these alkanes.

(a) 2,2,4-Trimethylhexane

I
' I

'

CH3 CCH2CHCH2CH3

CH3

(c) 3-Ethyl-2,4,5-trimethyloctane

3| 2
I

3

CHo CHCHCHCHCH2CH2CH3

CH3 CH3

(b) 2,2-Dimethylpropane

CH3
I

^

CH3CCH3

CH3

(d) 5-Butyl-2,2-dimethylnonane

CH3

CH3CCH2CH2CHCH2CH2CH2CH3

CH3 CH2CH2CH2CH3
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(e) 4-Isopropyloctane

CH3CH2CH2CHCH2CH2CH2CH3

CH3CHCH3

(g) fraAU-l,3-Dimethylcyclopentane

(f) 3,3-Dimethylpentane

CH3

CH3CH2CCH2CH3

CH3

(h) cw-l,2-Diethylcyclobutane

Cn2Cn3

Problem 2.24 Explain why each is an incorrect lUPAC name. Write the correct lUPAC name for the intended

compound.
(a) 1,3-Diniethylbutane

CH3

CH3CHCH2CH2CH3
The longest chain is pentane. Its lUPAC name is 2-methylpentane.

(b) 4-Methylpentane

CH3

CH3CHCH2CH2CH3

The pentane is numbered incorrectly. Its lUPAC name is 2-methylpentane.

(c) 2,2-Diethylbutane

CH2CH3

CH3CH2CCH2CH3

CH3

The longest chain is pentane. Its lUPAC name is 3-ethyl-3-methylpentane.

(d) 2-Ethyl-3-methylpentane

CH3

Cn3Cn2 CriCHCn2Cn3

CH3

The longest chain is hexane. Its lUPAC name is 3,4-dimethylhexane.

(e) 2-Propylpentane

CH3

Cn3CH2CH2CnCH2CH2CH3
The longest chain is heptane. Its lUPAC name is 4-methylheptane.
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(f) 2,2-Diethylheptane

CH2CH3

CH3CH2CCH2CH2CH2CH2CH3

CH3

The longest chain is octane. Its lUPAC name is 3-ethyl-3-niethyloctane.

(g) 2,2-Dimethylcyclopropane

CH3

The ring is numbered incorrectly. Its lUPAC name is 1,1-dimethylcyclopropane.

(h) l-Ethyl-5-methylcyclohexane

The ring is numbered incorrectly. Its lUPAC name is l-ethyI-3-methylcyclohexane.

The lUPAC System of Nomenclature
Problem 2.25 For each of the following lUPAC names, draw the corresponding structural formula for each
compound.
(a) Butanone (b) Butanal (c) Butanoicacid

II

CH3-CH2-C-CH3 Cn3~"Cn2~Cn2"
II

-c--H
II

CH3-CH2-CH2-C-OH

(d) Ethanoicacid (e) Hexanoicacid (f) Propanoic acid

II

CH3-C-OH CH3(CH2)4-
II

-c-OH
II

CH3-CH2-C-OH

(g) Propanal (h) Cyclopentene (i) Cyclopenianol

II

CH3-CH2-C-H Or'"
(j) Cyclopentanone (k) Cyclopropanol (1) Propanone

A ^>—OH II

CH3-C-CH3
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Problem 2.26 Write lUPAC names for these compounds.

O O
II II

(a) CH3-CH2-C-CH3 (b) CH3-CH2-C-H

Butanone Propanal

O
II

(c) CH3-CH2-CH2-CH2-CH2-C-OH

Hexanoic acid

OH
I

(d)CH3-CH-CH3

2-Propanol

(e) / \=0

Cyclohexanone

(f) [>—0H

Cyclopropanol

(g) CH3-CH=CH2

Propene

(h) \

Cyclohexene

Problem 2.27 Torsional strain resulting from eclipsed C-H bonds is approximately 1.0 kcal/mol (4.2 kJ/mol) and
that for eclipsed C-H and C-CH3 bonds is approximately 1.5 kcal/mol (6.2 kJ/mol). Given this information,

sketch a graph of potential energy versus dihedral angle for propane.

120° 180° 240

Dihedral Angle

300 360

Notice that the energy of the eclipsed conformations is 3.5 kcal/mol higher in energy than the
staggered conformations. This is because each eclipsed conformation has two C-H bonds
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eclipsed with other C-H bonds (worth 1.0 kcal/mol each) and one C-H bond eclipsed to a C-
CH3 bond (worth 1.5 kcal).

Problem 2.28 How many different staggered conformations are there for 2-methylpropane? How many different
eclipsed conformations are there?

Looking down any of the carbon-carbon bonds, there is one staggered and one eclipsed
conformation of 2-methylpropane.

H

CH3

IH

2-Methylpropane

CH3-CH-CH3

' H
Staggered Eclipsed

Problem 2.29 Consider 1-bromopropane , CH3CH2CH2Br.

(a) Draw a Newman projection in which -CH3 and -Br are anti (dihedral angle 180°).

CHo

lowest in energy

(b) Draw Newman projections in which -CH3 and -Br are gauche (dihedral angles 60° and 300°).

Br Br

CH3 CH3

H H

related by reflection

(c) Which of these is the lowest energy conformation.

The anti (dihedral angle 180°) is the lowest energy conformation.

(d) Which of these conformations, if any, are related by reflection?

The two gauche conformations are of equal energy, and are related by reHection.

Problem 2.30 Consider l-bromo-2-methylpropane and draw the following:

(a) The staggered conformation(s) of lowest energy.

Br Br

CH3 CH3

H' I

H
CH3 '"'"3

lowest in energy

(related by reflection)
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(b) The staggered conformation(s) of highest energy.

Br

H>^H
highest in energy

H

The lower energy staggered conformations have one methyl group anti (dihedral angle 180<^) to

the bromine and are related by reflection. The staggered conformation with methyl groups at

dihedral angles of both 60^ and 300^ to the bromine have more nonbonded interaction strain

and are thus higher in energy.

Problem 2.3

1

In cyclohexane, an equatorial substituent is equidistant from the axial group and the equatorial

group on an adjacent carbon. What is the simplest way to demonstrate this fact?

The best way to see this fact is to draw a Newman projection of one of the carbon-carbon
bonds. As can be seen, the axial hydrogen from the carbon atom in the front is in between
and thus equidistant to the axial and equatorial hydrogen atoms on the rear carbon atom.

View along
this axis

H(a)

Problem 2.32 fra/w-l,4-Di-ferf-butylcyclohexane exists in a normal chair conformation. cis-l,4-Di-tert-

butylcyclohexane, however, adopts a twist boat conformation. Draw both isomers and explain why the cis isomer
is more stable in the twist boat-conformation.

H3C

H3C-C
I

H3C

H

H

CH3

C-CH,

CH,

The trans isomer in the chair form The cis isomer in the twist-boat form

The cis isomer adopts a twist boat conformation because each of the bulky /err-butyl groups
can be in an pseudo-equatorial position as shown above. If the cis isomer existed in a normal
chair conformation, then one f^rr-butyl group would be equatorial, while the other would be
forced axial resulting in a large amount of nonbonded interaction strain.

Cis-Trans Isomerism in Cvcloalkanes
Problem 2.33 Name and draw structural formulas for the cis and trans isomers of 1 ,2-dimethylcyclopropane.

CH, CH,

H H
c/i-l,2-Dimethyl-
cyclopropane

CHo H

H CH3
rra/i5-l,2-Dimethyl"

cyclopropane
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Problem 2.34 Name and draw structural formulas for all cycloalkanes of molecular formula CjHjq. Be certain to

include cis-trans isomers as well as constitutional isomers.

Cyclopentane
Methylcyclo-

butane

CH.

CH.
P::^cH2CH3

1 1-Dimethyl- cz5-l,2-Dimethyl- /rans-l,2-Dimethyl- Ethylcyclopropane

'cyclopropane cyclopropane cyclopropane

Problem 2.35 Using a planar pentagon representation for the cyclopentane ring, draw suiictural formulas for the

cis and trans isomers of:

(a) 1,2-Dimethylcyclopentane

cw-l,2-Dimethyl-
cyclopentane

/ra/is-l,2-Dimethyl-
cyclopentane

(b) 1,3-Dimethylcyclopentane.

CH3

c/5-l,3-Dimethyl-
cyclopentane

rrans-l,3-Dimethyl-
cyclopentane

Problem 2 36 Energy differences between axial substituted and equatorial substituted cyclohexane chair

^aTS^^^frSo^^^^^^^^^

According to the value given in Table 2.4, the equatorial r.rr-butylcyclohexane is 4.9 kcal/mol

more stable than the axial conformation. ^^,
Rearranging AG° = -RTlnKeq gives InKeq =

RT

.«„ ^D - 1 98 cal«K'*«morM and temperature (T = 298 K)
Plugging in the gas constant (R - l.9» cai iv mu

;
,, \ .

as well as the value for AG° converted to cal/mol gives

4900 cal/mol

'""^'^ '
(1.98 cal-K'.niol-^)(298 K)

= 8.3
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Keq = e®^ = 4000

So the ratio of equatorial to axial is 4000:1

(b) Explain by using molecular models why the conformational equilibria for methyl, ethyl, and isopropyl

substituents are comparable, but why the conformational equilibrium for ferr-bulylcyclohexane Ues considerably

farther toward the equatorial conformation.

Rotation is possible about the single bond connecting the axial substituent to the ring. Axial
methyl, ethyl and isopropyl groups can assume a conformation where a hydrogen creates the
1,3-diaxial interactions. With a tert-huty\ substituent, however, a bulkier -CH3 group must
create the 1,3-diaxial interaction. Because of the increased steric strain (nonbonded
interactions) created by the axial tert-buty\, the potential energy of the axial conformation is

considerably greater than that for the equatorial conformation.
As seen below, an axial isopropyl group can adopt a conformation with only a minimal 1,3
diaxial interaction:

^cyi.

On the other hand, an axial /er/-butyl group leads to a very severe 1,3 diaxial interaction:

H H

Problem 2.37 When cyclohexane is substituted by an ethynyl group, -CsCH, the energy difference between axial

and equatorial conformations is only 0.41 kcal/mol (1.75 kJ/mol). Compare the conformational equilibrium for

methylcyclohexane with that for ethynylcyclohexane and account for the difference between the two.

For the ethynyl case, using the same equations as in part (a) of 2.36 gives:

410 cal/mol
InKeq =

-1 -i>
= 0.70

(1.98 cal»K-'»mol')(298 K)

Keq = e°^ = 2.0

[So the ratio of equatorial to axial ethynyl is 2^

Using the value of 1.74 kcal/mol given in Table 2.4 for the methyl case gives:

1740 cal/mol
InKeq =

(1.98 cal«K-*«mor^)(298 K)
= 2.95

Keq = e^^' = 19

So the ratio of equatorial to axial methyl is 19:1
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The above ratios make sense since as can be seen with the following structures, the bulkier
methyl group is expected to have more severe 1,3 diaxial interactions than the linear -C=C H
group.

Problem 2.38 Draw the alternative chair conformations for the cis and trans isomers of 1 ,2-dimeihylcyclohexane;

1,3-dimethylcyclohexane; and 1,4-dimethylcyclohexane.

(a) Indicate by a label whether each methyl group is axial or equatorial.

(b) For which isomer(s) are the alternative chair conformations of equal stability?

(c) For which isomer(s) is one chair conformation more stable than the other?

Cis and trans isomers are drawn as pairs. The more stable chair is labeled in cases where
there is a difference.

CH3(e)

CHgO)
(e)H3C I

CH3(a)

c/s-l,2-Dimethylcyclohexane
(chairs of equal stability)

More stable chair

CH3(a)

A-^4"-7^CH3(e)
/--^-^^CH3(e)

frans- 1,2-Dimethylcyclohexane CH3(a)

More stable chair

(e)H3C
(a)H3C CH3(a)

c/5-l,3-Dimethylcyclohexane
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CHaO)
CH3(e)

(e)H3C

/rc/is-l,3-Diinethylcyclohexane
(chairs of equal stability) CHgO)

(e)H3C

CH3(a)
{a)H3C CH3(e)

cis-l,4-Dimethylcyclohexane
(chairs of equal stability)

More stable chair

(e)H3C

CH3(a)

CH3(e) = \:i±\
(a)H3C

/ra/i5-l,4-Dimethylcyclohexane

Problem 2.39 Use your answers from problem 2.38 to complete the table showing correlations between cis, trans

and axial, equatorial for the disubstituted derivatives of cyclohexane.

These relationships are summarized in the following table.

Position of
Substitution cis trans

1,4 a,e or e,a e,e or a,a

1,3 e,e or a,a a,e or e,a

1,2 a,e or e,a e,e or a,a

Problem 2.40 Calculate the difference in energy in kcal/mol between the altemative chair conformations of:

(a) fra/w-l-C!hloro-4-methylcyclohexane

More stable chair

(e)H3C

Cl(e)

Cl(a)

(a)H3C

rra/is-l-Chloro-4-methylcyclohexane

The diequatorial conformation (on the left) will be 0.52 + 1.74 = 2.26 kcal/mol more stable.

(b) cz.y-4-Methylcyclohexanol

Slightly more stable chair

I (a)H3C
OH(a)

^

cw-4-Methylcyclohexananol

OH(e)
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The conformation on the left is the slightly more stable because the bulkier methyl group is

equatorial. The molecule on the right has the smaller -OH group equatorial. The difference in
energy will be 1.74 - 0.95 = 0.79 kcal/mol

Problem 2.41 There are four cis-trans isomers of 2-isopropyl-5-methylcyclohexanol.

CH(CH3)2

,0H

CH3

2-Isopropyl-5-methylcyclohexanol

(a) Using a planar hexagon representation for the cyclohexane ring, draw structural formulas for the four cis-trans

isomers.

(b) Draw the more stable chair conformation for each of your answers in part (a).

(c) Of the four cis-trans isomers, which is the most stable? (If you answered this part correctly, you picked the

isomer found in nature and given the name menthol)

Following are planar hexagon representations for the four cis-trans isomers. In each, the

isopropyl group is shown by the symbol R-. One way to arrive at these structural formulas is

to take one group as a reference and then arrange the other two groups in relation to it In

these drawings, -OH is taken as the reference and placed above the plane of the ring. Once
-OH is fixed, there are only two possible arrangements for the isopropyl group on carbon 2;

either cis or trans to -OH. Similarly, there are only two possible arrangements for the methyl

group on carbon-5; either cis or trans to -OH. Note that even if you take another substituent

as a reference, and even if you put the reference oelow the plane of the ring, there are still

only four cis-trans isomers for this compound.

ci5-2-Isopropyl-
cw-5-methyl-
cyclohexanol

ci5-2-Isopropyl-
rra/i5-5-methyl-
cyclohexanol

CH.

ira/i5-2-Isopropyl-
c/^-5-methyI-
cyclohexanol

R

OH

/ra«5-2-Isopropyl-
trans-5-methy\-
cyclohexanol

OH

cis-2-Isopropyl-cis-5-
methylcyclohexanol

CH.

c/s-2-Isopropyl-/rani-5-
methylcyclohexanol
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Most stable chair

(all equatorial)

OH

/rfl/i5-2-Isopropyl-m-5-
methylcyclohexanol

CH3
trans-l'lsopropyl-trans-S-

methylcyclohexanol

Problem 2.42 Draw alternative chair conformations for each substituted cyclohexane and state which chair is

more stable.

OH HO

HO OH

(Chairs of equal stability)

OH
More stable chair

OH

(d)

CH2OH

hoV-Vh
H More stable chair

Problem 2.43 Glucose (Section 24.2B) contains a six-membered ring. In the more stable chair conformation of

this molecule, all substituents on the ring are equatorial. Draw this more stable conformation.

CH2OH

A Glucose

HOH2C

HO
HO OH

OH
OH
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Prgblgm 2,44 1,2,3,4,5,6-Hexachlorocyclohexane shows cis-trans isomerism. At one time a crude mixture of
these isomers was sold as the insecticide benzene hexachloride (BHC) under the trade names Kwell and
Gammexane. The insecticidal properties of the mixture arise from one isomer known as the y-isomer (gamma-
isomer) which is cw-l,2,4,5-/ra«5-3,6-hexachloro-cyclohexane.
(a) Draw a structural formula for 1,2,3,4,5,6-hexachlorocyclohexane disregarding for the moment the existence
of ciS'trans isomerism. What is the molecular formula of this compound?

(b) Using a planar hexagon representation for the cyclohexane ring, draw a structural formula for the y-isomer.

CI H

CI H

(c) Draw a chair conformation for the y-isomer and show by labels which chlorine atoms are axial and which are

equatorial.

(d) Draw the alternative chair conformation of the y-isomer and again label which chlorine atoms are axial and

which are equatorial.

(e) Which of the alternative chair conformations of the y-isomer is more stable? Explain.

CI (a) 9' ^^^ CI (a) ^ ^ ^
CI (a)

6 ^^^

(e)CI Cl(e)
Cl(e)^

.

Cl(e)

CI (a)

The two chairs are of equal stability; in each

three -CI atoms are axial and three are equatorial

Problem 2.45 What kinds of conformations do the 6 membered rings exhibit in adamantane and twistane? You

will find it helpful to build molecular models, particularly of twistane.

adamantane twistane

In adamantane, the cyclohexane rings all have chair conformations, and in twistane the

cyclohexane rings all have twist-boat conformations.
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Problem 2.46 Which of the following bicycloalkanes would you expect to show cis-trans isomerism? Explain.

For each that does, draw suitable stereorepresentations of both cis and trans isomers,

(a) Bicyclo[2.2.2]octane

No cis-trans isomers. It is only possible to fuse a two-carbon bridge to carbons 1 and 4 of a
cyclohexane ring if the two-carbon bridge is fused in a cis fashion. This molecule is drawn
below in two different stereorepresentations.

r

Bicyclo[2.2.2]octane
(no cis-trans isomers)

(b) Bicyclo[4.3.0]nonane

H

H H

rra/i5-Bicyclo[4.3.0]nonane

H

o r

c/5-BicycIo[4.3.0]nonane

(c) 2-Methylbicyclo[2.2.1]heptane

CH3
and

H

2-MethylbicycIo[2.2.1]heptane
(a cis and a trans isomer)

(d) l-chlorobicyclo[2.2.1]heptane

CI

l-Chlorobicyclo[2.2.1]heptane
(no cis-trans isomers)

(e) 7-Chlorobicyclo[2.2.1]heptane

H CI

7-Chlorobicyclo[2.2.1]heptane
(no cis-rans isomers)
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Physical Properties
Problem 2.47 In Problem 2.20, you drew structural formulas for all isomeric alkanes of molecular formula
C7Hj^. Predict which isomer has the lowest boiling point and which has the highest boiling point

Names and boiling points of these isomers are given in the solution to Problem 2.20 The
isomer with the lowest boiling point is 2,2-dimethylpentane, bp 79.2oC. The isomer with the

highest boiling point is heptane, bp 94.8oC.

Problem 2.48 What generalization can you make about the densities of alkanes relative to that of water?

All alkanes that are liquid at room temperature are less dense than water. This is why alkanes
such as those in gasoline and petroleum float on water.

Problem 2.49 What unbranched alkane has about the same boiling point as water? (Refer to Table 2.6 on the

physical properties of alkanes.) Calculate the molecular weight of this alkane and compare it with that of water.

Heptane, C^Hj^, has a boiling point of 98.4oC and a molecular weight of 100. Its molecular

weight is approximately 5.5 times that of water. Although considerably smaller, the water
molecules are held together by hydrogen bonding while the much larger heptane molecules are

held together only by relatively weak dispersion forces.

Reactions of Alkanes
Problem 2.50 Complete and balance the following combustion reactions. Assume that each hydrocarbon is

converted completely to carbon dioxide and water.

(a) Propane + O2 ^ CH3CH2CH3 + 5 Og ^ 3 CO2 + 4 H2O

(b) Octane + O2 2 CH3(CH2)6CH3 + 25 O2 16 CO2 + 18 H2O

(c) Cyclohexane + O2 90' 6C0, 6H2O

(d) 2-Methylpentane + O2

CH3
I

^

2 CH3CHCH2CH2CH3 + 19O2 12CO2 + I4H2O

Problem 2 51 Following are heats of combustion per mole for methane, propane, and 2,2,4-u-imethylpentane.

Each is a major source of energy. On a gram-for-gram basis, which of these hydrocarbons is the best source of

heat energy.

Hydrocarbon Component of [kcal/mol (kJ/mol)]

natural gas

LPG

CH4

CH3CH2CH3

CH o CH oII
CH3CCH2CHCH3 gasoline

-212(886 kJ/mol)

-531(2220 kJ/mol)

-1304(5451 kJ/mol)

OH'
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On a gram-per-gram basis, methane is the best source of heat energy.

u..^.^...!.^.. Molecular Heat of Combustion Heat of CombustionHydrocarbon ,,, ... ,. ., .' Weight (kcal/mol) (Iccal/gram)

Methane 16.04 -212 -13.3

Propane 44.09 -531 -12.0
2,2,4-Trimethylpentane 114.2 -1304 -11.4

Problem 2.52 Following are heats of combustion for ethane, propane, and pentane at 25°C.

Hydrocarbon AH°(kcal/mol)

ethane -372.8

propane -530.6

pentane -845.2

(a) From these data, calculate the average heat of combustion of a methylene (-CHj-) group in a gaseous

hydrocarbon.

The average heat of combustion per -CHj- group is -157.5 kcal/mol. From more extensive

data (not given in this problem), the average heat of combustion per methylene group in long
chain, unstrained alkanes is -157.4 kcal/mol.

(b) Using the value of the heat of combustion of a methylene group calculated in part (a), estimate the heat of
combustion of gaseous cyclopropane.

Using the value from part (a), calculate the heat of combustion of gaseous cyclopropane to be
3 X (-157.4 kcal/mol) = -472.2 kcal/mol.

(c) Compare your estimated value and the experimentally determined value of -499.9 kcal/mol. How might you
account for the difference between the two values?

The heat of combustion of cyclopropane is -499.9 - (-472.2) = -27.7 kcal/mol greater. The
increased heat of combustion is a measure of strain (angle strain and eclipsed hydrogen
interactions) present in the cyclopropane molecule.

Problem 2.53 Using the value of -157.4 kcal/mol as the average heat of combustion of a methylene group:
(a) Calculate the heat of combustion for the following cycloalkanes.

(b) Calculate the total "strain energy" for each cycloalkane.

(c) Calculate the strain energy per methylene group.
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Cycloalkane
Calculated Heat
of Combustion
(kcal/mol)

Observed Heat
of Combustion
(kcal/mol)

Calculated Total

Strain Energy
(kcal/mol)

Strain Energy
Per -CH,- Group

(kcal/mol)

cyclopropane -472.2 -499.9 27.7 9.23

cyclobutane -629.6 -655.9 26.3 6.57

cyclopentane -787.0 -793.5 6.5 1.30

cyclohexane -944.4 -944.5 0.1 0.02

cycloheptane -1,101.8 -1,108.2 6.4 0.91

cyclooctane -1,259.2 -1,269.0 9.8 1.22

cyclononane -1,416.6 -1,429.5 12.9 1.43

cyclodecane -1,574.0 -1,586.0 12.0 1.20

cycloundecane -1,731.4 -1,742.4 11.0 1.00

cyclododecane -1,888.0 -1,891.2 2.4 0.20

cyclotetradecane -2,203.6 -2,203.6 0.0 0.00

(d) Rank these cycloalkanes in order of most stable to least stable, based on strain energy per methylene group.

The rank order of alkane stabilities listed from most to least stable is as follows:

cyclotetradecane, cyclohexane, cyclododecane, cycloheptane, cycloundecane, cyclodecane,
cyclooctane, cyclopentane, cyclononane, cyclobutane, cyclopropane.

Molecular Modeling
Problem 2.54 Build a structural model of ethane in ChemDraw, import it into Chem3D, and minimize its energy.

Then click on one carbon atom and rotate the carbon-carbon single bond to create both the staggered and ecUpsed

conformations. Visually measure the distance between adjacent hydrogens in the staggered conformation and in

the eclipsed conformation and estimate the ratio of eclipsed/staggered distance.

2.261 A

Eclipsed Staggered

As shown in the above structures, the ratio of eclipsed/staggered distance is 2.261 A/2.495 A
= 0.906.
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Problem 2.55 Draw a line-angle structure for cyclopentane in ChemDraw, import it into Chem3D, and minimize

its energy. Then measure all C-C-C bond angles and compare them with the value of 105° given in the text for the

"envelope" conformation of cyclopentane. How do you account for the difference in these values? (Hint:

Consider the torsional strain of eclipsed hydrogen interactions. You recognize them, but does ChemDraw?)

The version of the structure optimization routine used by Cheni3D is not sophisticated enough
to recognize the torsional strain of the eclipsed hydrogen interactions. Thus, the structure you
see is a flat pentagon, as opposed to the correct molecular structure, the so-called "envelope"
conformation.

Problem 2.56 Build a line-angle structure of a chair cyclohexane in ChemDraw, import it into Chem3D, and
minimize its energy. Now rotate the model so you view the chair from above, from the side, from the foot piece

to the head piece, and so on. As you do these rotations, convince yourself that the six axial C-H bonds are

parallel and that they alternate up, down, and so on. Also convince yourself that opposite (in positions 1 and 4)

equatorial C-H bonds are parallel, and that one of them is above the other below the plane of the ring.

^=^

Normal view Side view
"Foot piece

to head piece"

view

Problem 2.57 Build a line-angle structure of axial methylcyclohexane in ChemDraw, import it into Chem3D,
minimize the energy, and use a ruler to measure the distance between the methyl group and the ring hydrogens on
carbons 2,3,4,5, and 6. You should fmd that the axial methyl group is closer to axial hydrogens on carbons 3 and
5 than to any other ring hydrogens. Note that when you do this minimization, you find a "local minimum"
because the energy required for ring flipping to the equatorial methyl conformation is too high.

CH, 2.49

1.84 A
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According to the Chein3D model, the closest pontacts between a hydrogen atom on )he axial
methyl group and an axial hydrogen is 1.84 A. This is much closer than the 2.49 A distance
between the other methyl group hydrogen atoms and the nearest equatorial ring hydrogen
atom.

Problem 2.58 Build a line-angle structure of spiro[5.5]undecane in ChemDraw, import it into Chem3D, minimize
the energy. Show that both six-member rings can assume chair conformations. It may take a bit of rotation of the
stereoview, but if you get it right, you will see both rings as strain-free chair conformations.

Stereoviews

Problem 2.59 A large number of ChemDraw figures are given in this chapter, all of which are good exercises for

you to practice using ChemDraw and Chem3D and for the creation of stereoviews. You might try reproducing

and studying them as three-dimensional objects.
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CHAPTER 3: ACIDS AND BASES

3.0 OVERVIEW
• A large number of organic reactions involve acid-base reactions. These include acid-base reactions of

important functional groups such as alcohols and carbonyl compounds. In addition, many reactions involve

catalysis by protons or Lewis acids, such as AICI3.

3.1 BR0NSTED-LOWRY ACIDS AND BASES
• According to Johannes Bronsted and Thomas Lowry, an acid is a proton donor, and a base is a

proton acceptor. *
- The reaction of an acid with a base thus involves a proton transfer from the acid to the base. When an
acid transfers a proton to a base, the acid is converted to its conjugate base. When a base accepts a

proton, the base is convened to its conjugate acid.

H-A -H B- . A- + H-B

Acid Base Conjugate Conjugate

Base Acid

3.2 QUANTITATIVE MEASURE OF ACID AND BASE STRENGTH
• The strength of an acid or base is a thermodynamic property; it is expressed as the position of equilibrium

between an acid and a base to form their conjugate acid-conjugate base pairs. *
- A strong acid is one that is completely ionized in aqueous solution, in other words there is complete

transfer of the proton from the acid to water to form H3O"*". A weak acid is one that is incompletely ionized

in aqueous solution. Most organic acids, such as carboxylic acids, are weak acids.

- A strong base is one that is completely ionized in aqueous solution, in other words there is complete proton

transfer from H2O to the base to form HO". A weak base is one that is incompletely ionized in aqueous
solution. Most organic bases are weak bases.

• The strength of a weak acid is described by the acid ionization constant Ka that is defined by the following

equation. *

[HgOlLA]
K-a - Kgq [H2O] - p^-j

Here [A-] is the concentration of conjugate base, and [HA] is the concentration of the acid HA, all at

equilibrium.

- The ionization constants for weak acids have negative exponents, so it is convenient to refer to the pKa
where pKa = -logioKa. In other words, a weak acid with a pKa of 5.0 has a Ka of 1 .0 x 10-^. *

- Because pKa is defined as the negative log of the Ka, the larger the pKa, the weaker the acid and the smaller

the pKa, the stronger the acid. Note, the strongest acids actually have negative pKa values. *

3.3 MOLECULAR STRUCTURE AND ACIDITY
• The relative acidity of organic acids can be understood qualitatively in terms of some key molecular
parameters. In an acid-base equiUbrium reaction, it is usually helpful to focus attention on the charged species

such as the conjugate base, A", produced by deprotonation of the acid, HA. The more stable the charged

species (conjugate base), i.e. the more delocalized the negative charge, the more acidic the parent acid. *
- Acid strength within a row of the Periodic Table increases from left to right due to increasing

electronegativity. *
More electronegative elements are more able to accommodate a negative charge, so the negatively

charged conjugate bases of more electronegative elements are more stable. A more stable conjugate
base within a period of the Periodic Table means the parent acid will be more acidic.

- Acid strength within a column of the Periodic Table increases from top to bottom due to

decreasing bond strength. *
Elements with weaker bond strengths to hydrogen atoms (elements farther down in a column) are more
acidic.

- For atoms of the same element, acid strength increases with increasing s character of the

hybridization. Thus, hydrogens bonded to sp atoms are more acidic than those bonded to sp2 atoms, which
are more acidic than those bonded to sp^ atoms. This is a huge effect. *



Chapter 3: Acids and Bases Overview 7 "^

The 2s orbital electrons are of lower energy than the 2p orbital electrons, so the more s character there
is to an orbital, the lower the energy of electrons in that orbital. Electrons in an sp orbital (50% s) are
of lower energy than electrons in an sp2 orbital (only 33% s), etc. For this reason, the unshared pair
of electrons in an alkyne anion (sp hybridized) are of lower energy (more stable) than the unshared pair
of electrons in an alkene anion (sp2 hybridized), which are lower in energy than the unshared pair of
electrons in an alkane anion (sp3 hybridized). Again, greater stability (lower energy) of the anionic
conjugate base leads to greater acidity of the parent acid.

- Acid strength increases with increased resonance delocalization of the negative charge in the

conjugate base. *
The stability of an anion is increased by increased delocalization of the negative charge. Resonance
delocalization, such as that seen in the carboxylate ion, can increase charge delocalization, and thus
acid strength, compared to functional groups such as alcohols for which there is no resonance
delocalization.

- Acid strength is influenced by inductive effects. *
Nearby atoms of higher electronegativity can withdraw some of the electron density of a bond to

hydrogen, making that hydrogen more acidic. This effect is transmitted through sigma bonds and is

referred to as the inductive effect. The inductive effect also influences the stability of conjugate
bases. Electronegative atoms adjacent to an anionic atom (made anionic by loss of the acidic proton)

are stabiUzing since the negative charge is partially removed by, and delocalized onto, the

electronegative atoms. Greater stability of a conjugate base means that the parent acid will be more
acidic.

3.4 THE POSITION OF EQUILIBRIUM IN ACIDBASE REACTIONS
• The conjugate base of a strong acid is a weak base, and the conjugate base of a weak acid is a strong base. *
[This relationship will make the following rule easier to use]

• For any proton transfer reaction, the position of equilibrium favors the side of the reaction equation that has

the weaker acid and weaker base. * [With this extremely helpful rule, you can predict the outcome of virtually

any proton transfer reaction as long as you know the relevant pKa's.J

H-A + B- —^— " A- + H-B

Stronger Stronger Weaker Weaker

Acid. Base Base Acid

Equilibrium Favors

This Side

- The equilibrium constant (Keq) is the ratio of the Ka for the acid species (H-A) on the left side of the

equation as written divided by the Ka for the conjugate acid (H-B) species on the right side of the equation:

Ka of acid on left side of equation

^ Ka of conjugate acid on right side of equation

- This equation is just a quantitative way to state that the position of equilibrium favors the weaker acid and

weaker base. A Keq greater than one favors the species on the right as written, and a Keq less than one

favors the species on the left as written.

3.5 LEWIS ACIDS AND BASES ^ ^
. According to the definition first proposed by G. N. Lewis, a Lewis Acid is a species thai forms a new

covalent bond by accepting a pair of electrons. A Lewis base is a species that forms a new covalent bond by

donating a pair of electrons. * [This concept is important, because it describes much more than just proton

transfer reactions.] ., ,, .. r n
- The reaction of a Lewis acid with a Lewis base can be descnbed by the following equauon:

A'^T^rB ^ A— B"*"

- Here the "A" represents a Lewis acid and '" B" represents a Lewis base.
„ ^ ^ . .

. The Lewis definitions of acids and bases are more general than the Bronsted-Lowry definiuons: all Br0nsted-

Lowry acids (proton donors) are also Lewis acids and all Br0nsted-Lowry bases (proton acceptors) are also

Lewis bases. The Lewis definitions cover reactions other than proton transfer reacuons, such as diethyl ether

(CH3CH2OCH2CH3) reacting with boron trifluoride (BF3).
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CHAPTER 3
Solutions to the Problems

Problem 3.1 Write these reactions as proton-transfer reactions. Label which reactant is the acid and which the

base; which product is the conjugate base of the original acid and which the conjugate acid of the original base.

Use curved arrows to show the flow of electrons in each reaction.

(a) CH3-S-H + OH" CH3-S" + H2O

.^1 ... •• -
CH3-S-H^:p-H ^ CH3-S: + H^O-H

acid base conjugate conjugate
base acid

(b) CH3-O-H + NH2" .- CH3—O" + NH3

CH3-0-H^:N-H CH3-0: + H-N-H

H H
acid base conjugate conjugate

base acid

Problem 3.2 For each value of Ka, calculate the corresponding value of pKa. Which compound is the stronger

acid?

(a) Acetic acid, Ka = 1.74 x 10-5 (b) Water, Ka = 2.00 x lO'i^

The pKa is equal to -logioKa- The pKa of acetic acid is 4.76 and the pKa of water is 15.7.

Acetic acid, with the smaller pKa value, is the stronger acid.

Problem 3.3 Predict the position of equilibrium and calculate the equilibrium constant, Keq, for these acid-base

reactions. The pKa of methylammonium is 10.64.

(a) CH3NH2 + CH3CO2H ^;=^ CH3NH3 + CH3CO2"

methylamine acetic acid methylammonium acetate

ion ion

Acetic acid is the stronger acid; equilibrium lies to the right

CH3NH2 + CH3CO2H ^-- CH3n1h3 + CH3C62

pKa 4.76 PK3 10.64

(stronger (stronger (weaker (weaker
base) acid) acid) base)

K„ =
Ka of acid on left side of equation 10''*'^^ 1.74 x 10"^

^"^ Ka of conjugate acid on right side of equation iq-^^-^'^ 2.29 x 10'*^

K,q = 7.60 X 10^
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(b) CH3CH2O- + NH3 ^^=i^ CH3CH2OH + NH2

ethoxide ammonia ethanol amide
10" ion

Ethanol is the stronger acid; equilibrium lies to the left.

CH3CH2O" + NH3 .— CH3CH2OH + NH2"

pK, 33 pK, 15.9

(weaker (weaker (stronger (stronger
base) acid) acid) base)

^
K^ of acid on left side of equation 10"^^

1.0 x 10"^^

*'' Kj, of conjugate acid on right side of equation
~ 10'^^^ ~ 1.3 x 10"***

75

Kgq = 7.9x10-^^

Problem 3.4 Write the reaction between each Lewis acid^ase pair, showing electron flow by means of curved
arrows.

(a) B(CH3CH2)3 + OH" .-

CH3CH2 CH3CH2

CH3CH2— 6*^+ ":b-H ^ CHoCHo—B-O-H
I

••
I

••

CH3CH2 CH3CH2
Lewis Lewis
acid base

(b) CH3CI + AICI3 -

CI CI

CH3-Ci:^+ ^AI-CI ^ CH3-CI-AI-CI
••

I
^ ••

I

CI CI
Lewis Lewis
base acid

Problem 3.5 Complete a net ionic equation for each proton-transfer reaction using curved arrows to show the

flow of electron pairs in each reaction. In addition, write Lewis structures for all starting materials and products.

Label the original acid and its conjugate base; the original base and its conjugate acid. If you are uncertain about

which substance in each equation is the proton donor, refer to Table 3.1 for the relative su-engths of proton acids,

(a) NH3 + HCI ^

H

^ H-N—H + :Ci:

Acid H Conjugate
^ . base
Conjugate

acid
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(b) CH3CH2O" + HCI

CH3CH2-O:

Base Acid

^ CH3CH2-P-H
Conjugate

acid

:Ci:

Conjugate
base

(c) HCO3" + CH

:o:
.. II r^
:0-C-0-H

Acid

:0:
- .. II ..

:0-C-p:

Conjugate
base

+ H-p-H

Conjugate
acid

(d) CHgCOg" + NH4

:0:
II .. -

CH3-C-P:
Base

:0:
II ..

CH3-C-P-H +

Conjugate
acid

H
I

H-N:
I

H
Conjugate

base

Problem 3.6 Complete a net ionic equation for each proton-transfer reaction using curved arrows to show the

flow of electron pairs in each reaction. Label the original acid and its conjugate base; the original base and its

conjugate acid.

(a) NH4''+ OH

H

H-^N—

H

I

H
Acid

H-p-H +

Conjugate
acid

H
I

:N—H
I

H
Conjugate

base

(b) CH3CO2 + CH3NH3

:0:

CH,- C-O:

Base

:0:
II

- CH,-C-0-H
Conjugate

acid

H
I

: N—CH,
I

^

H
Conjugate

base

(c) CH3CH2O" + NH4'' -

CH3CH2~P • ^ +

Base

H

H-^N—

H

I

H
Acid

H

— CH3CH2-P-H + :N—H
Conjugate

acid
H

Conjugate
base
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(d) CH3NH3" + oh'

H H
^1+ ..

I

H-^N-CHg -. ^ H-O-H + IN-CH,
I

••

I

J

H Conjugate ^
Acid 3Cid

Conjugate
base

PTQblem 3.7 Each molecule and ion can function as a base. Write the structural formula of the conjugate acid
formed by reaction of each with H"*".

O
(a) CH3CH2OH (b) HCH

:0:

CH3-CH2-p>H H-C-H
Base Base

3 2~P.~^'' u—p—u
Conjugate acid Conjugate acid

(c) (CH3)2NH (d) HCO5
H
I :o:

CH3-N: .. II .. .

'. H-O-C-O:
CH3

Base

:o:

Base

H
1+

CH3-N-H ^ • • " X ^^
I

H-0-C-O-H
CH

^ .
3 , Conjugate acid

Conjugate acid

Problem 3.8 In acetic acid, the 0-H proton is more acidic than the H3C protons. Show how the concept of

electronegativity can be used to account for this difference in acidity.

Within a row, acidity increases with increasing electronegativity of the atom attached to

hydrogen. Oxygen is more electronegative than carbon, so the hydrogen on the oxygen atom
is more acidic. Note that the same argument applies when the appropriate contributing

structures are considered. When the proton is removed from the oxygen atom of a carboxylic

acid and a negatively charged oxygen atom results, the negative charge can be shared with the

adjacent oxygen atom of the carboxylic acid via the contributing resonance structures shown
below:
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Contributing structures

In BOTH contributing structures, the negative charge is on a relatively electronegative oxygen
atom.

When the same type of analysis is carried out on the anion produced by deprotonation of the

-CH3 group, it can be seen that this anion is less stable because one of the important
contributing structures places the negative charge on the less electronegative carbon atom.

J •

*

• • •
•
"^

H-C-C^ ^ H-C^C^ -• H-"C=c(**

H ^P-" H
'^"^

H ^~"

Problem 3.9 As we shall see later in Chapter 15, hydrogens on a carbon adjacent to a carbonyl group are far more
acidic than those not adjacent to a carbonyl group; diat is the anion derived from propanone is more stable than the

anion derived from ethane.

CH3CCH2"H CH3CH2"H

Propanone Ethane

pKa = 22 pKa = 51

Account for the greater stability of the anion from propanone in terms of:

(a) The inductive effect

The adjacent carbonyl group of propanone is electron withdrawing, which leads to more
inductive polarization of the C-H bond in propanone compared to ethane.

(b) The resonance effect.

The anion of propanone can be stabilized by resonance with the pi bond of the adjacent
carbonyl group as shown in the following contributing structures.

CHg-C-C-H CH3-C=C-H3
I

3
I

H H

In this way, the negative charge is delocalized significantly, leading to a more stable anion
and thus propanone is more acidic. Note how the negative charge is placed on the more
electronegative oxygen atom in the structure on the right. The anion of deprotonated ethane
does not have any opportunities for resonance stabilization.

Problem 3.10 Offer an explanation for the following observations.

(a) HsO"*" is a stronger acid than NH4"'"-

Oxygen is more electronegative than nitrogen, so the proton is more acidic on H3O+.
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(b) Nitric acid, HNO3, is a stronger acid than nitrous acid, HNO2.

There is one more electronegative oxygen atom on nitric acid to help stabilize the deprotonated
anion through a resonance effect. In addition, the third oxygen atom of HNO3 can provide
additional inductive polarization to help weaken the 0-H bond.

(c) Ethanol and water have approximately the same acidity.

Both have the proton attached to sp^ hybridized oxygen atoms, and neither deprotonated
species can be resonance stabilized.

(d) Trifluoroacetic acid is a stronger acid than trichloroacetic acid.

X =0-
I II .. -

X-C-C-O:
I

X

Fluorine is more electronegative than chlorine, so the above anion is more stable when X = F
compared to when X = CI due to increased inductive effects. In addition, the fluorine atoms
can provide additional inductive polarization that weakens the 0-H bond.

Quantitative Measure of Acid and Base Strength
Problem 3.11 Which has the larger numerical value:

(a) The pKa of a strong acid or the pKa of a weak acid?

The weaker acid will have the pKa with a larger numerical value.

(b) The Ka of a strong acid or the Ka of a weak acid?

The stronger acid will have the Ka with a larger numerical value.

Problem 3.12 In each pair, select the stronger acid:

(a) Pyruvic acid (pKa 2.49) or lactic acid (pKa 3.85)

The stronger acid is the one with the smaller pK^ and, therefore, the larger value of Kg.

Pyruvic acid is the stronger acid.

(b) Citric acid (pKa 3.08) or phosphoric acid (pKal 2.10)

Phosphoric acid is the stronger acid.

(c) Nicotinic acid (niacin, Ka 1.4 x 10-5) or acetylsalicylic acid (aspirin, Ka 3.3 x 10^^)

Acetylsalicylic acid is the stronger acid.

(d) Phenol (Ka 1.12 x 10" lO) or acetic acid (Ka 1.74 x 10-5)

Acetic acid is the stronger acid.

Problem 3.13 Arrange the compounds in each set in order of increasing acid strength. Consult Table 3. 1 for pKa

values of each acid.

O O
II

II

(a) CH3GH2OH HOCO" CgHsCOH
Ethanol Bicarbonate ion Benzoic acid

pKa- 15.9 10.33 4.19

The compounds are already in order of increasing acid strength Ethanol is the weakest acid,

benzoic acid is the strongest acid, and bicarbonate ion is in between.
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II

(b) HOCOH
II

CH3COH HCI

Carbonic acid Acetic acid Hydrogen chloride

pKa: 6.36 4.76 -7

Again, the compounds are already in order of increasing acid strength. Carbonic acid is the

weakest acid, hydrogen chloride is the strongest acid, and acetic acid is in between.

Problem 3.14 Arrange the compounds in each set in order of increasing base strength. Consult Table 3.1 for pKa
values for the conjugate acid of each base.

The weaker the conjugate acid (higher pKa), the stronger the base.

(a) NHr

O
II

HOCO' CH3CH2O

9.24 6.34 15.9

Base strength increases in the order:
pKa of conjugate acid

HOCO" < NH3 < CH3CH2O

O O
II II

(b) OH HOGG" CHaCO"

15.7 6.34 4.76

Base strength increases in the order:

O O
II II

CH3CO" < HOCX)" < OH

pKa of conjugate acid

O

CHgCG"(c) H2O NH3

-1.74 9.24 4.76

Base strength increases in the order:

O
II

H2O < CH3CO" < NH3

pKa of conjugate acid

(d)

O

NH2

33

CH3CO" OH"

4.76 15.7

Base strength increases in the order:

O

CH3C0" OH NH.

pKa of conjugate acid
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Quantitative Position of Enuilibrium in Acid-Base Reactions
PrQblem3.13 Unless under pressure, carbonic acid in aqueous solution breaks down into carbon dioxide and
water, and carbon dioxide is evolved as bubbles of gas. Write an equation for the conversion of carbonic acid to
carbon dioxide and water.

O

HOCOH ^ H2O + CO2 t

This relationship explains why carbonated drinks evolve CO2 gas when they are opened and
the pressure is released.

Problem 3.16 Will carbon dioxide be evolved when sodium bicarbonate is added to an aqueous solution of ihese

compounds?
(a) Sulfuric acid (b) Ethanol (c) Ammonium chloride

In order for carbon dioxide to be evolved, the sodium bicarbonate must be protonated to give
carbonic acid (Problem 3.15). The pKa of carbonic acid is 6.36. The pKa's for sulfuric acid,

ethanol and ammonium chloride are -5.2, 15.9, and 9.24, respectively. Thus, sulfuric acid is

the only acid strong enough to protonate sodium bicarbonate and evolve carbon dioxide.

Problem 3.17 Acetic acid, CH3CO2H, is a weak organic acid, pKa 4.76. Write equations for the equilibrium

reactions of acetic acid with each base. Which equilibria involving acetic acid he considerably toward the left?

Which lie considerably toward the right?

(a) NaHCOs

CH3CO2H + HCO; Na* ^;z=:—- CHaCCTz Na* + H2CO3

pKa 4.76 pKg 6.36

(b) NH3

CH3CO2H + NH3 ^;i= CH3CO2 + NH4*

pKa 4.76 pKa 9.24

(c) H2O

CH3CO2H + H2O =^ CHgCO'z + H3O*

pKg 4.76 pKa -1.74

(d) NaOH

CH3CO2H + HO" Na* ^_ - CH3CO2 Na* + HgO

pKa 4.76 P*^a 15.7

Equilibrium favors the direction that gives the weaker acid and weaker base. Therefore,

equilibrium will favor formation of an acid with a pKa value higher than 4.76, or formation of

acetic acid if that is the weaker acid. Based on the pKa values shown, reactions (a), (b), and

(d) have equilibria that lie considerably to the right, while reaction (c) has an equilibrium that

lies considerably to the left.

Problem 3.18 Alcohols are very weak organic acids, pKa 16-18. The pKa of ethanol, CH3CH2OH. is 15.9.

Which equihbria involving ethanol lie considerably toward the left? Which he considerably toward the nght?

(a) HCO3-

CH3CH2OH + HCO3 ^—= CH3CH2O" ^ H2CO3

pKa 6.36
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(b)OH-

CH3CH2OH + OH" ' CH3CH2O" + H2O

pKa 15.7

(c) NH2-

CH3CH2OH + NH2 ^;=—^ CH3CH2O" + NH3

pKa 33

(d) NH3

CH3CH2OH + NH3 ^ ==== CH3CH2O"' + NH4*

pKg 9.24

Equilibrium favors the direction that gives the weaker acid and weaker base. Therefore,
equilibrium will favor formation of an acid with a pKa value higher than 15.9, or formation of
ethanol if that is the weaker acid. Based on the pKa values shown, only reaction (c) has an
equilibria that lies considerably to the right, while reactions (a) and (d) have equilibria that lie

considerably to the left. Reaction (b) has an equilibrium that lies only slightly to the left

because the pK. for ethanol is only slightly higher than that for water.

Problem 3.19 Benzoic acid, C6H5CO2H, is insoluble in water, but its sodium salt,

C6H5C02"Na''', is quite soluble in water. Will benzoic acid dissolve in

(a) Aqueous sodium hydroxide? (b) Aqueous sodium bicarbonate?

(c) Aqueous sodium carbonate?

The pKa of benzoic acid is 4.19. The pKa values for the conjugate acids of sodium
hydroxide, sodium bicarbonate (NaHCOa), and sodium carbonate (Na2C03) are 15.7, 6.36,
and 10.33, respectively. Thus, equilibrium will favor reaction of benzoic acid with all three

of these bases to give the soluble C6HsC02"Na+. Therefore, benzoic acid will dissolve in

aqueous solutions of all three bases.

Problem 3.20 Phenol, C6H5OH, is only slightly soluble in water, but its sodium salt, CeHsO-Na"*", is quite

soluble in water. Will phenol dissolve in:

(a) Aqueous NaOH? (b) Aqueous NaHCOa?
(c) Aqueous Na2C03?

The pKa of phenol is 9.95. The pKa values for the conjugate acids of sodium hydroxide,
sodium bicarbonate(NaHC03), and sodium carbonate (Na2C03) are 15.7, 6.36, and 10.33,
respectively. Thus, equilibrium will favor reaction of phenol with only sodium hydroxide and
sodium carbonate to give the soluble C6H50Na+. Phenol will dissolve in aqueous solutions
of these two bases. Sodium bicarbonate is not a strong enough base to deprotonate phenol, so
phenol will not dissolve in an aqueous solution of sodium bicarbonate.

Problem 3.21 For an acid-base reaction, one way to determine the predominant species at equilibrium is to say
that the reaction arrow points to the acid with the higher value of pKa- For example:

NH4'' + H2O -^ NH3 + HsO"'

pKa9.24 pKa-1.74

NH/ + OH" NH3 + H2O

pKa 9.24 pKa 15.7
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Explain why this rule works.

In acid-base reactions, the position of equilibrium favors reaction of the stronger acid and
stronger base to give the weaker acid and weaker base. The acid with the higher pKa is the
weaker acid, so the arrow will point toward it.

Problem 3.22 Will ethyne react with sodium amide according to the following equation to form a salt and
ammonia. Calculate Kgq for this equilibrium.

HC^CH + NH2 Na"^ . ' HC=C" Na"^ + NH3

Ethyne Sodium amide Sodium ethynide Ammonia

pKa 25 pKg 33

Since the pKa for ammonia is larger than the pKg for acetylene, equilibrium will be to the
right, favoring formation of the salt and ammonia.

K^(Ethyne) 1 x lO'^^
K_„ —

•=•» Ka(Ammonia) 1 x lO"^^
1 X 10*

Problem 3.23 Will ethene react with sodium amide according to the following equation to form a salt and

ammonia. Calculate Kgq for this equilibrium.

H2C=CH2 + NH2 Na"^ ^ ' H2C=CH" Na"^ + NH3

Ethylene Sodium amide Sodium ethenide Ammonia

pKg 44 pKg 33

Since the pK^ for ammonia is smaller than the pKa for ethylene, equilibrium will be to the left,

favoring formation of the ethene and sodium amide.

Ka(Ethylene) 1 x 10"^^

lv„„ =
'^*i Ka(Ammonia) 1 x lO"

1 X 10"^^

Problem 3.24 Using pKa values given in Table 3.1, predict the position of equilibrium in this acid-base reaction

and calculate its Keq.

H3PO4 + CH3CH2OH ^;=^ H2PO4 + CH3CH20H2^

pKa 2.1 PKa -3.6

Since the pK^for the ethyloxonium ion (CH3CH2OH2-) is smaller than the pK. for phosphoric

acid (H3PO4), equilibrium will be to the left, favoring formation of the phosphoric acid and

ethanol.

K,(H3P04) 7.9 X 10'^

'^"'1 ~ Ka(CH3CH20H) 4.0 x 10^
2.0 X 10*^
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Problem 3.25 2,4-Pentaneclione is a considerably stronger acid than is propanone (acetone). Write a structural

formula for the conjugate base of each acid and account for the greater stabihty of the conjugate base from 2,4-

pentanedione.

O
II II II

CH3CCH2"H CH3CCHCCH3
Propanone

l_j

pKa = 22 2,4-Pentanedione

A carbonyl group adjacent to a negatively charged carbon atom, an arrangement that is referred

to as an enolate ion, can lead to resonance stabilization by virtue of a resonance contributor
that places the negative charge on oxygen along with formation of a carbon-carbon double
bond. Thus, there are two important contributing structures that describe the resonance
stabilization of the conjugate base of propanone.

\:0: :0:
^iir-." I

CH3C-CH2 ^ ^ CH3C=CH2

However, there are two adjacent carbonyl groups and thus three important contributing
structures that describe the resonance stabilization of the conjugate base of 2,4-pentanedione.

:0: \:0: \:o: iiO: :6: :0:
II ^11 ^ll.^-<M I II

CH3C-CH-CCH3 ^ CH3C-CH=CCH3 ^ CH3C=CH-CCH3

The added contributing structure provides additional resonance stabilization for the conjugate
base of 2,4-pentanedione compared to propanone, making the corresponding 2,4-

pentantedione acid the stronger acid.

In addition, carbonyl groups are electron-withdrawing, so the additional carbonyl group of
2,4-pentanedione weakens its C-H bond more than what is seen in propanone.

Problem 3.26 Write an equation for the acid-base reaction between 2,4-p)entanedione and sodium ethoxide and
calculate its equilibrium constant, Ken. Label the stronger acid, stronger base and so on. The pKa of 2,4-

pentanedione is 9; that of ethanol is 15.9.

II II ^ II II

CH3CCHCCH3 + CH3CH2O" Na ^;=z—^ CH3CCHCCH3 + CH3CH2OH

H Stronger base + pKg 15.9
2,4-Pentanedione Na «, , -jWeaker acid

pKa 9 Weaker base

Since the pKa for 2,4-pentanedione is smaller than the pKa for ethanol, equilibrium will be to

the right, favoring formation of the 2,4-pentanedione salt and ethanol.

_ Ka(2,4-Pentandione ) _ 1.0 x 10'^

'^''J - Ka(Ethanol) "
1.3 ^ W^^

7.9 X 10*^



Chapter 3: Acids and Bases Solutions 85

Lewis Acids and Bases
Problem 3.27 For each equation, label the Lewis acid and Lewis base. In addition, use curved arrows to show
the flow of electrons in each reaction.

:F:

(a) -F. + > B—p:

I
"

Lewis 'F:
Base

Lewis
Acid

:F:
.. L ..

F—B—

F

..
I

..

:f:

H

(b) C=0
/
H

Lewis
Base

Lewis
Acid

H
\ •• +

H H
:CI

Problem 3.28 Complete the following reactions between Lewis acid-Lewis base pairs. Label which starting

material is the Lewis acid, which the Lewis base, and use curved arrows to show the flow of electrons in each

reaction. Note that in doing these problems, it is essential that you show all valence electrons for at least the

atoms participating directiy in each reaction.

CHo
I ..

(a) CHo-C-Ci:'
I

••

CH3

Lewis
Base

:Ci:

+^AI-CI

:

I
••

:Ci:

Lewis
Acid

CHo :ci:

I
'..+ 1- ..

CH3-C-C1-AI-CI

CHo :Ci:

(b) CHo-c/ + H-O-H

CH3

Lewis
Acid

Lewis
Base

CH3 H
*- CH3-C-b+

I

^

CH3 H

(C) CH3-CH-CH3

Lewis
Acid

'.Br'.

Lewis
Base

(d) CHo-6h-CHo -h CHo—0-H

Lewis
Acid

Lewis
Base

:Br:
I

CH3~CH"CH3

CH3^.+/H

O
I

CH3-CH-CH3
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Problem 3.29 Each reaction can be written as a Lewis acid-Lewis base reaction. Label the Lewis acid, the Lewis
base and use curved arrows to show the flow of electrons in each reaction. In doing this problem, it is essential

that you show all valence electrons for all atoms participating in each reaction.

^ ^ H

(a) CH3-CH=CH2 +^H—Cj: ^ CH3-CH-CH2 + :Ci:

Lewis
Base

Lewis
Acid

(b) CH3-C=CH2 +

CHj

Lewis
Base

Lewis
Acid

— CH3-C-CH2—Br: + :Br:3 , 2 ..
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CHAPTER 4! STEREOCHEMTSTRY

4.0 OVERVIEW
• Molecules are three-dimensional, and this chapter describes very important consequences of that three-
dimensionality, namely stereochemistry and chirality.

4.1 ISOMERISM
• Isomers are different molecules that have the same molecular formula. * [This is the first ofseveral very
important definitions that should be learned now to avoid confusion later. They may sound relatively simple,
but learning to apply them correctly in cases ofcomplex molecules can be quite challenging.]

• Constitutional isomers are different molecules with the same molecular formula, but with a different order
of attachment of atoms. In other words, the atoms are connected to each other differently. For example,

pentane ( v.."'-^^) and 2-methylbutane \ I /are constitutional isomers of molecular formula C5H12.
• Stereoisomers are different molecules with the same molecular formula, the same order of attachment of
atoms, but a different orientation of those atoms or groups in space, * [This concept is subtle and may be
confusing at first, but it is actually a very powerful concept that should be understood before moving on.]

- Diastereomers are stereoisomers that are not mirror images of each other. This definition is best

imderstood in the context of the definition of enantiomers.

- Enantiomers are stereoisomers that are mirror images of each other. *
- A mirror image is what you see as the reflection of an object in a mirror.

4.2 CHIRALITY
• Chirality is a property of three-dimensional objects that is very important in chemistry. An object is chiral if

it is not superposable on its mirror image. That is, a chiral object and its mirror image cannot be oriented in

space so that all of their features (comers, edges, points, bonds, atoms, etc.) correspond exactly to each

other.* [This is a very difficult concept, but one that is absolutely central to the rest of this chapter and the

study ofstereochemistry . Chirality should be understood before proceeding.]

- Great examples of chiral objects are your hands. They are mirror images of each other (if you hold your left

hand up to a mirror you see an image that looks like your right hand in the mirror), yet you caimot orient

your two hands in space so that they are superposable. Try this for yourself if you are having trouble

understanding chirality. Because your hands are chiral, they have "handedness", that is, the left hand is

different in tJu-ee-dimensional space than your right hand even though they are mirror images of each other

and both have four fingers and a thumb. For this reason, a glove that fits your left hand well will not fit

your right hand and you must buy one left-handed and one right-handed glove.

- Other examples of chiral objects include your feet, an airplane propeller or ceiling fan, a wood screw or a

drill bit. In fact, the vast majority of objects around you are chiral.

• An object is achiral if it is superposable on its mirror image. Examples of objects that are achiral include a

perfect cube or a perfect sphere. To be achiral, the molecule must have symmetry.

-Achiral objects can be identified when they possess a plane of symmetry.

A plane of symmetry is an imaginary plane passing through an object dividmg it such that one half is

the mirror refiection of the other half. Only highly symmeuic objects such as a perfect sphere have a

plane of symmetry. * [This is an important concept. It may be helpful to carefully examine Figure 4.2 to

make sure you understand when an object has a plane ofsymmetry.]

• Molecules can be chiral. To be chiral, a molecule cannot be superposable upon its muror image. In

addition, a chiral molecule does not have a plane of symmeuy. *
. ^ c ^cc u • t^

• Often molecules are chiral because they contain a tetrahedral carbon atom with four different substituents. This

is because a tetrahedral carbon atom that has four differem substituents is not superposable on its mirror

image * [This important concept is best understood using models. Try making a model ofa tetrahedral carbon

atom withfour different substituents attached. Next, make a model of its mirror image and try to superpose the

two models The fact that the two models cannot be superposed confirms that the molecules display chirality.

Since the molecules are non-superposable mirror images ofeach other, they are enantiomers]

- A stereocenter is a point in a molecule at which interchange of two atonis or groups of atoms bonded to

that point produces a different stereoisomer. A carbon atom with four different subsutuenis is a

tetrahedral stereocenter. *
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Tetrahedral
Stereocenter

Tetrahedral
Stereocenter

A pair of enantiomers

4.3 NAMING ENANTIOMERS : THE R-S SYSTEM
• The configuration of a tetrahedral stereocenter is assigned using the R-S convention first introduced by
Cahn, Ingold, and Prelog. This convention is based on assigning priorities to the four different substituents

around the stereocenter as follows:

- 1. Each atom attached directly to the stereocenter is assigned a priority based on atomic number. The higher

the atomic number, the higher the priority. For example, -Br is assigned a higher priority than -CI, which is

assigned a higher priority than -OH, etc.

- 2. For isotopes, the higher the atomic mass of the isotope, the higher its priority.

- 3. If different priorities based on atomic number cannot be assigned to the atoms directly bonded to the

stereocenter, then look at the next set of atoms and continue undl different priorities can be assigned. It is

the first point of difference that matters here.

- 4. Atoms of double or triple bonds are considered as if they are bonded to an equivalent number of similar

atoms by single bonds. [This is the hardest priority rule, and practice is usually needed tofully understand
it.]

• In order to assign the configuration of a tetrahedral stereocenter according to the R-S convention use the

following procedure:

- 1. Locate the tetrahedral stereocenter and identify its four substituents.

- 2. Assign a different priority, 1,2,3, or 4, to each substituent using the rules listed above.
- 3. Orient the molecule in space such that the group with the lowest priority (4) is directed away from you. In

other words, orient the molecule so that when you look at it, the lowest priority group is directiy behind the

carbon stereocenter. The three remaining groups (1-3) will be arranged hke the legs of a tripod directed

toward you.
- 4. Read the remaining three groups in order from highest (1) to lowest priority (3).

- 5. If reading the groups proceeds in a clockwise direction, the configuration is designated as R, if reading

proceeds in a counterclockwise direction, the configuration is S. * [It is essential that you become very

good at assigning stereochemistry, and practice is the best way to become very good.]

3

A carbon stereocenter with

four different substituents

(7 highest priority, 4 lowest

priority)

View from this

direction

The view down the

C-4bond. Groups
increase in priority

in clockwise

direction so the

configuration is "R"

4.4 FISCHER PROJECTIONS
• A Fisher projection is used to indicate the configuration of chiral molecules. To write a Fisher projection,

orient the molecule so that the vertical bonds of a stereocenter are directed away from you and the

horizontal bonds are directed toward you. The Fischer projection is now drawn as a two dimensional
figure, that can be related to the three-dimensional structure by the convention that the two horizontal lines

represents bonds directed toward you, and the two vertical lines represent bonds directed away from you.
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4-0
1 Reorient

/ molecule

\"2
:>

4

Fischer

Projection

- You can only manipulate a Fischer projection in precise ways. For example, you can only rotate a Fischer
projection m the plane of the paper by 180°, NOT 90°. If this rule is not foUowed, then the new Fischer
projection may inadvertentiy depict a different stereoisomer than the original Fischer projection.

4.5 ACYCLIC MOLECULES WITH TWO OR MORE STEREOCENTERS
• For a molecule with n stereocenters, the maximum number of stereoisomers possible is 2°. This is because
each stereocenter can be either R or S.

• A good way to learn about the stereochemical consequences of having more than one stereocenter in the same
molecule is to examine all four possible stereoisomers that arise when there are two stereocenters in the same
molecule. For example, consider the four stereoisomers of 2,3,4-trihydroxybutanal drawn below:

CHO CHO CHO CHO
H-6-0H HO-C-H H-d-OH HO-C-H
H-gioH HO-C^H HO-C^H H-C-OH

6H2OH 6H2OH dhgOH 6H2OH

a bed
•^

V ' ^ y
'

A pair of enantiomers A pair of enantiomers

- From right to left, the four isomers are the R,R (a); S,S (b); R,S (c) and S,R (d) stereoisomers. When
examined in pairs, the following relationships become apparent:

a,b and c,d are non-superposable mirror images of each other; thus they are pairs of enantiomers.

[This would be a good time to review the definition ofenantiomers ifnecessary.]

a,c and a,d and b,c and b,d are all pairs of stereoisomers that are not mirror images of each other, thus

these are all pairs of diastereomers.
• [Hint: when asked to identify the stereochemical relationships between pairs ofstereoisomers, it is helpful to

first assign the configuration (R or S) to each stereoisomer then compare these designations, instead oftrying to

compare the molecules directly.] *
• Certain molecules have special symmetry properties that reduce the number of stereoisomers to fewer than the

predicted 2". In these cases, some of the stereoisomers contain a plane of symmetry so the molecules are

achiral. Molecules or ions that contain two or more teu-ahedral stereocenters but are achiral because of a plane

of symmetry are called meso compounds. *
- Meso compounds will always be the R,S/S,R isomer of a molecule that has two stereocenters. For

example, the R,S/S,R isomer of tartaric acid is a meso compound. Of course, not all R,S isomers of

molecules with two stereocenters are meso compounds. To be a meso compound there must be a plane of

symmetry in the molecule.

CO2H CO2H

H-6^0H H0-6^H
Plane of symmetry > y^~\ ^ = y^^^~\ ^

H-C-OH HO-C-H

6O2H CO2H
meso-Tartaric acid
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4.6 CYCLOALKANES WITH TWO OR MORE STEREOCENTERS
• Understanding stereochemical relationships between cycloalkane stereoisomers can be very difficult. The key is

being able to identify planes of symmetry in the molecules. If there is a plane of symmetry present, then the

molecule is achiral. If there is no plane of symmetry, then the molecule is chiral. *
- For example, c/5-3-methylcyclopentanol is chiral because there is no plane of synunetry in the molecule as

can be seen by the planar representation. On the other hand, d5-l,3-cyclopentanediol is achiral because

there is a plane of symmetry.

HO CH3

ic:>i
H^ ^H

cw-3-Methylcyclopentanol

No plane of symmetry; chiral

HO OH
Plane of Symmetry

cis- 1 ,3-Cyclopentanediol

Plane of symmetry; achiral

With disubstituted cyclohexane derivatives, it is especially important to keep track of the substitution pattern.

For example, fraAW-l,4-cyclohexanediol has a plane of symmetry and is thus achiral, while trans-1,3-

cyclohexanediol does not have a plane of symmetry and is chiral.

HO H

H OOH

trans- 1 ,4-Cyclohexanediol

A plane of symmetry extends

through both OH groups

perpendicular to ring (in the

plane of the paper); the

molecule is achiral.

HO H

iL OH
H

rranj- 1 ,3-Cyclohexanediol

There is no plane of symmetry;
the molecule is chiral

- Note that sometimes the cyclohexane chair conformations must be considered when looking for planes of

symmetry. This is explained further in the text.

4.7 PROPERTIES OF STEREOISOMERS
• In general, enantiomers have identical physical properties when those properties are measured in an
achiral environment. For example, two enantiomers have the same boiling points, melting points,

solubilities in achiral solvents, the same pKa values, etc. On the other hand, two diastereomers have
different physical properties like melting points or boiling points. *

4.8 OPTICAL ACTIVITY - HOW CHIRALITY IS MEASURED IN THE LABORATORY
• Although enantiomers have identical physical properties when those properties are measured in an achiral way,
they are different compounds. Therefore, they have different physical properties when the measurements are

made in a chiral way such as interactions with plane polarized light. Each member of a pair of enantiomers

rotates the plane of plane polarized light, so they are called optically active.

- Normal light consists of waves oscillating in all planes perpendicular to its path. Certain materials such as

Polaroid sheets allow only waves oscillating in a single plane to pass through. The resulting light is thus

called plane polarized light, because all of the resulting light is oscillating in the same plane.

- Samples of enantiomers rotate the plane of plane polarized Ught. A polarimeter is the instrument used in

the laboratory to measure the direction and magnitude of rotation of plane polarized light.

If a sample of an enantiomer rotates plane polarized light in a clockwise direction, it is called

dextrorotary. If a sample rotates plane polarized light in a counterclockwise direction, it is called

levorotary. *
In order to standardize optical rotation data, specific rotation [a] has been defined according to the

following equation:

T observed rotation (degrees)
[oc] . =

^ cell length (dm) x concentration (g/mL)

Note that the length of the cell in which the sample is placed is measured in unusual units, namely
decimeters. 1 dm = 10 cm. The T stands for the measurement temperature and the X stands for the

wavelength of light used to make the measurement (usually the sodium D line at 589 nm).
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By convention, a dextrorotary compound is designated with a plus sign (+) and a levorotary compound
is designated with a minus sign (-).

• Two enantiomers rotate plane polarized light by the same number of degrees, but with opposite sign. Meso
compounds and all other achiral molecules do not rotate plane polarized light. *

• An equimolar mixture of two enantiomers is called a racemic mixture. For racemic mixtures, the rotations of
plane polarized light exactly cancel and there is no overall rotation. If two enantiomers in a mixture are in
unequal amounts, the entire mixture will have a net rotation, and the magnitude and direction of that rotation can
be used to determine the exact ratio of the two enantiomers in the mixture according to the following equation:

[aJobs
% optical purity = x 100

L^Jpure enantiomer

- Enantiomeric excess, abbreviated ee, is equal to the percent optical purity, and is often referred to when
enantiomers are made in different amounts in the same reaction. Enantiomeric excess is defined
according to the following equation:

„ , , I mol one enantiomer - mol other enantiomer \ , ^^% enantiomeric excess (ee) = I . . .
- 1 X 100^

\ mol both enantiomers /

• There is no necessary relationship between a configuration (R and S) and the sign of rotation (+ and
-). For some pairs of stereoisomers, the "R" enantiomer has a (+) rotation, while the "S" enantiomer has a (-)

rotation, yet for other pairs of stereoisomers, the "S" enantiomer has a (+) rotation and the "R" enantiomer has

a (-) rotation. This makes sense since the R and S designations are based on artificial nomenclature rules, while

the (+) and (-) rotations are the result of actual physical measurements. *

4.9 SEPARATION OF ENANTIOMERS-RESOLUTION
• Resolution is the process whereby a racemic mixture is separated into its enantiomers. A pair of enantiomers

is difficult to separate, because they both have identical physical properties such as melting points, boiling

points, etc. A common method of resolution involves combining the racemic mixture with another compound
that is a single enantiomer. The combination results in the production of two diastereomers that can usually be

separated because diastereomers have different physical properties. Following resolution, the enantiomers are

recovered. *
- A reaction that lends itself to resolution is salt formation. For example, one enantiomer of a chiral

compound, such as an amine like (+)-cinchonine, can be used to form diastereomeric salts with a racemic

mixture of a chiral carboxylic acid. Following resolution, the pure enantiomers of the carboxylic acid are

recovered by acid precipitation.

4.10 THE SIGNIFICANCE OF CHIRALITY IN THE BIOLOGICAL WORLD
• Abnost all of the molecules of living systems are chiral. Even though all of these chiral molecules could in

theory exist as a mixture of stereoisomers, almost invariably only one stereoisomer is found in nature.

- Enzymes, Mother Nature's molecular machines, are composed of chiral amino acids. As a result, the

enzymes are themselves chiral. For that reason, enzymes can be thought of as a chiral environment.

Enzymes are therefore able to distinguish substrate enantiomers, so enzymes can be used for chiral

resolutions.
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CHAPTER 4
Solutions to the Problems

Problem 4.1 Each molecule has one stereocenter. Draw stereorepresentations for enantiomers of each.

Each part has a tetrahedral stereocenter. The stereocenters are labeled with an asterisk.

(a) O-t-CH,
H,C

OH
I

(b) CH3-CH-CH-CH3

CH3

CH(CH3)2

Hi-C-^OH

CH(CH3)2

CH,

Problem 4.2 Assign priorities to the groups in each set.

(a) -CH2OH and -CH2CH2OH

The -CH2OH group has higher priority because the FIRST point of difference is the
underlined O atom of -CH^H that takes priority over the underlined C atom of -CH2CH2OH,

(b) -CH2OH and -CH=CH2

1 2

CH=CH2 is treated as

C C
h I2

-C-C-H
I I

H H
Nevertheless, the FIRST point of difference is the underlined O atom of -CH2D.H that takes
priority over any of the atoms attached to carbon 1 of -CH=CH2. Thus, the -CH2OH group
takes priority over the -CH=CH2 group.

Problem 4.3 Assign an R or S configuration to each stereocenter.

The drawings underneath each molecule show the order of priority, the perspective from
which to view the molecule, and the R,S designation for the configuration.

(a) HX
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\view from this

perspective

(S)-3,3-DimethyIcyclohexanol

H

(b) H<,C»'-P-0H

© OH

-C(CH3)2CH2'^ CH2CH2-

If you view from the perspective
shown, this is what you see

Cn3C»rl2

H

CH3Nyv

CH3CH2

(D
-OH

^^.view from this

perspective

(S)-2-Butanol

CHO

(c) H^C-<OH

CH2OH

H-C=0

H^6:^0hP
= """"view from this
CH2OH perspective (from^ behind)

(R)-2,3-Dihydroxypropanal

® OH

CH3CH2

Q>

CH3

If you view from the perspective

shown, this is what you see

HO CHO
C

I

CHoOH

If you view from the perspective

shown, this is what you see
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Problem 4.4 We said that rotation of a Fischer projection by 90° in the plane of the paper gives a different

molecule. Show that this manipulation of (S)-2-butanol gives (R)-2-butanol?

H-

CH.

"'?^.
^ Hi

HO^ 'CH2CH3

(S)-2-Butanol

Rotate by 90°

CH3 in the plane H
of the paper

-OH ^ CH3CH2-

CH2CH3

Convert
to a three-

dimensional
formula

CH3

CH,

OH

Convert
to a three-

dimensional
formula

H

-r—OH

CH2CH3

CH3CH2' iCH,
CH2CH3

OH

(R)-2-Butanol

HO CHj

Rotation of the Fischer projection of (S)-2-butanoI by 90° in the plane of the paper gives the
enantiomer, (R)-2-butanol.

Problem 4.5 Convert each three-dimensional formula to a Fischer projection. In so doing, orient the carbon chain

vertically. Assign R,S configurations to each stereoisomer.

OH

(a) ^';pc^
CH3CH2^ COpH

H

(b) V"'
H

CH3
/"'^COgH :c)

CM.

HO

®\ CO2H

H\ OH
CH2CH3

[Dv CO2H

CI
\ H

CH,

®v CH

HO— H

CH2CH3

Note that other Fischer projections are also possible.

Problem 4.6 Following are Fisher projection formulas for the four stereoisomers of 3-chloro-2-butanol.

H

01

\
OH.

/
OH
H

\
CM.

CH3

(1)

R CH3

(2)

OH

CI

Rv CH3
\

HO

H
7\

R OH.

(3)

H

CI

R^ CH3
XHO

CI/
CHj

(4)

(a) Show the R,S configuration of each stereoisomer.

The configuration of each stereocenter has been labeled on the above structures. This labeling
often helps when trying to establish stereochemical relationships between molecules.
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(b) Which compounds are enantiomers?

Enantiomers are stereoisomers that are mirror images of each other. The pairs of enantiomers
are structures (1) and (3) (S,S and R,R) as well as structures (2) and (4) (S,R and R,S).

(c) Which compounds are diastereomers?

Diastereomers are stereoisomers that are not mirror images of each other. Therefore, there are

several sets of diastereomers. The following chart describes the relationship between any pair

of molecules

"7
R CH3

(3)

Diastereomers HO
•« *-

CI

/

H
H

S' CH3

(4)

Problem 4.7 Following are four Newman projection formulas for tartaric acid.

COpH CO2H CO2H CO2H

H, OH HO,

H'
I

^OH
CO2H

(1)

H H.

H' I

'OH H
CO2H

(2)

COoH HO,

OH H

OH

(3)

I

H

(4)

CO2H

OH

(a) Which represent the same compound?

Comoounds (1) and (4) are the same compound having the connguration (2R,3R).

Compounds (2) aSd (3) are also the same compound, havmg the configuration (2R,3S).

(b) Which are enantiomers?

There are no sets of enantiomers in this set.
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(c) Which represent a meso compound?

The meso compound of tartaric acid has the (2R,3S) configuration so compounds (2) and (3)

are the meso compound.

(d) Which are diastereomers?

Compounds (1) and (4) are diastereomers of compounds (2) and (3).

Problem 4.8 How many stereoisomers exist for 1,3-cyclopentanediol?

^^ Plane of symmetry

HO OH

c/j-l,3-Cyclopentanediol
(achiral, a meso compound)

H ^ OH HO ^ H

HO^-^H H^—^OH
rrans- 1,3-CycIopentanediol

(a pair of enantiomers)

1,3-CycIopentanediol has three stereoisomers. The two trans isomers are enantiomers, the cis

isomer is a meso compound. Cii-l,3-cyclopentanediol can be recognized as a meso compound
because it is superposable upon its mirror image. Alternatively, it has a plane of symmetry
that bisects it into two mirror halves.

Problem 4.9 How many stereoisomers exist for 1 ,4-cyclohexanediol?

1,4-Cyclohexanediol can exist as a pair of cis-trans isomers. Each is achiral because of a
plane of symmetry that bisects each molecule into two mirror halves. In the figure below, the
plane of symmetry in each molecule is in the plane of the paper. As a result of each isomer
being achiral, there are only two stereoisomers of 1,4-Cyclohexanediol.

H HO

HO OH H

H

OH

H
/ra/is-l,4-Cyclohexanediol c/5- 1,4-Cyclohexanediol

Problem 4.10 The specific rotation of progesterone, a female sex hormone, is +172°, measured at 20°C.
Calculate the observed rotation prepared by dissolving 300 mg of progesterone in 15.0 mL of dioxane and placing
it in a sample tube 10 cm long.

The concentration of progesterone, expressed in grams per milliliter is:

300 mg / 15 mL = 0.020 g/mL
Inserting these values into the formula for calculating specific rotation gives:

observed rotation (degrees)
specific rotation =

length (dm) x concentration (g/mL)

Rearranging this formula to solve for observed rotation gives:

observed rotation (degrees) = specific rotation x length (dm) x concentration (g/mL)

Plugging in the experimental values gives the final answer.

observed rotation (degrees) = +172° x 1.00 dm x 0.020 g/mL = +3.4°)
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Problem 4 11 One commercial synthesis of naproxen (the active ingredient in Aleve and a score of other over-the-
counter and prescnpuon nonsteroidal antiinflammatory drug preparations) gives the enantiomer shown in 97%enantiomenc excess.

COgH

CH3O'

Naproxen

(A nonsteroidal antiinflammatory drug)

(a) Assign an R,S configuration to this enantiomer of naproxen.

The stereocenter has the S configuratiGn.

percentages ofR and S enantiom(

Enantiomeric excess (ee) =

(b) What are the percentages ofR and S enantiomers in die mixture?

S - R
S + R

solving the above equation gives

X 100 = %S - %R = 97%

98.5% S and 1.5% R

Chiralitv
Problem 4. 12 Think about the helical coil of a telephone cord or a spiral binding and suppose that you view the
spiral from one end and find that it is a left-handed twist. If you view the same spiral from the other end, is it a
right-handed twist, or a left-handed twist from that end as well?

A helical coil has the same handedness viewed from either end.

Problem 4.13 Next time you have the opportunity to view a collection of whelks, augers, or other sea shells that

have a helical twist, study the chirality of their twists. Do you find an equal number of left-handed and right-

handed whelks, for example, or are they all or mostly all of one chirality? What about the chirality of whelks
compared with augers and other spiral shells?

This question was just meant to make you think about chirality in nature, but if you do know
the answer please share it with your class.

Problem 4.14 One reason we can be sure that sp^-hybridized carbon atoms are tetrahedral is the number of

stereoisomers that can exist for different organic compounds.

(a) How many stereoisomers are possible for CHCI3, CH2CI2. and CHClBrF if the four bonds to carbon have a

tetrahedral arrangement?

Both tetrahedral CHCI3 and tetrahedral CH2CI2 are achiral, so there is only one stereoisomer

of either.

CI 9'

CI»^C-*H

H
CI^C-^H

61

On the other hand, tetrahedral CHBrClF is chiral so there are two stereoisomers possible.

CI

H»*C-^Br

F

Br^C--H

F
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(b) How many stereoisomers are possible for each of these compounds if the four bonds to the carbon have a
square planar geometry?

Even with a square planar geometry (the H and three CI atoms are in the same plane as the C
atom), there is only one stereoisomer possible.

H
I

CI—C-CI
I

CI

There are two possible stereoisomers of CH2CI2, one with the CI atoms adjacent to each other,
and another with the CI atoms that are opposite each other.

H H
I I

H—C-CI CI—C-CI
I i

CI H

There are three possible stereoisomers of a square planar CHBrCIF as shown.

Br CI Br
I I I

H—C-CI H—C—Br H—C—

F

I I I

F F CI

Enantiomers
Problem 4.15 Which compounds contain stereocenters?

(a) 2-Chloropeniane (b) 3-Chloropentane

CI CI
«

I I

CH3—C-CH2CH2CH3 CH3CH2—C-CH2CH3

H H

(c) 3-Chloro- 1 -pentene (d) 1 ,2-Dichloropropane

CI CI

CH2=CH-C-CH2CH3 CICH2—C-CH3

H H

Problem 4.16 Using only C, H, and O, write structural formulas for the lowest molecular weight chiral

(a) Alkane (b) Alcohol

H H

CH3CH2CH2—C-CH2CH3 HO-C—CH2CH3

CH3 CH3
3-Methylhexane 2-Butanol
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IJV^IIJ

(c) Aldehyde (d) Ketone

H O
I. II

CH3CH2—C-CH

CH3
2-Methylbutanal

(e) Carboxylic acid

H O
1. II

CH3CH2—C—C-OH
CH3

2-Methylbutanoic acid

Problem 4.17 Draw mirror images for these molecules.

The mirror images are shown in bold.

H O
I. II

CHoCH-j ^~"C "^C"CH'
I

3-Methyl-2-pentanone

OH
I

^ ^ ^^ CO2H

OH
I

HO2C >^ ^

CHO

(b) H^C—OH

CH2OH

CHO

HO^C-«H

CH2OH

CO2H

(c) H2N^6-^H

5H3

CO2H

H»-C-*NH2 (d)

eH3

OH

H

OH

H

(e)

(g)

OH

CH3 OH.

OH

^

(f)

^/^'''A
CH<

CH3

H,^OH

H CH>0"

X
CH,

CH,

Problem 4.18 Following are several stereorepresentauons for lacUc acid. Take (a) as a reference structure. Which

of the stereorepresentations are identical with (a) and which are mirror images of (a)?

CH, CO2H CH3GOoH

(a) ,,..0

^/ ^OH
CH3^

(b)
HO^^y N-C. <C) HO^/s,,/' h/x,,^.
/ H

CO2H ^ ^^

All of the above stereorepresentations have the (S)-configuration so they are identical.
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Problem 4.19 Mark each stereocenter in the following molecules with an asterisk. How many stereoisomers are

possible for each molecule?

CHo
I

^

(a) CH3-C-CH=CH2

OH
No stereocenters

(b)

COpH
I

H-C-OH
I

CHo

COoH
* I

H-C-OH
I

CHg

2 Stereoisomers
(a pair of enantiomers)

CH3

(c) CH3-CH-CH-CO2H

NH2

CH3

CH3-CH-CH-C02H

NH2
2 stereoisomers

(a pair of enantiomers)

CHoOH
I

(e) H—C-OH
I

CH2OH

No stereocenters

CH2-C02H
I

(g) H-C-CO2H

CH2-CO2H

No Stereocenters

(d)
Cn3~C""CH2""CH3

No stereocenters

OH
I

(f) CHo-CHp-CH-CH=CH.

OH
. I

CH3—"Cn2—CH~CH—CH2

2 stereoisomers

(a pair of enantiomers)

Problem 4.20 Show that butane in a gauche conformation is chiral. Do you expect that resolution of butane at

room temperature is possible?

As can be seen from the above Newman projections, the two gauche conformations are non-
superposable mirror images of each other. However, these conformations rapidly interconvert
at room temperature through rotation around the central C-C bond, so they cannot be resolved.



Chpt. 4: Stereochemistry Solutions 101

Designation of Conriguration: The R-S Cnnventinn
Problem 4.21 Assign the priorities to the groups in each set.

The groups are ranked from highest to lowest under each problem. Remember that priority is

assigned at the first point of difference.

(a)-H -CH3 -OH -CH2OH (b) -CH2CH=CH2 -CH=CH2 -CH3 -CH2CO2H
-OH > -CH2OH > -CH3> -H -CH2CO2H > -CH=CH2> -CH2CH =CH2 > -CH3

(c) -CH3 -H -CO2- -NH3+ (d) -CH3 -CH2SH -NH3+ -CO2-

-NH3+> -CO2- > -CH3 > -H -NH3+ > -CH2SH > -C02> -CH3

Problem 4.22 Following are structural formulas for the enantiomers of carvone. Each has a distinctive odor

characteristic of the source from which it is isolated. Assign R,S configurations to each enantiomer.

CHq CH3

CH2=C'^ "H
I

CH3
(-)-Carvone

[a]D20=-62.5o

Spearmint oil

CH3

(+)-Carvone

[alD^o = +62.5°

Caraway oil

Following are R-S designations for each enantiomer.

CH3

©"

CH2=C^ "^H

CH3
(R)-(-)-Carvone

Problem 4.23 Following is a staggered conformation for one of the enanuomers of 2-butanol.

0''C:CH2

CH3
(S)-(+)-Carvone

H3a iioH

H^^CH.
(a) Is this (R)-2-butanol or (S)-2-butanol?

The structure drawn is (S)-2-butanoI.



102 Solutions ChpL 4: Stereochemistry

(b) Draw a Newman projection for this enantiomer, viewed along the bond between carbons

2 and 3.

HO ^^^H u
>OC "3C. :^0H Viewed

bond
H

CH.

(c) Draw a Newman projection for two more staggered conformations of this molecule. Which of your
conformations is the more stable? Assume that -OH and -CH3 are comparable in size.

CH
3 XH,

OH
More stable

<:

Viewed
along this

bond

HX, ?"=^ .OH

H
Less stable

H,C

H
H

PH
>CH,

H

Viewed
along this

bond

Assuming that -OH and -CH3 are the same size, then the structure drawn in part (b) and the
upper structure shown in part (c) are of equal stability, and these are more stable than the
lower structure shown in part (c). This lower structure is less stable because both the -OH
and -CH3 groups are adjacent to the -CH3 group.

Problem 4.24 For centuries, Chinese herbal medicine has used extracts of Ephedra sinica to treat asthma.
Phytochemical investigation of this plant resulted in isolation of ephedrine, a very potent dilator of the air passages
of the lungs. The naturally occurring stereoisomer is levorotatory and has the following structure. Assign R or S
configuration to each stereocenter.

C«H6' '5\
.H

HCfA
H

:C-c'-*NHCH3
\
CH,

Ephedrine

[a] 21 =-41° (lR,2S)-(-)-Ephedrine

Problem 4.25 When oxaloacetic acid and acetyl-coenzyme A (acetyl-CoA) labeled with radioactive carbon- 14 in

position 2 are incubated with citrate synthase, an enzyme of the TCA cycle, only the following enantiomer of [2-

^K^] -citric acid is formed. Note that citric acid containing only i^c is achiral. Assign an R or S configuration to

this enantiomer of [2-^^] citric acid. Note: Carbon-14 has a higher priority than carbon-12.
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14,0=C-C02H + CH3—C—S—CoA
CHg-COgH

Oxaloacetic acid Acetyl-CoA

14

citrate synthase
CHg-COgH

5H2-CO2H

[2-l4C]Citric acid

This enantiomer is S-(2-i'*C)citric acid.

(D
^iCHgCOjH

© f

0CH2-CO2H

S.[2-i4C]Citric acid

14®
^XH2C02H

HO2C ^OH
®

If you view from the proper
perspective, this is what you see

Molecules With Two Or More Stereocenters
Problem 4.26 Draw Newman projections for the three stereoisomers of 2,3-butanediol, showing the methyl

groups anti (dihedral angle 180°).

(2S,3S).2,3-ButanedioI (2R,3R)-2,3-ButanedioI
(2R,3S)-jU-j8utanediol

Problem 4.27 Draw Fischer projections for the four stereoisomers of 3-chloro-2-butanol, showing the carbon

chain vertical and -H, -OH, and -CI horizontal.

CH,

H

H

CI

•OH

CH3

(3S,2R)

CH, CH,

CI

HO

•H

H

CI

H-

-H

•OH

CH3

(3R,2S)

CH3

(3R,2R)

CH,

H-

HO

CI

H

CH3

(3S,2S)

Problem 4.28 Draw stereorepresentations for all stereoisomers of this compound. Label those that are meso

compounds; those which are pairs of enantiomers.

H02C^^X^^C02H

H H
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HaQ, vCHr HoQa aCH-;113W ,jyn3 "aVy ;^^"3

Meso

HoC, vCH?

H^>C^C02H

A pair of enantiomers

Problem 4.29 Mark each stereocenter in the following molecules with an asterisk. How many stereoisomers are
possible for each molecule?

(a) CH3-CH-CH-CO0H

OH OH
22 = 4 Stereoisomers

(two pairs of enantiomers)

(b)

CHp-COpH
J
CH-COjH

HO-CH-COgH
22 = 4 Stereoisomers

(two pairs of enantiomers)

CO2H

(c)

2^ = 4 Stereoisomers
(two pairs of enantiomers)

(d)

2 Stereoisomers
(cis and trans)

Note: there is a plane
of symmetry down the
center of this one

:e)

2 Stereoisomers
(one pair of enantiomers)

(f)

23 = 8 Stereoisomers
(four pairs of enantiomers)
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(g)

CO2H

^O. ^ .OH
(h) <^ ^
u.

2^ = 4 Stereoisomers
(two pairs of enantiomers)

OH

V- -A Stereoisomers
(two pairs of enantiomers)

(i)

V- - A Stereoisomers
(two pairs of enantiomers)

Problem 4.30 How many stereoisomers are possible for this compound, which is an aggregating pheromone for

the Norway spruce beetle?

0-
CHgCH2

There are two stereocenters in the molecule. As a result, there are 2^ = 4 possible

stereoisomers.

Problem 4.31 Mark all stereocenters and state the maximum number of stereoisomers possible for each molecule.

Each stereocenter is marked with an asterisk.

(a)

Cholesterol

[a]i2^=+15°

2* = 256 Stereoisomers (128 pairs of enantiomers)
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(b)

Tetracycline

'f= +225°

32 stereoisomers (16 pairs of enantiomers)

[a] 1^5= +225°

(c) HO"-b- (d)

a-Pinene

[a] l^ = +50.7°

4 stereoisomers

(2 pairs of enantiomers)

CHo-CH-COoH
I

NH2
L-Dopa

3-(3,4-dihydroxyphenyl)alanine

[a]i5^=-11.5°

2 stereoisomers (1 pair of enantiomers)

OH
*l *

(e) CHo-CH-CH-COoH3
I

2

NH2
Threonine

[a] 20= -27.4°

4 stereoisomers

(2 pairs of enantiomers)

Problem 4.32 If the optical rotation of a new compound is measured and found to have a specific rotation of 40°,

how can you tell if the actual rotation is not really 40° plus some multiple of 360° (that is the rotation is not actually

40 + (n X 360)°, where n has only integer values. That is, how can you tell if the rotation is not actually a value

such as 400° or 760°?

You could dilute the solution by a factor of two and then remeasure the rotation. If the new
rotation is 20°, then the original rotation was 40°. If the new rotation is 200°, then the
original rotation was 400°.

Problem 4.33 Are the formulas within each set identical, enantiomers, or diastereomers?

H H

(a)
CH.

I

•(:-^0H

H

and
CH3I

I

H

iQH

1CH3

Diastereomers. Configurations are (2S,3R)-3-chloro-2-butanol and (2R,3R)-3-chloro-2-
butanol.
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OH

(b) ^
I

CH3»-C-«H

OH

H

HO^C-^CHo
and

I

H»-C-«OH

CH,
Identical. They are both (2R,3S)-2,3-butanediol, a meso compound.

(c) HO

CH 9*^^

OH

Identical. They are both (lS,2R)-c/5-2-methyIcyclohexanoI.

CHo OHM CHo H

(d) \>^^ and

H H H OH
Diastereomers. Cis and trans isomers.

Problem 4.34 Which are meso compounds?

Br

(a)

Br^
__

/Br

CH. CH.

H

Br
(c)

CH.

(d) (e) (f)

CH20H

H^C-*OH
1

H»-C—OH

6HpOH

CH20H

(g)
H0^6-iH

H^C—OH

CH2OH

(h)

CHO

H^6-*0H

H^C—OH

(i)

CHO

HO^C-^H

H^C—OH

CH2OH

The meso compounds have a plane of symmetry: (a), (c), (d), and (f)

CH2OH
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Problem 4.35 Vigorous oxidation of the following achiral bicycloalkene gives 2,2-dimethylcyclopentane-l,3-

dicarboxylic acid. Assume that the conditions of oxidation have no effect on the configuration of either the

starting bicycloalkene or the resulting dicarboxylic acid. Is the dicarboxylic acid produced from this oxidation one
enantiomer, a racemic mixture, or a meso compound?

vigorous

oxidation

(lR,4S)-7,7-Dimethyl-

bicyclo[2,2. l]hept-2-ene

2,2-Dimethylcyclopentane-

1,3-dicarboxylic acid

The two carboxyl groups, derived from oxidation of the double bond, must be cis to each
other. Therefore, the compound is meso with the following configuration.

H02C^>C^C02H

meso-2,2-Dimethylcyclopentane-
1,3-dicarboxync acid

Problem 4.36 A long polymer chain, such as polyethylene (-CH2CH2-)n, can potentially exist in solution as a

chiral object. Give two examples of chiral structures that a polyethylene chain could adopt.

Although there are no stereocenters in polyethylene, a long polyethylene chain could exist in

chiral conformations such as a chiral helix or some kind of chiral knot.

r<p/
Molecular Modeling
Problem 4.37 ChemDraw provides a very easy way to make mirror images. 1 . Create a stereocenter in

ChemDraw, make a copy and place it adjacent to your original. 2. Select the copy and, 3. From the "Object"
menu, select "Flip Horizontal". As shown here, this procedure converts an enantiomer to its mirror image.

OH 1 . Make a copy of

of (R)-lactic acid

^i"H
'3^ CO2H

(R)-lactic acid

of OH

* 1
CO2H

Copy of

(R)-lactic acid

2. Select the copy

3. Select "Flip

Horizontal" from

the "Object" menu

HO2C

OH

CH.

(S)-lactic acid
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Now try these procedures with these molecules chosen from the text.

(b)

H H H H

>^ OH OH
HsC-^l--'^ (d)

H,C

^^^y H
.NN''

OH

H CH 3 U

HOA
CH.

H^C
H

Problem 4.38 Chem3D provides a particularly effective way to create and view stereoisomers. (1) Create a
stereoisomer, for example, (R)-lactic acid, in ChemDraw and then import it into Chem3D. (2) Under "Analyze",
select "Minimize" to minimize the energy of the stereoisomer you have drawn. (3) Under "Build", select "Reflect

in the Y-Z plane". You will now have the enantiomer, in this case (S)-lactic acid, of your original stereoisomer.

CM

H3O ^cOpH

(R)-Lactic acid

HV
HO2C

CH

CH3

(S)-Lactic acid

(R)-lactic acid (S)-lactic acid (R)-lactic acid (S)-lactic acid

Problem 4.39 The following molecule is an attractant pheromone for the olive fly.

Transport the planar

formula into Chem3D
and minimize and its energy

G
(a) Build a line-angle structure of this molecule in ChemDraw (as shown on the left). Using the directions given

in Problem 4.37, create its mirror image. Are they superposable?

QOlQO
No, careful inspection verifies that they are not superposable mirror images of each other.
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(b) Select your ChemDraw structure, paste it into Chem3D, and minimize its energy to give the model on the

right. Rotate the model in Chem3D to convince yourself that each six-membered rings has a strain-free chair

conformation.

(c) This molecule has no stereocenter and yet it is chiral. From examination of the three-dimensional model in

Chem3D, convince yourself that it has no plane or center of symmetry and that it is, in fact, chiral.

(d) "The presence of a stereocenter in an organic molecule is a sufficient condition for chirality, but it is not a

necessary condition." Explain.

Some molecules are chiral because of their three-dimensional structures, not because they have
a stereocenter. Thus, the presence of a stereocenter is a sufTicient but not a necessary
condition for chirality.

Problem 4.40 The following molecule belongs to the class of compounds called allenes. The functional group of

an allene is two adjacent carbon-carbon double bonds. Disubstituted allenes of this type are chiral. The specific

rotation of the enantiomer shown is -3 14.

H H
\ .Z'

(CH3)3C^ C(CH3)3

[af^ -314
D

(a) Build a line-angle structure of this allene in ChemDraw, import it into Chem3D, and minimize its energy. To
make the ChemDraw and Chem3D models easier to see and manipulate, replace the tert-butyl groups by methyl
groups.

\ M

H3C CH3

(b) Make the mirror image of this stereoisomer (as you did in Problem 4.38) and convince yourself that the two
are not superposable.

\ /
L^— v.^—

C

/ V
HoC CH3

H.
H

c=c=c
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CHAPTER 5: AT.KENFS T

5.0 OVERVIEW
• Unsaturated hydrocarbons are hydrocarbons that contain one or more carbon-carbon double or triple

bonds.
- Alkenes are unsaturated hydrocarbons with one or more carbon-carbon double bonds.
- Alkynes are unsaturated hydrocarbons with one or more carbon-carbon triple bonds.
- Aromatic hydrocarbons are hydrocarbons that have cyclic structures with special patterns of alternating

double and single bonds.

5.1 STRUCTURE OF ALKENES
• A carbon-carbon double bond consists of one sigma bond formed by the overlap of sp^ hybridized orbitals of

adjacent carbon atoms and one pi bond formed by the overlap of unhybridized 2p orbitals. * [This picture of
the orbitals involved with the carbon-carbon double bond is crucial to your understanding of the reactions and
properties ofalkenes, so make sure you understand Figure 5.1 in the book.]

- Each carbon atom in a carbon-carbon double bond is sp2 hybridized so its geometry is trigonal planar with

bond angles near 120°. Notice that this means the carbon atoms and the atoms attached direcdy to them are in

the same plane.

- Carbon-carbon triple bonds are shorter than carbon-carbon double bonds, which are shorter than carbon-

carbon single bonds. This is because electrons in sp orbitals that overlap to form the sigma portion of a

triple bond are held closest to the nuclei, because they have a higher percentage of s character. By the same

logic, electrons in the sp^ orbitals that overlap to form the sigma portion of a double bond are held closer to

the nuclei, because they have a higher percentage s character than sp^ orbitals.

- Not surprisingly, carbon-carbon triple bonds are stronger than carbon-carbon double bonds which are

stronger than carbon-carbon single bonds.
- The most important implication of this model of carbon-carbon double bonds is diat they cannot rotate

because rotation would decrease the extent of 2p-2p overlap. *
• Because carbon-carbon double bonds cannot rotate, alkenes display a kind of stereoisomerism called cis-

trans isomerization.
- A cis alkene is one in which the main carbon chain stays on the same side of the double bond. For

example, ci5-2-butene. "^

cw-2-butene

- A trans alkene is one in which the main carbon chain crosses over to the opposite side of die double

bond. For example, rran5-2-butene. *
H3C, xH

franj-2-butene

• cis Alkenes are less stable dian an analogous trans alkene because of non-bonded interaction strain diat occurs in

the cis alkene that is absent in the trans isomer.

5.2 NOMENCLATURE OF ALKENES
, ^

• Form lUPAC names by changing the an infix of the parent alkane to the mfix en. For example eOiene and

propene are alkenes with two and three carbon atoms respectively. *
. . .

- Form names for more complicated alkenes by choosing the longest carbon cham wiUi the carbon-carbon

double bond as the parent alkane.

Number the chain to give the double bond the smallest number, mdicate the posiuon of the double

bond by using the number of die Hrst atom of the double bond.

Name branched or substituted alkenes according 10 the same rules discussed tor alkanes.

For cycloalkenes, number the carbon atoms of the double bond 1 and 2 m the direction dial gives die

substituent encountered first the smallest number. „ ^ .. *• a c ^u
- Alkenes Uiat contain more dian one carbon-carbon double bond are called dienes, trienes, and so fordi.

- Unconjugated double bonds are separated by at least one sp^ hybridized atom. (x^s^\x^, for

example).
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- Conjugated double bonds are on adjacent pairs of atoms, that is at least two adjacent double bonds with

no sp^ hybridized atoms between them. (x^n^^v^\, for example).
- A molecule has cumulated double bonds if two double bonds are on the same carbon

atom (CH2=c=CH2, for example).
- Several alkenes are known by their common names including ethylene, propylene, isobutylene, and
butadiene. Substituents are also given common names such as methylene, vinyl, and allyl. [These
must be learned because their use is so widespread.]

• The E,Z system provides an alternative way to name alkenes. The E,Z system developed by Calm, Ingold,

and Prelog is a comprehensive system of nomenclature. The E,Z system uses priority rules to rank the two
substituents on each carbon atom of the double bond:
- Each atom is assigned a priority based on atomic number; the higher the atomic number the higher the

priority.

- If you cannot assign priority differences to the two substituents by comparing the first atoms, then continue

down the chains imtil the first point of difference is reached. [This can be confusing. Notice the total size of
the substituents attached to the double bond is not important, it is the first point ofdifference in priority that

matters. For example, a -CH2CI group has a higher priority than CH2CH2CH2CH2CH3 because the first

point ofdifference , CI , has a higher priority than any atom on the first carbon of the larger alkyI group.]
- In the case of double and triple bonds, count the atoms participating in the double or triple bond as if they are

bonded to an equivalent number of similar atoms.

C C C CII II—C-C-H —C-C-HII II
- For example, a -CH=CH2 group is counted as H H and a -C=CH group is counted as C C . [The
only way to get good at this is to practice.]

- To assign an alkene as E or Z, use the following rules:

If the atoms or groups of atoms of higher priority are on the same side of the double bond, it is a Z
alkene. It is easy to remember this as Z for "zame zide."

If the higher priority substituents are on opposite sides, it is an E alkene. [Caution! Because the letter

Z has a zig-zag shape, some studentsfind it tempting to assume that the Z standsfor higher priority

groups on opposite sides of the alkene making a zig-zag shape around the double bond. This is not the

way to assign structures, because E is usedfor higher priority groups on opposite sides ofalkenes.]

lowerv^ ^ higher

higher lower

Z E
("zame zide")

For alkenes with more than one double bond, each double bond is named as E or Z as applicable.

• Only cycloalkenes with 8 or more carbon atoms in the ring can have a trans geometry, otherwise the angle sti-ain

will only allow for cis double bonds.

• For alkenes with n double bonds, there are up to 2" possible cis-trans isomers. There will be fewer if the

molecule contains any symmetry.

5.3 PHYSICAL PROPERTIES OF ALKENES:
• Because alkenes are nonpolar, the only interactions between alkene molecules are dispersion forces, thus their

properties are very similar to those of alkanes.

5.4 NATURALLY OCCURRING ALKENES-TERPENE HYDROCARBONS
• Alkenes are common in nature, and comprise a very important set of biological molecules. Terpenes are one
group of biological alkene molecules that have some interesting features. Terpenes are based on carbon
skeletons that can be divided into two or more units that have the same carbon skeleton of isoprene.
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H,C
\\

C-CH=CH2

H,C

^ ii^
Isoprene Myrcene Famesol

(The isoprene units of these terpenes are shown in bold)

• In nature, terpenes are not synthesized from isoprene, but from the pyrophosphate ester of 3-methyl-3-butene-

l-ol.
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CHAPTER 5
Solutions to the Problems

Problem 5.1 Write the lUPAC name of each alkane.

(a) CH2=CHCH(CH3)2

H CH
I

CH3

3-Methyl-l-butene

(b) (CH3)2C=C(CH3)2

H3C CH3

2,3-Diiiiethyl-2-butene

Problem 5.2 Which alkenes show cis-trans isomerism? For each alkene that does, draw the trans isomer,

(a) 2-Pentene (b) 2-Methyl-2-pentene (c) 3-Methyl-2-pentene

CH3CH2 H
C=C
/ \

H CH,

No cis-trans isomers
since there are two
methyl groups on one
end of the double bond. CH3 Ci 13'CH,

trans 2-Pentene rra/i5-3-Methyl-2-pentene

Problem 5.3 Name each alkene and specify its configuration by the E-Z system.

CICH2

(a) P=^\
C/Hg CH2CH3

(E)-l-ChIoro-2,3-dimethyl-2-pentene

CH3CH2CH2 >^^3
(C) /C=\

CH3 CH(CH3)2

(E)-2,3,4-Trimethyl-3-heptene

Problem 5.4 Write the lUPAC name of each cycloalkene

:a) ?—^ /;— (b)

Cyclooctene

(b)

Br CH.

(Z)-l-Bromo-l-chloropropene

/
/

4-Isopropyl-l-methyl-

cyclohexene

(c) (C )—C(CH3)3

4-/«r/-Butylcyclohexene

Problem 5.5 Draw structural formulas for the other two stereoisomers for 2,4-heptadiene.

H^4 S^^CHjCHg
H3C. 2 3 y^ C

/C=C^ H
H H

m,rra/i5-2,4-Heptadiene

HaC^

H^4 ^5 /H
2 3/C-C
C=C CH2CH3

H H ^ ^

c/s,c/s-2,4-Heptadiene
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Problem 5.6 The sex pheromone from the silkworm is (lOE, 12Z)-10,12-hexadeca(iiene-l-ol. Draw a structural
formula for this compound.

\^^ ,o/CH2(CH2)7CH20H
CH3CH2CH2^i3 i2/C=C^

/C=C^ H
H H

(10E,12Z)-10,12-Hexadecadiene.l-oI

Structure of Alkenes
Problem 5.7 Predict all bond angles about each highlighted carbon atom. To make these predictions, use the

valence shell electron-pair repulsion model (Section 1.4).

(a)

r.109.5

120*L>

n&'(b) < m-CHsOH

020''

CH20H

(c) Ol
120

OH

NoOH

(d) HC^CH=CH2

J 80

HC^CH=CH2 '^



116 Solutions Chapter 5: Alkenes 1

F^roblem 5.8 For each highlighted carbon atom in Problem 5.7, identify which atomic orbitals are used to form
each sigma bond and which are used to form each pi bond.

Each bond is labeled sigma or pi and the orbitals overlapping to form each bond are shown.

H. H CT3p3.3p3

^2p-2p
(a)

CJ««2 -»-3sp -sp

sp -sp

CHjOH

a-«2 2
sp -sp

^2p-2p ^ fsp^-sp^

/
?C2p.2p

(d) H—csc-x:h=ch

w 2 3
a-„3 «'2 sp -»Psp -sp

sp-sp ^sp-sp
'^2p-2p

Problem 5.9 Following is the structural formula of propadiene (allene)

CH2^C^CH2
Propadiene
(Allene)

(a) State the orbital hybridization of each carbon atom.

^ i
^

CH,=C=CH,

(b) Describe each carbon-carbon double bond in teims of the overlap of atomic orbitals.

"2p-2p
hA h

•'sp'-sp

(c) Predict all bond angles in allene.

180°

120
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(d) Draw a stereorepresentation showing the shape of this molecule.

The central carbon atom of allene is sp hybridized with bond angles of ISO** about it. The
terminal carbons are sp^ hybridized with bond angles of 120o about each. The planes created
by H-C-H bonds at the ends of the molecule are perpendicular to each other.

Problem 5.10 Following are lengths for a series of C-C single bonds. Propose an explanation for the differences

in bond lengths.

Structure ^^''f\''^?F ^smgle bond (nm)

CH3-CH3 0.1537

C'n2^0rl~Crl2 0.1510

CH2~CH'"CH—CH2 0.1465

HC=C-CH3 0.1459

The s electrons are on average held closer to atomic nuclei than p electrons. Thus, hybrid

orbitals with higher s character have the electrons held closer to the nucleus and thus make
bonds that are shorter. As shown in the table, a o bond formed from overlap of an sp^ orbital

with an sp^ orbital is shorter than a a bond formed from overlap of an sp^ orbital with another

sp3 orbital. Similarly, sp^-sp overlap produces a bond that is shorter than that produced by

sp3-sp2 overlap.

Problem 5. 11 The best overlap between two adjacent p orbitals takes place when their axes are parallel. The

overlap, and thus the strength of the pi component of a double bond, decreases approximately as cos^ e, where 8

is the angle the axes of two p orbitals make with each other. How does the overlap decrease for p orbitals twisted

10°, 20°, 30°, 45°, 60°, and 90°?

Lets give the pi component of a double bond a relative bond strength of 1.00 when the angle

of axes of the two p orbitals is the ideal 0°. The following table lists the relative bond

strength values observed with the various angles listed.

p Orbital angle
Relative bond
strength value

0° 1.00
10° 0.97
20° 0.88
30° 0.75
45° 0.50

60° 0.25
90°
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Problem 5.12 Prepare a plot of potential energy versus angle of rotation about the carbon-carbon double bond in

ethylene? How does the energy scale for this plot compare with the energy scale for a plot of potential energy
versus angle of rotation about the carbon-carbon single bond in butane?

Angle in degrees

between axes of p orbitals

For the carbon 2-carbon 3 bond in butane, the only barrier to rotation is the relatively weak
nonbonded interaction strain, so the total potential energy barrier is only ^^5 kcal/mol. As
shown on the above graph, a carbon-carbon pi bond is worth much more, namely ^63
kcal/mol, because it involves an actual bonding interaction between overlapping 2p orbitals.

Nomenclature of Alkenes
Problem 5.13 Draw structural formulas for these alkenes.

(a) rram-2-Methyl-3-hexene

H CHgCHg
C=C

HCH3—CH
CH,

(b) 2-Methyl-2-hexene

HaC

H,C H

(c) 2-Methyl-l-butene

H CH2CH3

H CHo

(d) 3-Ethyl-3-methyl-l-pentene

CHo
I

^

CH2=CHCCH2CH3

Crl2Crl3

(e) 2,3-Dimethyl-2-butene

HsC^ .CH3

H3C
c=c

CH,

(0 c/j-2-Pentene

HjC^ CH2CH3
C=C/ \

H H

(g) (Z)-l-Chloropropene

CI

/C=C^
H H

(h) 3-MethylcyclohexeneoCH,
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(i) l-Isopropyl-4-methylcyclohexene

CH, \ CH(CH3)j

0) (6E)-2,6-Dimethyl-2,6-octadiene

H3C CH3

H3C. .CH2CH2 H

C=C
H,C H

(k) Allylcyclopropane

r>-CH2CH=CH2

(1) Vinylcyclopropane

[>CH=CH,

(m) 2-Chloropropene

"s /CI

H CH,

(n) Tetrachloroethylene

Cl^ /CI

CI CI

(0) l-Chlorocyclohexene

.CI

(p) Bicyclo[2.2.1]-2-heptene

r

(q) Bicyclo[4.4.0]-l-decene

Problem 5.14 Name these alkenes and cycloalkenes.

(a) CH2=C'

(CH2)4CH3

(c)

CH2CH(CH3)2

2-Isobutyl-l-heptene

aCH=CH2

3H=CH2
cis- 1,2-

Divinyicyclohexane

(e)

CICH2 H

H CH2CI

/rfl/i5-l,4-Dichloro-2-butene
(E)-l,4-Dichloro-2-butene

(b)

CH3
4-ChIoro-l,4-

dimethylcyclopentene

(d) (CH3)2CHCH=C(CH3)2

2,4-Dimethyl-2-pentene

F

(f) \=C^

Tetrafluoroethene
Tetrafluoroethylene
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(g)
CI

CH2CH3

5-ChIoro-5-ethyl-
1,3-cycIopentadiene

(h)

1,4-Cyclohexadiene

(i)

1,7,7-Trimethyl-
bicyclo[2.2.1]-2-heptene

Problem 5.15 Arrange the following groups in order of increasing priority,

(a) -CH3 -H -Br -CH2CH3 (b) -OCH3 -CH(CH3)2 -B(CH2CH3)2 -H
-H < -CH3 < -CH2CH3 < -Br -H < B(CH2CH3)2 < -CH(CH3)2 < -OCH3

(c) -CH3 -CH2OH -CH2NH2 -CH2Br
-CH3 < -CH2NH2< -CH2OH < -CH2Br

Problem 5.16 Assign an E-Z configuration and a cis-trans configuration to these carboxylic acids, each of which
is an intermediate in the tricarboxylic acid cycle. Following each is given its common name.

H.
\,
(CT

HO2C .CO2H

(a)

f

<^^
HOgC] H

(b)

Fumaric acid

E / trans

C=C
H^ ^CH2C02H

Aconitic acid

Z / cis

The highest priority group on each sp^ carbon atom is circled.

Problem 5.17 Name and draw structural formulas for all alkenes of molecular formula CjH^q. As you draw

these alkenes, remember that cis and trans isomers are different compounds and must be counted separately in

drawing all alkenes possible for this molecular formula.

Four alkenes of molecular formula CsHio do not show cis-trans isomerism.

Cn2—CHCH2Crl2CH<;

1-Pentene

CHo
I

^

CH2=CHCHCH3

3-MethyI-l-butene

CHo
_l ^

Cn2—CCri2Cn3

2-Methyl-l-butene

CH,
l_

CHoC—CHCHo

2-Methyl-2-butene
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One alkene of molecular formula CsHio shows cis-trans isomerism.

CH,.

/rans-2-Pentene

CH2CH3

H H
cff-2-Pentene

Problem 5.18 For each molecule that shows cis-trans isomerism, draw the cis isomer.

CH3

(a)
CH3 (b)

CH.

CH,

cc
Problem 5.19 Draw structural formulas for all compounds of molecular formula C5H10 that are:

(a) Alkenes that do not show cis-trans isomerism.

Four alkenes of molecular formula CsHio do not show cis-trans isomerism.

1-Pentene

CH,

CH3

CH2=CCH2CH3

2-Methyl-l-butene

CH3

CH3C=CHCH3

2-Methyl-2-butene

CH2"~CHCnCrl3

3-Methyl-l-butene

(b) Alkenes that do show cis-trans isomerism.

One alkene of molecular formula CsHio shows cis-trans isomerism.

CH-j^ /CH2CH3CHo H
c=c

H CH2CH3

/rans-2-Pentene

(c) Cycloalkanes that do not show cis-trans isomerism.

'3\ /

H H

cw-2-Pentene

Four cycloalkanes of molecular formula C5H10 do not show cis-trans isomerism.

Cn2Cn3

A
CH,

X"
Ethylcyclopropane

.CH3

1,1-Dimethylcyclopropane

rf
Methylcyclobutane Cyclopentane
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(d) Cycloalkanes that do show cis-trans isomerism.

Only one cycloalkane of molecular formula C5H10 shows cis-trans isomerism.

H3C >. CH3

fi

H3C .H

R
H H

CIS- 1,2- Dimethyl-
cyclopropane

H CH3
/ra/is-l,2-Dimethyl-

cyclopropane

Problem 5.20 P-Ocimene, a iriene found in the fragrance of cotton blossoms and several other essential oils, has

the lUPAC name (3Z)-3,7-dimethyl- 1,3 ,6-octatriene. Draw a structural formula for p-ocimene.

H

8

CH
3\:

CH
c=c

\4 3/CH3

5 ,C=C 2 1
.H

c=c
H

6/CH2

H
H

p-Ocimene
(3Z)-3,7-Dimethyl-l,3,6-octatriene

Problem 5.21 Draw the structural formula for at least one bromoalkene of molecular formula CjH^Br that shows:

(a) Neither E,Z isomerism nor chirality.

H CHgCHjCHgBr
>=C^

H H

5-Bromo-l-pentene

»3\
or

H3C

CHjBr

^C=C^
H

(b) E,Z isomerism but not chirality

H CHsCH^Br
C=C

CH3/ H

(E)-5-Bromo-2-pentene

H CHoBr

^C=C^
Cn3Cn2 H
(E)-l-Bromo-2-pentene

H CHjBr

>=^
CH3/ CH3

l-Bromo-3-methyl-2-butene

CH3, CHgCHjBr

or /C-C^
H H

(Z)-5-Bromo-2-pentene

^CHjBr

or

CH3CH2
C=C

(E)-l-Bromo-2-methyl-2-butene

(c) Chirality but not E,Z isomerism,

H CHoCHBrCHo
/C=C^

H H

4-Bromo-l-pentene

H H
(Z)-l-Bromo-2-pentene

CH3^ /CHjBr

or /C=C
H CH3

(Z)-l-Bromo-2-methyl-3-buttene

H CHBrCHjCHa
or /C-C^

H H

3-Bromo-l-pentene
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(d) Both chirality and E^ isomerism.

H CHBrCHo
C=C

Q.W{ H

(E)-4-Bromo-2-pentene

CH3^ /CHBrCHa

H H

(Z)-4-Bromo-2-pentene

Problem 5.22 Following are structural formulas and common names for four molecules that contain both a
carbon-carbon double bond and another functional group. Give each an lUPAC name.

II

(a) CH2=CH0OH
II

(b) CH2=CHCH

II

H COH

>=<
(C) HgC H

Acrylic acid Acrolein Crotonic acid

2-Propenoic acid 2-PropenaI (E)-2-Butenoic acid

(d}CH^CH=CH2

Methyl vinyl ketone

3-Buten-2-one

Problem 5.23 Tron^-cyclooctene has been resolved, and its enantiomers are stable at room temperature. Trans-

cyclononene has also been resolved, but it racemizes with a half-life of 4 min at 0°C. How can racemization of

this cycloalkene take place without breaking any bonds? Why does rra/w-cyclononene racemize under these

conditions but not rraAU-cyclooctene? You will find it especially helpful to build molecular models of these

cycloalkenes.

oo OO cTO QO

Enantiomers of /ra/is-cyclooctene Enantiomers of /ra/is-cyclononene

The enantiomers of /ra /is -cyclooctene and rrfl/is-cyclononene are shown above. It may be

helpful to construct molecular models and prove to yourself that the two different ^ ^ ^
configurations of the ring are in fact non-superposable mirror images of each other. For both

/rfl/i5-cyclooctene and /ra/is-cyclononene, the enantiomers are configurational isomers. The

enantiomers are interconverted by a change in configuration that is analogous to the chair

nipping of chair cyclohexane. The trans double bond adds a considerable degree of rigidity to

the ring, since the other atoms must exist in a slightly "stretched" configuration to

accommodate the trans geometry. Nevertheless, the /ra«s-cyclononene ring has more carbon

atoms, so it is more flexible and can undergo the configurational mterconversion more readily.
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Problem 5.24 How many stereoisomers are possible for the following natural products?

(a) Geraniol (Figure 5.5) (b) Limonene (Figure 5.5)

CHjOH

about this

double bond

Geraniol: 2 stereoisomers
One pair of cis-trans isomers;
(the trans isomer is shown)

no stereocenters

Limonene: 2 stereoisomers

No cis-trans isomers,
one stereocenter.

(c) a-Pinene (Figure 5.5) (d) Famesol (Figure 5.6)

a-Pinene: 2 stereoisomers

No cis-trans isomers
two stereocenters, but

because of ring constraints

only one pair of enantiomers
is possible.

(e) Zingiberene (Figure 5.6)

CH2OH

about these

double bonds

Farnesol: 4 stereoisomers

Four cis-trans isomers; (the

trans-trans isomer is shown)
and no stereocenters

Zingiberene: 4 stereoisomers
No cis-trans isomers, but

two stereocenters.

Problem 5.25 Which alkenes exist as pairs of cis-trans isomers? For each alkene that does, draw the trans

isomer.

For an alkene to exist as a pair of cis-trans isomers, both carbon atoms of the double bond
must have two different substituents. Thus, (b), (c), and (e) exist as a pair of cis-trans
isomers. The trans isomer for each alkene is drawn under its respective condensed molecular
formula.
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(a) CH2=CHBr (b) CH3CH=CHBr

CH3 H
C=C

H Br

(c) BrCH=CHBr

H Br

(d) (CH3)2C=CHCH3 (e) (CH3)2CHCH=CHCH3

(CH3)2CH H

H CH,

Problem 5.26 Four stereoisomers exist for 3-penten-2-ol.

about this

double bond

\ I*

CH3—CH=CH-CH-CH3
3-Penten-2-ol

(a) Explain how these four stereoisomers arise.

There is one double bond that provides for cis-trans isomers, and one stereocenter in 3-

penten-2-ol.

(b) Draw the stereoisomer having the E configuration about the carbon-carbon double bond and the R
configuration at the stereocenter.

H,C

c=c
H

Terpenes
Problem 5.27 Show how the carbon skeleton of famesol can be coiled and then cross-linked to give the carbon

skeleton of zingiberene (Figure 5.6).

CH2OH

Farnesol Zingiberene
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Problem 5.28 Show that the structural formula of vitamin A (Section 5.2G) can be divided into four isoprene units

joined by head-to-tail linkages and cross-linked at one point to form the six-membered ring.

Isoprene chain cross-linked here

yc^>%,y^^^^

Problem 5.29 Following is the structural formula of lycopene, a deep-red compound that is partially responsible for

the red color of ripe fruits, especially tomatoes. Approximately 20 mg of lycopene can be isolated from 1 kg of ripe

tomatoes. See The Merck Index, 12th edition, #5650.

HoC,

Lycopene

(a) Show that lycopene is a terpene, that is, its carbon skeleton can be divided into two sets of four isoprene units

with the units in each set joined head-to-tail.

Head-to-head bond
Joining two four
isoprene units

(b) How many of the carbon-carbon double bonds in lycopene have the possibihty for cis,trans isomerism?
Lycopene is the aU-trans isomer.

The double bonds on the two ends of the molecule cannot show cis-trans isomerism. The other
11 double bonds can show cis-trans isomerism.

Problem 5.30 The structural formula of p-carotene, precursor to vitamin A, is given in Section 25.6A. As you might
suspect, it was first isolated from carrots. Dilute solutions of p-carotene are yellow, hence its use as a food coloring.

Compare the carbon skeletons of p-carotene and lycopene. What are the similarities? What are the differences?

The main structural difference between p-carotene and lycopene is that p-carotene has six-

membered rings on the ends, not an open chain. On the other hand, both p-carotene and lycopene
can be divided into two sets of four isoprene units as shown below, and all of the double bonds
are trans in both molecules.
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Isoprene chain cross-linked at these two points

Head-to-head bond
joining two four
isoprene units

Problem 5.31 Following is the structural formula of warburganal, a crystalline solid isolated from the plant warburgia
ugandensis, Canellaceae. An important use of warburganal is its antifeeding activity against the African army worm.
In addition, it acts as a plant growth regulator and has cytotoxic, antimicrobial and molluscicidal properties. Sec The
Merck Index, 12 edition, #10173.

H.C
CHO

Warburganal

[a]?f -260

CHO

^^^ CH.

(a) Show that warburganal is a terpene.

CHO

Warburganal

(b) Label each stereocenter and specify the number of stereoisomers possible for a molecule of this structure.

There are three stereocenters, so there are 2 x 2 x 2 = 8 stereoisomers possible for warburgnai.

Problem 5.32 a-Santonin, CjjHjgOj, isolated from the flower heads of certain species of Artemisia, is an

anthelmintic, that is, a drug used to rid the body of worms (helminths). It has been estimated that over one third of

the world's population is infested with these parasites. a-Santonin in oral doses of 60 mg is used as an anthelmintic

for roundworms (Ascaris lumbricoides). See The Merck Index, 12 edition, #8509.

CH3

a-Santonin

[aJD^ -170 to -175
..UCH3

(a) Locate the three isoprene units in santonin and show how the carbon skeleton of famesol might be coiled and then

cross-linked to give a-santonin. Two different coiling patterns of the carbon skeleton of famesol can lead to a-

sanionin. Try to find them both.
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CH2OH

Farnesol

or

(b) Label all stereocenters in a-sanionin. How many stereoisomers are possible for this molecule?

The four stereocenters of a-santonin are marked on the structures above. There are 2x2x2x2
= 16 stereoisomers possible for a-santonin.

Problem 5.33 In many parts of South America, extracts of the leaves and twigs of Monianoa tomentosa are brewed
with water to make a "tea" used to stimulate menstruation, to facilitate labor, and as an abortifacient. Phytochemical
investigations of this plant have resulted in isolation of a very potent fertility-regulating compound called zoapatanol.

See The Merck Index, 12 edition, #10318.

CH2OH

Zoapatanol

(a) Show that the carbon skeleton of zoapatanol can be divided into four isoprene units bonded head-to-tail and then

cross-linked in one point along the chain.

CHjOH

E configuration

Cross-link of chain

(b) Specify the configuration about the carbon-carbon double bond to the seven-membered ring according to the E,Z
system.

The double bond in question has the E configuration, because the hydroxymethyl group is on the

side of the double bond opposite the higher priority carbon atom that is linked to the ether
oxygen.
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(c) How many stereoisomers are possible for this molecule? In answering this problem, you must consider both E,Z
isomerism and R,S isomerism.

There is just the one double bond capable of E,Z isomerism and four stereocenters as shown on
the above structure. Thus, there are a total of 2x2x2x2x2 = 32 stereoisomers possible.

Problem 5.34 Pyrethrin 11 and pyrethrosin are two natural products isolated from plants of the chrysanthemum
family. Pyrethrin n is a natural insecticide and is marketed as such, (a) Label all stereocenters in each molecule
and all carbon-carbon double bonds about which there is the possibility for cisjrans isomerism. See The Merck
Index, 12 edition, #s 8148 and 8149.

cis-trans Isomerism
possible

H,CO'

H^C

cis-trans Isomerism

possible

= CH:

cis-trans Isomerism

possible

CH3
] Q^

^ ^^2

Pyrethrosin

(a) State the number of stereoisomers possible for each molecule.

For pyrethin II there are two double bonds capable of cis-trans isomerism and three

stereocenters for a total of 2x2x2x2x2- 32 possible stereoisomers. For pyrethrosin

there is one double bond capable of cis-trans isomerism and five stereocenters for a total of 2

x2x2x2x2x2 = 64 possible stereoisomers.

(b) Show that the bicyclic ring system of pyrethrosin is composed of three isoprene units.

//
CCH,
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Problem 5.35 Show that the carbon skeletons of the three terpenes drawn in the Chemistry in Action box Terpenoids

of the Cotton Plant can be divided into three isoprene units bonded head-to-tail and then cross-linked at appropriate

carbons.

Spathulenol Gossonorol p-BisaboloI

Molecular Modeling
Problem 5.36 Construct line-angle drawings of cis- and trans-2-hut&ne in ChemDraw, import each into Chem3D,
and minimize its energy. Measure the CH3, CH3 distance in the cis isomer and the CH3, H distance in the trans

isomer. In which isomer is the nonbonded interaction strain greater?

H3C CH3

H H

HjC^ H

/ \
H CH.

cw-2-Butene

2.3 - 2.7 A

trans-2-Butene

As the methyl groups rotate, the distances change. For c/5-2-butene^, the distance between the
hydrogen atoms on adjacent methyl groups varies from 1.5 and 2.1 A. For ^ra/if-2-butene, the
distance between the hydrogen atoms of the methyl group and the alkene hydrogen atom varies

from 2.3 and 2.7 A. Clearly, there is greater nonbonded interaction strain in cis-2-butene.

Problem 5.37 Construct line-angle drawings of the cis- and trans isomers of 2,2,5,5-tetramethyl-3-hexene in

ChemDraw, import each into Chem3D, and minimize its energy. Compare the degree of nonbonded interaction

strain in these two isomers. Also compare the degree of nonbonded interaction strain in cj.s-2-butene and cis-

2,2,5 ,5-tetramethyl-3-hexene.

(CH3)3C C(CH3)3

C=C/ s
H H

c«-2,2-5,5-Tetramethyl-3-hexene
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(CH3)3C. H
c=c

H^ ''C(CH3)3

fra/fs-2,2-5,5-Tetramethyl-3-hexene

Again the trans isomer has significantly less nonbonded interaction strain because the methyl
groups are farther apart. Also, the additional methyl groups of cw-2,2,5,5-tetramethyl-3-
hexene add significant nonbonded interaction strain compared to m-2-butene.

Problem 5.38 Build a line-angle drawing of cyclohexene in ChemDraw, import it into Chem3D, and minimize its

energy. Compare the calculated Chem3D bond angles with those predicted by the VSEPR model. Explain any
differences.

123

119'

Cyclohexene

As can be seen on the above structures, the angles predicted by Chem3D are not exactly 120°

as predicted by the VSEPR model for an sp^ hybridized carbon atom. This difference is the

result of strain introduced by the ring of cyclohexene.

Problem 5.39 Build line-angle drawings of cis- and fram-cyclooctene in ChemDraw, import each into Chem3D,
and minimize its energy. Compare the calculated Chem3D bond angles with those predicted by the VSEPR
model. In which isomer are deviations from the VSEPR model predictions greater?

^^

cis-Cyclooctene

/ra/is-Cyclooctene

Although they are similar, the angles deviate slightly more in the trans isomer compared to the

cis isomer.
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Problem 5.40 Build a line-angle drawing of caryophyllene in ChemDraw. Be certain to show the correct

stereochemistry, namely the trans fusion of the four and nine-membered rings and the trans configuration of the

carbon-carbon double bond in the nine-membered ring. As a guide, your structural formula should look like the

formula on the left. Now import your line-angle drawing into Chem3D, minimize its energy, and construct a

stereoview. One such stereoview is shown on the right. Try showing the stereoview with and without hydrogen

atoms.

Caryophyllene

(structural formula)

Caryophyllene
(Stereoview)

Caryophyllene (No H*s)

(Stereoview)
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CHAPTER 6: ALKENES TT

SUMMARY OF REACTIONS
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Alkenes 6A 6B 6C 6D 6E 6F 6G 6H 61
6.3B* 6.3F 6.4 6.5C 6.6 6.3A 6.5B 6.3E 6.3D

Section in book that describes reaction.

REACTION 6A: ACID-CATALYZED HYDRATION (Section 6.3B)

:c=C'>
H"

HoO

V I

•c-c-
I

I

' OH

- In the presence of an acid catalyst hke sulfuric acid, water adds to alkenes to give alcohols.

- The reaction mechanism involves formation of a carbocation intermediate from protonation of the pi bond,

followed by nucleophilic attack on the resulting electrophilic carbocation by water.

- The water can attack from either side of the trigonal planar carbocation so the reaction is not stereoselective.

- This reaction is regioselective, that is one constitutional isomer is produced in preference to other possible

constitutional isomers.
- Markovnikov's rule is followed so the hydrogen ends up on the carbon atom that already has more

hydrogen atoms attached. This is because the water attacks the more stable carbocation, namely the one that

is more highly substituted.

REACTION 6B: OXYMERCURATION / REDUCTION (Section 6.3F)

rc=c;
Hg(OAc);

HoO

I
Hg-OAc

—C-C—
I

HO
NaBH,

I 1—C-C
I

IHO '

Hydration of alkenes can be accomplished by treatment of an alkene with mercury(II) acetate in water

followed by reduction with NaBH4.
. u i j u

The reaction mechanism involves formation of a mercurinium ion intermediate that is then attacked by

water. The reaction is completed by adding NaBH4 that results in displacement of the mercury atom by

hydride ion. •, . i
• r n

Oxymercuration is both regioselective and stereoselective because Markovnikov s rule is followed and

anti addition predominates. This means the mercurinium ion intermediate has a partially bridged

structure that prevents attack of the nucleophilic water from the side with the mercury ion. There is some

carbocauon character to the mtermediate because the carbon atom that forms the more stable carbocauon is

preferentially attacked by the water. Note that the intermediate is not a full blown carbocauon smcc it docs

not rearrange.
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REACTION 6C: HYDROBORATION (Section 6.4)

H OH
\ / 1)BH3 II
^ \ 2)H202

I I

- Addition of borane, BH3, to an alkene forms a trialkylborane. Hydroboration followed by treatment with

peroxide gives an alcohol in which the -OH group is added to the less-substituted carbon of the alkene.

Thus, the hydroboration reaction is distinct from, and complementary to, the acid-catalyzed hydration and
oxymercuration reactions in which the OH group adds primarily on Uie more substituted carbon in agreement
with Markovnikov's rule.

- In die first step of the hydroboration reaction mechanism, the pi electrons of the alkene react with Uie boron
atom, a Lewis acid. The initially formed borane-alkene complex then simultaneously adds boron and
hydrogen to the double bond by way of a cyclic four-center transition state. Reactions in which bond-
forming and bond-breaking occur simultaneously are called concerted.

- Note that addition of BH3 is stereoselective in that Uie boron and hydrogen atoms are added to the same side

of the carbon-carbon double bond, a situation referred to as syn addition.

- The reaction continues two more times to give a trialkylborane, and oxidation of a trialkylborane with

hydrogen peroxide replaces the boron with OH.

REACTION 6D: OZONOLYSIS (Section 6.5C)

II 00
\^ ^/ ^ ^—?-?'- (^"3)28 n II

/C=C'. . O3 -11^ /C^ - /C'
\ /

"

o
- Ozone reacts with an alkene to form an ozonide intermediate that can be cleaved by the addition of (CH3)2S
into the two carbonyl species, namely ketones and aldehydes.

- Ozonolysis can produce an aldehyde product if there was a hydrogen on one of the original alkene sp2

carbon atoms.

REACTION 6E: CATALYTIC HYDROGENATION (Section 6.6)

— \ metal i/ ^|_j

- Alkenes react quantitatively with molecular hydrogen (H2) in the presence of a transition metal catalyst

(platinum, palladium, ruthenium, and nickel) to give alkanes.
- Catalytic hydrogenation probably occurs because the H2 molecule splits apart and makes two metal-hydrogen
bonds on the metal surface. The alkene adsorbs onto the metal surface and then two sequential C-H bonds
are made.

- The carbon-carbon sigma bond usually does not have a chance to rotate during the reaction so both hydrogen
atoms are added to the same face of tiie alkene. This is referred to as syn addition, which leads to

products with cis stereochemistry.

REACTION 6F: HYDROHALOGENATION (Section 6.3A)

H
I\ / H-X 11

J^C=C's^ ^ —C-C—
11
' X

-HF, HCl, HBr, and HI can add to alkenes to give alkyl halides.
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- Like reaction 6A, protonation of the pi bond results in formation of a carbocaiion intennediate, then the
hahde anion is the nucleophile that reacts with the carbocation.

- The reaction follows Markovnikov's rule, so the hydrogen ends up on the carbon atom that has the greater

number of hydrogens already attached to it.

- Because there is no bridged intermediate, the halide anion can attack from either side of the trigonal planar

(sp2 hybridized) carbocation. Therefore, addition of hydrogen hahdes to alkenes is not a stereoselective

reaction.

REACTION 6G: OXIDATION TO GLYCOLS (Section 6.5B)

^r^ n^^ r^r^
~9~9''~' NaHSOg

| | Reduced
.C=C'v^+ OSO4 ^ I I

.. ^ * —C-C— + form ofop H2O
I I

bs HO OH

O O Glycol

Osmium

- In these reactions, a cycUc intermediate is formed from the alkene and then treated with a reducing agent,

such as NaHS03 to yield a glycol (two OH groups on adjacent carbon atoms).

- Note how the cycUc intermediate ensures that both oxygen atoms are added to the same face of the alkene

(syn addition).

- The OSO4 reagent can also be used catalytically with the addition of other oxidizing reagents such as

hydroperoxides (ROOH).

REACTION 6H: HALOHYDRIN FORMATION (Section 6.3E)

I

X
\ / X2 I I

HoO
HO

- Treatment of an alkene with Br2 or CI2 in the presence of water results in addition of HO- and jBr-, or HO-
and CI- to the alkene. The resulting compounds are called halohydrins, either bromohydrins or

chlorohydrins.
- The reaction involves initial formation of a bridged bromonium or chloronium ion intermediate, followed by

nucleophilic attack of water.

- The bridged halonium intermediate is analogous to the mercurinium ion intermediate, displaying both bridged

and partial carbocation characteristics. As a result, the nucleophilic attack of water occurs on the side of the

intermediate opposite the halogen, and at the site of the more stable carbocation. Consistent with this, anti

stereochemistry is observed, and the HO- ends up on the carbon atom that is more highly substituted

(makes the more stable carbocation).

REACTION 61: FORMATION OF VICINAL DIHALIDES (Section 6.3D)

X
I\ / X2

I I

' X

- Bromination and chlorination involve the addition of Br2 and CI2 to an alkene, respecuvely.

- hi these reactions, one of the halogen atoms acts as an electrophile, breaking the halogen-halogen bond.

This creates a positively-charged intermediate and a halide anion. The posiuvely-charged intermediate has a

unique bridged structure and is referred to as a bridged halonium ion. The halide anion then completes the

reaction by creating a bond to the positively-charged species from the side of the molecule opposite the

halogen bridge.
, r u ^ •

i.

- The halogen bridge blocks the top of the structure, so the halide amon must attack from the side opposite the

bridging group. The net result is that the two halogens end up on opposite faces of the molecule. This

stereochemical orientation is referred to as anti addition.
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SUMMARY OF IMPORTANT CONCEPTS

6.0 OVERVIEW
• Reaction mechanisms describe how chemical bonds are formed and broken during the course of a reaction,

the order in which the bonds are broken and formed, the rates at which these processes occurs, and the role of
solvent or a catalyst if any. Mechanisms provide a theoretical framework within which to organize a great deal

of descriptive chemistry.

6.1 REACTIONS OF ALKENES: AN OVERVIEW
• In contrast to alkanes, alkenes react with a variety of compounds in characteristic ways:

- First, addition reactions involve breaking the pi bond of an alkene and replacing it with two sigma bonds.
- Second, polymer addition reactions involve the formation of polymer chains from monomer alkene

molecules.

6.2 REACTION MECHANISMS
• The total energy of any chemical system is always conserved, and is the sum of the kinetic energy and
potential energy. As molecules colUde they convert kinetic energy into potential energy in the form of bond
vibrational energy.

• Exothermic reactions are ones in which the products are of lower potential energy than the reactants.

Exothermic reactions release heat corresponding to this difference in energy, which is referred to as the heat of
reaction. Endothermic reactions are ones in which the products are of higher potential energy than
the reactants.

• A reaction coordinate is a plot of the position of atoms associated with changing energy as reactants proceed
to products during a reaction.

• For simple one step reactions, reaction occurs if sufficient potential energy becomes concentrated in the

proper bonds.
- The transition state or activated complex is the point on the reaction coordinate where the potential

energy is a maximum.
- An transition state has essentially zero hfetime because it is a maximimi on the energy diagram, yet it does
have a definite arrangement of atoms and electrons.

- The difference in potential energy between reactants and the transition state is called the activation energy,
Ea. A molecule must have more potential energy than the activation energy to proceed from starting

materials to products.

• In multi-step reactions, each step has its own transition state and activation energy.
- An Intermediate is a potential energy minimum between two transition states on a reaction coordinate for a
multi-step reaction. Reactive intermediates are rarely present in appreciable concentrations because the

activation energy for their conversion back to reactants or on to products is so small.
- The slowest step is the one that crosses the highest potential energy barrier and is called the rate-limiting

step. [This is a very important concept in the study of reaction mechanisms. Notice that the overall rate of
a multi-step reaction cannot be faster than the rate-limiting step.]

- The relationship between the rate constant, k, and the activation energy for most chemical reactions is

given by the Arrhenius equation.

k = reaction rate constant = Ae'^^^^

In the Arrhenius equation, A = the frequency factor in sec-i and is related to the probability that there will be a

colhsion with successful orientations, Ea is the activation energy in kcal-mol ^ R is the gas constant (1.987

X 10-3 kcal-mol-i-deg-i) and T is temperature in degrees Kelvin.

6.3 ELECTROPHILIC ADDITIONS
• The details of alkene addition reactions can best be understood by considering the mechanism of the
reaction as well as the structure of the alkene.

- The electrons of the alkene pi bond are located relatively far from the atomic nuclei, so they can act as a tyj)e

of nucleophile with extremely electron deficient chemical species, referred to as eiectrophlles. [This is the

key idea of the chapter, and all ofthefollowing reactions should be thought ofas starting with the weakly
nucleophilic pi electrons attacking an electrophilic species.]

- When the pi electrons react with an electrophile, the pi bond is broken and a new sigma bond is formed with
the electrophile. This creates a positively charged intermediate that is itself attacked by a nucleophile to form
another new sigma bond, thereby completing the reaction.
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The key to understanding the details of these reactions is to keep track of the electrophile, the nucleophile,
and the structure of the positively charged intermediate.

^_J_/^^^ ^c+ ^ Positively-Charged
^"

I I^U—0\ + t
hitermediate

*" —C—C

—

' Nu
- The bottom line is that the pi bond is replaced by two new sigma bonds, one to an electrophile and one to a
nucleophile.

Markovnikov's rule can be used to understand the regiochemistry of addition reactions such as the addition

of H-X to alkenes. Markovnikov's rule slates that in the addition of H-X the H atom goes onto the
atom that already has the greater number of hydrogen atoms. The mechanistic basis of

Markovnikov's rule can be understood by considering the structure of the carbocation intermediate formed
during the addition reaction.

"-.^.^" V II "*"' II
h''^=^-ch;

'
—" H-C-C-CH3 — H-C-C-CH3

H H Nu
More stable

carbocation

predominates

- The more stable carbocation intermediate is produced predominantly, and this more stable cation intermediate

is the predominant (Markovnikov) product. The more stable carbocation has more aUcyl groups attached to

the positively charged carbon atom.

The alkyl groups stabilize an adjacent carbocation through two effects. The inductive effect involves

polarization of the electron density of adjacent sigma bonds by the electron-withdrawing cationic carbon.

Hyperconjugation involves donation of electron density from adjacent sigma bonds due to overlap

with the empty 2p orbital of the cationic carbon.

- The bottom hne is that a tertiary (3°) carbocation is more stable than a secondary (2°) carbocation, which is

more stable than a primary (1°) carbocation, which is more stable than a methyl cation.

A characteristic of carbocations is that they can rearrange if transfer of a hydride ion (a hydrogen atom plus

the two bonding electrons) or alkyl group can create a carbocation or equal or greater stability.

H3C H H3C H
II II

HoC-C—C—CHo ^ H3C-C-C-CH3
•^ \^+ ^ -hi

H H

A 2° carbocation can rearrange to a 3° carbocation

6.5 OXIDATION OF ALKENES
• Oxidation/reduction reactions are a very important class of reactions m organic chemistry in which

electrons are lost or gained by a reactant during the course of a reaction. Oxidation/reduction reactions can be

recognized by writing balanced half-reactions.
- To write a balanced half-reaction, first write a half-reaction showing the organic reactants and products.

Complete a material balance using H+ and H2O for reactions carried out in acid, or OH- and H2O for

reactions carried out in base. Finally complete the charge balance by addmg electrons on one side or the

other.
f J •

• An oxidation is defmed as a reaction in which elecu-ons are lost from a reactant being u-ansformed into

products.
• A reduction is defined as a reaction in which electrons are gained by a reactant being u-anstormed mio

products.
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6.6 ADDITION OF HYDROGEN-CATALYTIC REDUCTION
• Heat of hydrogenation for an alkene is defined as the change in enthalpy, AH°, for the reaction between an
alkene and hydrogen to form an alkane.

- Heats of hydrogenation are negative. In other words reduction of an alkene to an alkane is an exothermic
process, because the reaction involves the breaking of a C-C pi bond (pi bonds are relatively weak) and a

sigma bond (the H-H bond) to from two stronger sigma (C-H) bonds.
- An alkene with a lower heat of hydrogenation (less exothermic) is the more stable alkene. This makes sense

because you expect to get less energy out of a molecule that is already more stable.

- From the comparison of heats of hydrogenation of a variety of molecules, the following general conclusions

can be reached:

More highly substituted alkenes are more stable than less highly substituted alkenes. *
Trans alkenes are more stable than cis alkenes. This is a steric affect in that the cis substituents are so

close that there is a net repulsion between their electron clouds. *
Conjugated dienes, those in which pi bonds are adjacent to each other, are more stable than dienes that

are not conjugated. The stability of conjugated dienes results from overlap of the pi orbitals of the

adjacent double bonds. *^

6.7 MOLECULES CONTAINING STEREOCENTERS AS REACTANTS OR PRODUCTS
• During a reaction, one or more stereocenters in a molecule may be created or destroyed. It is therefore

important to keep track of stereocenters during the entire reaction mechanism in order to predict accurately the

stereochemistry of the final product. *
• In general, optical activity is never produced from optically inactive starting materials, even though the products
may be chiral. In other words, if a stereocenter is created from an achiral starting material, then a racemic
mixture of the two ix)ssible enantiomers is formed (or a meso compound if applicable).

- An example of this includes the addition of Br2 to c/.s-2-butene to create a racemic mixmre of the two
enantiomers of 2,3-dibromobutane.

• Altematively, optical activity is generated in a reaction only if at least one of the reactants itself is chiral, or if the

reaction is carried out in the presence of a catalyst that is itself chiral.
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CHAPTER 6
Solutions to the Problems

Problem 6.1 Suppose that the activation energy for a particular chemical reaction is 25.2 kcalAnol. By what

factor is the rate of reaction increased when the reaction takes place at 35'C compared with the rate at 25'C?

k,
^

Ae^""'''

Taking the logarithm of each side, converting to base 10, and rearranging gives:

'"^ife^ - 2.303 R \Ti ' T2I

Plugging in the actual values gives:

k2 25.2 (kcal/mol) /I 1 \

'®^"it7^ 2.303 (1.987 X 10'^ kcal/mol K) \298~K" MTkJ

Solving the equation gives:

log-r^ = (5.507 X 10^ K)(1.09 x lO-"* K'^) = 0.600
*^7

h. = 10(0.600) ^ 39g
ki

Problem 6.2 Complete the first three entries in this table for reactions taking place at 25'C. Given the pattem of

these first three entries, estimate the approximate values for the remaining two entries. How many kilocalories per

mol in activation energy corresponds to a power of 10 in relative rates?

Plugging in the appropriate values gives:

k kj
A£:^ = -2.303 /fr log—

^

= (-1.36 kcal/mol) (log -7^ )

kj f^i

k

(kcal/mol) ^i

1

-1.36 10

-2.72 100

-4.08 1000

-5.44 10000

Problem 6.3 Name and draw the structural formula for the product of each alkene addition reaction.

(a) CH3-CH=CH2 + HI »- CH3CHCH3

I

2-Iodopropane



140 Solutions Chapter 6: Alkenes II

(b) CH2+ HI

l-Iodo-l-methyl-
cyclohexane

Problem 6.4 Arrange these carbocations in order of increasing stability.

(a)
(^

V-CH3 (b) / ^—CH3 (c) / V-£h.

The order of increasing stability of carbocations is methyl < primary < secondary < tertiary.

Thus the three carbocations can be ranked as follows:

(c) { V-£h2 < (b) / V-CH3 < (a) / V-CH3

Primary carbocation Secondary carbocation Tertiary carbocation

Problem 6.5 Propose a mechanism for addition of HI to 1-methylcyclohexene to give 1-iodo-l-

methylcyclohexane. Which step in your mechanism is rate limiting?

Slow, rate- .—V^
limiting step / \

.

. .
-

.3 ^ r.-..- !^
<^ y^CH3 + :.l.:

Step 2: ( V-CH, + :*!*:" ^ ^ ^^^

Step

H

i-' (A—CH, ^H-^*:

CH,

Problem 6.6 Draw the structural formula for the product of each alkene hydration reaction.

CH3

(a) CH3-C=CH-CH3 + H2O
H2SO4

CH,
I

^

- CH3CCH2CH3

OH
2-MethyI-2-butanol

CH3
I

^ H2SO4
(b) CH2=C-CH2-CH3 + H2O

CH3
I

^

CH3CCH2CH3

OH
2-Methyl-2-butanol
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Problem 6.7 Propose a mechanism for the acid-catalyzed hydration of 1-methylcyclohexene to give 1-

methylcyclohexanol. Which step in your mechanism is the rate-limiting step?

Step 1: u

C^/^
^N. ^ Slow, rate-

- H

Step 2: H

( V-CHa + :o-H ^

Step 3:

H
_1^H

H

Oe.-^-"I
H

< V-CH, + :6-H

O^CH3

I

H

H
I

— / K + H-*6-H

Problem 6.8 Acid-catalyzed hydration of 3-methyl-l-butene gives 2-methyl-2-butanol as the major product.

Propose a mechanism for formation this rearranged alcohol.

Step 1,

CH. ^ Slow, rate-

(•' + limiting step

CH.

CH3CX:H=CH2 + >H—O—H '-*- CH3C—tHCH, + : O-H
I

H
Step 2:

^^^

CH,c—£hch.
1^
H

Step 3: QH,

CHoC—CHCH,

I

H
I

H H

CH3
I

^

CH3C-CHCH3

H

CH3
I

^

CH3C-CHCH3

H-O: H
I

H
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Step 4: CH3

CH3C-CHCH3

H-tO: H
^1

+ :'6—

H

I

H

CH3

H-O: H
+ H-O—

H

I

H

Problem 6.9 Complete these reactions.

CH3

(a) CH3CCH=CH2 + Brg
^^ ^^

CH3

CH3

CH3CCHBrCH2Br

CH,

(b)

,CH.

+ 01
CH2CI2

Problem 6.10 Draw the structure of the chlorohydrin formed when 1-methylcyclohexene is treated with CI2/H2O.

CI

^CH.
CI2 / H2O

X^ sCH3

Problem 6.11 Draw structural formulas for the trialkylborane and alkene that give the following alcohols under
the reaction conditions shown.

BH3 H2O2
I

^

(a) An alkene A trialkylborane CH3-CH-CH2-CH2-OH
NaOH

CH3
I

^

CH3CHCH=CH2
BH3 ?"^ CH,/" H2O2

CH3CHCH2CH2B CH3-CH-CH2-CH2-OH
\ NaOH
R

BH3 H2O2 y^^^OH^o^
(b) An alkene * A trialkylborane ^- \ /

NaOH > 1

\ I \ I
R NaOH

CHoOH
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Problem 6.12 Use a balanced half-reaction to show that each transformation involves a reduction.

:a)

Two hydrogens are required to produce the product alcohol from the ketone. Therefore, the
balanced half-reaction needs two protons and two electrons (for charge balance) on the left-

hand side. Since the electrons are on the left-hand side of the equation, the reaction is a two-
electron reduction.

2H* 2e'

OH

H

(b) CHa-CHg-COH CH3CH2CH2OH

Two hydrogens are required to produce the product alcohol from the carboxylic acid.

Therefore, the balanced half-reaction needs two protons and two electrons (for charge balance)

on the left-hand side. Additionally, the product alcohol has one less oxygen atom than the

carboxylic acid starting material, so there must be an H2O molecule added to the right side of

the equation to balance the oxygen atoms. This H2O molecule has two more hydrogens that

must be balanced by adding two more protons and electrons to the left-hand side of the

equation, giving a total of four protons and four electrons on the left-hand side. Since the

electrons are on the left-hand side of the equation, the reaction is a four-electron reduction.

O

CH3-CH2-COH + 4H^ 4e' CH3CH2CH2OH + H2O

Problem 6.13 What alkene of molecular formula C6H12, when treated with ozone and then dimethyl sulfide,

gives the following product(s)?

O

(a) CgHis ^CHaCHgCH (only product)

2. (CH3)2S

CH3CH2CH—CHCH2CH3

(cis or trans)

(b) CsHy,
1.0,

2. (CH3)2S
-^ CH.CH +CH0CCH0CH0 (equal moles of each)

CH3

CH3CH=CCH2CH3
{cis or trans)
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o
1.03 II

(C) C6H12 K^HgCCHa (only product)

2. (CH3)2S

CHoC—CCHo

Problem 6.14 Which of these terpenes (Figure 5.5) contains conjugated double bonds?

XH2OH

(b) (c)

Conjugated
diene

Geraniol Limonene An aggregating pheromone of

bark beetles

Problem 6.15 Estimate the stabilization gained due to conjugation when 1 ,4-pentadiene is converted to trans-\,3-

pentadiene. Note that the answer is not as simple as comparing the heats of hydrogenation of 1 ,4-pentadiene and
rra/u-l,3-pentadiene because, although the double bonds are moved from unconjugated to conjugated, the degree

of substitution of one of the double bonds is also changed, in this case from a monosubstituted double bond to a

trans disubstituted double bond. To answer this question, you must separate the effect due to conjugation from
that due to change in degree of substitution.

1,4-Pentadiene fra/is- 1,3- Pen ta diene

Using the values from Table 6.3, the heats of hydrogenation for 1,4-Pentadiene and trans-lf3-
pentadiene are -60.8 kcai/mol and -54.1 kcal/mol, respectively, giving a difference of 6.7

kcal/moi. This must be corrected for the fact that 1,4-pentadiene has two terminal
(monosubstituted) double bonds, while /ran5-l,3-pentadiene has one terminal
(monosubstituted) and one internal {trans disubstituted) double bond. This correction can be
approximated by the difference in heats of hydrogenation observed for 1-butene (-30.3

kcal/mol) and /ra/i5-2-butene (-27.6 kcal/mol) equal to 2.7 kcal/mol. Thus, the stabilization

gained in the above transformation is 6.7 kcal/mol + 2.7 kcal/mol = 9.4 kcal/mol.

Energetics of Chemical Reactions
Problem 6.16 Most chemical reactions occur as written if they are exothermic, that is, if the bonds that are formed
in the products are stronger than the ones broken in the starting materials. To determine if a reaction is exothermic

as written, add the bond dissociation energies of all bonds broken in the starting materials (it costs energy to break
bonds). Subtract from this the total of bond dissociation energies of all bonds formed in the products (formation

of bonds liberates energy). If the sum of these numbers is negative, the reaction is exothermic (energy is

liberated) and the reaction proceeds to the right as written. If the sum of these numbers is positive, the reaction is

endothermic (it requires energy) and it does not proceed to the right as written. Using the table of bond
dissociation energies at 25°C, determine which of the following reactions are energetically favorable at room
temperature, that is, if a suitable catalyst could be found, which would proceed to the right as written?
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""^^
Bond dissociation Bond dissociation

Bond energy (kcal/mol) Bond energy (kcal/mol)

H-H 104 (535) C-Si 72 (201)
O-H 110.6(462.8) C=C 146(611)
C-H 98.7 (413) C=0 (aldehyde) 174 (728)
N-H 93.4 (391) C=0 (CO2) 192 (803)
Si-H 76(318) C^O 257 (1075)
C-C 82.6 (346) N^N 227 (950)

C-N 73 (305) C^ 200 (837)

C-0 85.5 (358) 0=0 119(498)
C-I 51 (213)

The following reactions can only occur to a signiflcant extent as written if they are
exothermic, that is, if the bonds that are formed are stronger than the ones that are broken in

the reaction. Recall that a catalyst increases the rate, but does not change the overall

thermodynamics of a reaction.

To And out if a reaction is exothermic, the dissociation energy of all the bonds in the

molecules on each side of the equation are added together. If the bond dissociation energy
total from the right side of the equation is higher than the total from the left side of the

equation, then the reaction is exothermic (AH for the reaction is negative).

(a) CH2=CH2+H2 + N2 H2N-CH2-CH2-NH2

The bond dissociation energies from the left side of the equation:

146 + (4 X 98.7) + 104 + 227 = 871.8 kcal/mol
(C=C) (4 C-H) (H-H)(N=N)

The bond dissociation energies from the right side of the equation:

(4 X 93.4) + (2 X 73) + 82.6 + (4 x 98.7) = 997 kcal/mol

(4 N-H) (2 C-N) (C-C) (4 C-H)

This reaction is exothermic because 997 is larger than 871.8.

(b) CH2=CH2 + CH4 H-CH2-CH2-CH3

The bond dissociation energies from the left side of the equation:

146 + (4 X 98.7) + (4 X 98.7) = 935.6 kcal/mol

(C=C) (4 C-H) (4 C-H)

The bond dissociation energies from the right side of the equation:

(3 X 82.6) + (8 X 98.7) = 1037.4 kcal/mol

(3 C-C) (8 C-H)

This reaction is exothermic because 1037.4 is larger than 934.6.

(c) CH2=CH2 + (CH3)3SiH i- H-CH2-CH2-Si(CH3)3

The bond dissociation energies from the left side of the equation:

146 + (4 X 98.7) + (9 X 98.7) + (3 x 72) + 76 = 1721.1 kcal/mol

(C=C) (4 C-H) (9 C-H) (3 C-Si) (Si-H)

The bond dissociation energies from the right side of the equation:

(82.6) + (5 X 98.7) + (9 x 98.7) + (4 x 72) = 1752.4 kcal/mol

(C-C) (5 C-H) (9 C-H) (4 C-Si)

I
This reaction is exothermic because 1752.4 is larger than 1721.1.
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(d) CH2=CH2+ CHI3 .-H-CH2-CH2-C(I)3

The bond dissociation energies from the left side of the equation:
146 + (5 X 98.7) + (3 X 51) = 792.5 kcal/mol

(C=C) (5 C-H) (3 CI)

The bond dissociation energies from the right side of the equation:

(3 X 82.6) + (5 X 98.7) + (3 x 51) = 894.3 Iccal/mol

(3 C-C) (5 C-H) (3 C-I)

(e)

|~ This reaction is exothermic because 894.3 is larger than 792.5.

O
il

CH2—CH2 + CO + H2 - -»- H-CH2-CH2-CH

The bond dissociation energies from the left side of the equation:
146 + (4 X 98.7) + 257 + 104 = 901.8 kcal/mol

(C=C) (4 C-H) (C^O) (H-H)

The bond dissociation energies from the right side of the equation:
(3 X 82.6) + (6 X 98.7) + 174 = 1014 kcal/mol

(3 C-C) (6 C-H) (C=0)

This reaction is exothermic because 1014 is larger than 901.8.

(f) ^ CH2~"CH2

The bond dissociation energies from the left side of the equation:

(3 X 146) + 82.6 + (10 x 98.7) = 1507.6 kcal/mol
(3 C=C) (C-C) (10 C-H)

The bond dissociation energies from the right side of the equation:
146 + (5 X 82.6) + (10 x 98.7) = 1546 kcal/mol
C=C (5 C-C) (10 C-H)

This reaction is exothermic because 1546 is larger than 1507.6.

(g)

o
li

c
II

o

The bond dissociation energies from the left side of the equation:
(2 X 146) + 82.6 + (2 X 192) + (6 x 98.7) = 1350.8 kcal/mol
(2 C=C) (C-C) (2 C=0) (6 C-H)

The bond dissociation energies from the right side of the equation:
146 + (3 X 82.6) + (6 X 98.7) + (2 x 85.5) + 174 = 1331 kcal/mol
C=C (3 C-C) (6 C-H) (2 C-O) (C=0)

This reaction is endothermic because 1331 is smaller than 1350.8. j
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o o
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(h) HCSCH+ O2 -H-C-C-H

The bond dissociation energies from tiie left side of the equation:
200 + (2 X 98.7) + 119 = 516.4 kcal/mol

(C^C) (2 C-H) (0=0)

The bond dissociation energies from the right side of the equation:
82.6 + (2 X 174) + (2 X 98.7) = 628 kcal/mol

(C-C) (2 C=0) (2 C-H)

This reaction is exothermic because 628 is larger than 516.4.

(i) 2CH4 + O2 2CH3OH

The bond dissociation energies from the left side of the equation:

2(4 X 98.7) + 119 = 908.6 kcal/mol

2(4 C-H) (0=0)

The bond dissociation energies from the right side of the equation:

2(3 X 98.7) + 2(85.5) + 2(110.6) = 984.4 kcal/mol
2(3C-H) 2(C-0) 2(0-H)

I
This reaction is endothermic because 908.6 is smaller than 984.4.

Electrophilic Additions

Problem 6.17 Draw structural formulas for the isomeric carbocations formed by the addition of H+ to each

alkene. Label each carbocation primary, secondary, or tertiary and state which of the isomeric carbocations is

formed more readily.

CH3

(a) CH3-CH2-C=CH-CH3

CHo CH3
I I

CH3-CH2-C-CH2-CH3 + CH3-CH2-CH-CH-CH3
+ +

Tertiary Secondary

(Formed more readily) (Less stable)

(b) CH3-CH2-CH=CH-CH3

CHg-CHj-fcH-CHj-CHa + CH3-CH2-CH2-tH-CH3

Both secondary carbocations

(Formed at equal rates)

Q^CH3 Q-^"3^ Qr""=

Tertiary Secondary

(Formed more readily) (Less stable)
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(d) / V=CH2

Primary Tertiary
(Much less stable) (Formed more readily)

Problem 6. 18 Arrange the alkenes in each set in order of increasing rate of reaction with HI. Draw the structural

formula of the major product formed in each case, and explain the basis for your ranking.

(a) CH3-CH=CH-CH3 or CH3—C=CH-CH3

Cn3"~CH~Cn~Cn2
2-Butene

CH,
I

^

CH3-C=CH-CH3

2-Methyl-2-butene

Cn3^Cpl2'~CH~CH3

A secondary
carbocation

CH,
I

^

Cn3'~'C Cn2'~CH3
+

A tertiary

carbocation

I

I

Cn3~"CH2""CH~CH3

2-Iodobutane
(sec-Butyl iodide)

CH,

*- CH3-C-CH2-CH3

I

2-Iodo-2-methylbutane
(Major product)

The reaction of 2-methyl-2-butene is the only one that can form a tertiary carbocation, so 2-

methyl-2-butene is the compound that reacts faster with HI.

(b)

1-MethylcycIohexene A tertiary

carbocation

1-Iodo-l-methyIcyclo-
hexane

(Major product)

Cyclohexene A secondary
carbocation

lodocyclohexane
(Only product)

Only 1-methylcyclohexene can form a tertiary carbocation, so 1-methyIcyclohexene reacts
faster with HI.

Problem 6.19 Predict the organic product(s) of the reaction of 2-butene with each reagent,

(a) H2O (H2SO4) (b) Bt2 (c) CI2

Cn3~~Crl CH2—CH3

OH
CH3-CH-CH-CH,

^
I I

Br Br

CH3-CH-CH-CH3^11 ^

CI CI
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(d)Br2mH20

CH3-CH-CH-CH3

Br OH

(g) Hg(0Ac)2. H2O

OH HgOAc

(e)HI

CH3-CH-CH2-CH3

I

(f) CI2 in H2O

CH3-CH-CH-CH3

CI OH

(h) the product in (g) + NaBH4

CH3 CH CH2 CH3

OH

Problem 6.20 Draw a structural formula of an alkene that undergoes acid-catalyzed hydration to give these

alcohols as the major product. More than one alkene may give each alcohol as the major product,

(a) 3-Hexanol

CH3CH2CH=CHCH2CH3

(c) 2-Methyl-2-butanol

CH3
_l ^

H2C—CHCH2CH3

CH3
or

I

"*

CH3C=CHCH3

(b) 1-Methylcyclobutanol

U »^ [J
(d) 2-Propanol

CH3CH^Cn2

Problem 6.21 Reaction of 2-methyl-2-pentene with each reagent shows a high regioselectivity. Draw a structural

formula for the product of each reaction, and account for the observed regioselectivity.

In each case, the reaction mechanism involves formation of a tertiary carbocation, that then

reacts with a nucleophile to give the product shown.

(a) HI

CH.

CH3''^C~CH2~'CH2~"CH3

(b) HBr

CH3
I

^

CH3—C~CH2~CH2~CH3

Br

(d) Br2 in H2O

CH3
I

^

CH3-C-CH-CH2-CH3

HO Br

(c) H2O in the presence of H2SO4

CH3
I

^

CH3 C~CH2 CH2~CH3

OH

(e)Hg(OAc)2inH20

CH3
I

^

CHo C CH~CH<)"~CH<j3
I I

2 3

HO HgOAc

Problem 6.22 Reaction of 1-methylcyclopentene with each reagent shows a high degree of regioselectivity and

stereoselectivity. Account for the observed regioselectivity and stereoselectivity,

(a) BH3

Attack of the borane occurs in a concerted fashion, simultaneously forming both the new C-H

and C-B bonds on the same face of the double bond, that is syn. Largely for steric reasons,

the H atom ends up on the less-hindered carbon atom.
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aCH ^^^

Bond forming and
bond breaking is concerted

(b) Br2 in H2O

Attack by H2O on the carbon bearing the methyl group followed by loss of a proton gives the

trans bromohydrin.

H2O

H ^H
A bridged bromonium

ion intermediate

(c)Hg(OAc)2inH20

Attack by water on the bridged mercurinium ion intermediate followed by loss of a proton
results in -OH trans to -HgOAc.

:HgoAc
vJc""go'^^^

H H

A bridged mercurinium
ion intermediate

Problem 6.23 Draw a structural formula for an alkene with the indicated molecular formula that gives the

compound shown as the major product. Note that more than one alkene may give the same compound as the

major product.

CHo
H2SO4 I

(a) C5H10 + H2O -^-^ CH3-C-CH2-CH3

OH

CHo CHo
I ^

I

^

CH2=C-CH2-CH3 o r CH3-C=CH-CH3

CH3

(b) C5H10 + Brg ^CH3-CH-CH-CH2

Br Br
CH3

CH3-CH-CH=CH2
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(c) C7H12 + HCI

CH3

CI

CH,

o r

Problem 6.24 Account for the fact that addition of HCI to l-bromopropene gives exclusively 1-bromo-l-

chloropropane.

+ HQCH3CH=CHBr
l-Bromopropene

-*- CHgCHgCHBrCI

1-Bromo- 1 -chloropropane

The exclusive product must be derived from the significantly more stable carbocation. In this

case, the signiHcantly more stable carbocation is the one with the positive charge on the

carbon atom attached to the bromine atom, despite the fact that this carbocation is primary
versus the alternative secondary carbocation. Thus, the bromine atom must be able to stabilize

an adjacent cationic carbon atom. It turns out that the stabilization is primarily a resonance
effect, involving the lone pairs of the bromine atom as shown. Note how the resonance
structure on the right illustrates how the positive charge is partially delocalized onto the
bromine atom. This type of interaction will be discussed in detail in Chapter 20.

H
+ I ..

CH3CH—C-B r:
^

I ••

H
Not formed

yH
CH3CH=Cr + HCI

Br.

_+/
CH3CH2 C^

H yH

Br.

CH3CH2 Cx ^

B r;

This is the significantly more
stable cation due to resonance

stabilization as shown

Problem 6.25 Propenoic acid (acrylic acid) reacts with HCI to give 3-chloropropanoic acid. It does not produce
2-chloropropanoic acid. Account for this result.

O
II

H2C=CHC0H +

Propenoic acid

(Acrylic acid)

HCI -«- CICH2CH2COH
3-Chloropropenoic acid

CH

CI o
I II

,CHCOH
2-Chloropropenoic acid

(this product is not formed)

The exclusive product must be derived from the significantly more stable carbocation. In this

case, the significantly more stable carbocation is the one with the positive charge on the
terminal carbon atom, despite the fact that this carbocation is primary versus the alternative
secondary carbocation. Thus, the carbonyl group attached to the internal carbon atom must be
destabilizing to an adjacent cationic carbon atom. It turns out that the destabilization is
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primarily an inductive effect, based on the fact that a carbonyl group is electron-withdrawing.
An electron-withdrawing group is destabilizing, since removing charge density from a
carbocation increases the charged character and thus the energy of the carbocation even
further. This type of interaction will be discussed in detail in Chapter 20.

H2C=CHC0H + HCI

H3C—CHCOH

Not formed because

of the destabilizing

inductive effect of the

carbonyl group.

u n—nu nnu ^**'^ '^ ^^^ significantly
"2^ urijuun more stable carbocation

Problem 6.26 Draw a structural formula for the alkene of molecular formula C5H10 that reacts with Btj to give

each product.

CHo
I

^

I CH3C-CHCH3

Br Br

CH3

CH3C=CHCH3

CHo
I

^

(b) CHpCCHpCHo
I

2| 2 3

Br Br

CH3

Cri2'^CCn2Cn3

(c) CH2CHCH2CH2CH3

Br Br

Vi*M2~CMCM2CM2CM3

Problem 6.27 Draw alternative chair conformations for the product formed by addition of bromine to 4-tert-

butylcyclohexene. The Gibbs free energy differences between equatorial and axial substituents for cyclohexane
ring are 4.9 kcal/mol for tert-hutyl and 0.48 - 0.62 kcal/mol for bromine. Estimate the relative percentages of the

alternative chair conformations you drew in the first part of this problem.

Br

(CH3)3C H
(CH3)3C

Br>

H

Br

H{CH3)3C

/""^—-7 Br
^ ^Y^Br

H

Note that the bromine atoms are trans with respect to each other in the product due to the
stereoselectivity of the reaction. Recall that large substituents are sterically disfavored in

axial positions. The upper product structure has the large tert-buty\ group in the strongly
favored equatorial position along with both bromine atoms in the somewhat disfavored axial
positions. The lower product has the large /er/-butyl in the strongly disfavored axial position
along with both bromine atoms in the somewhat more favored equatorial positions. The
conformational energy difference based on the axial vs. equatorial r^r/-butyl group is 4.9
kcal/mol, and we will use an intermediate value of 0.55 kcal/mol for the conformational
energy difference for the axial vs. equatorial bromine atoms. Thus, the relative conformation
energy can be estimated as being favorable for the upper structure by an amount equal to the
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value that is favorable for the tert-hutyl group (4.9 kcal/mol) minus the disfavorable
contributions of the two bromine atoms (2 x +0.55 kcal/mol) for a total of 3.8 kcal/mol.

At equilibrium the relative amounts of each form are given by the equation:

Here Keq refers to the ratio of the alternative chair conformations. Converting to base 10 and
rearrangmg gives

> -AG°

Taking the antilog of both sides gives:

l(2.303)i? Tj

Plugging in the values for aG°, R, and 298 K gives the final answer:

/^,q=10

/ - (- 3.8 kcal/mol) \

,(2.303)(1.987 X 10"^ kcal/mol K)(298 K)J ^,^2.79 2
\ / = 10 = 0.1 X lU

Thus, the structure with the tert-buty\ group equatorial will be favored by about 610 to 1 at

equilibrium at room temperature.

Problem 6.28 Draw a structural formula for the cycloalkene of molecular formula C^Hjo that reacts with CI2 to

give each compound.

^^^ L J- ^^^ JL/ ^"' ^""^ \/^^' ^^^

CI

CI

CH2CI

OH, oOH,

Problem 6.29 Reaction of this bicycloalkene with bromine in carbon tetrachloride gives a rra/w-dibromide. In

both (a) and (b), the bromine atoms are trans to each other. However, only one of these products is formed.
Which trans dibromide is formed and how do you account for the fact that it is formed to the exclusion of the other

trans dibromide?

+ Br2

Product (a) is formed. Electrophilic addition of bromine to an alkene occurs via a bridged
bromonium ion intermediate and anti addition of the two bromine atoms. In a cyclohexane
ring, anti addition corresponds to trans and diaxial addition. Only in formula (a) are the two
added bromines trans and diaxial. In (b) they aretrans, but diequatorial, so this isomer cannot
be formed.
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Br CH3

Br H

(a) rra/is-Diaxial (b) /ra/is-Diequatorial

Problem 6.30 Terpin hydrate is prepared commercially by the addition of two mol of water to limonene (Figure

5.5) in the presence of dilute sulfuric acid. Terpin hydrate is used medicinally as an expectorant for coughs. It

may be given as terpin hydrate and codeine.

H2SO4
+ 2H2O -^ ^ C10H20O2

Terpin hydrate

/A.
Limonene

(a) Propose a structural formula for terpin hydrate and a mechanism for its formation.

Add water to each double bond by protonation of each double bond to give a 3° carbocation,
reaction of each carbocation with water, and loss of the protons to give terpin hydrate.

H H2O—-—*>

("H*)

Limonene Terpin hydrate

(b) How many cis-trans isomers are possible for the structural formula you have proposed?

There are two cis-trans isomers, shown here as chair conformations with the (CH3)2COH
side chain equatorial.
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CH3-C CH3—

C

Problem 6.3

1

Propose a mechanism for this reaction. In so doing, account for its regioselectivity.

CH3 CH3

H3C—C=CH2 + ICI - H3C—C—CHol3
I

2

CI

Because the CI atom ends up on the tertiary carbon atom, the I atom must be transferred first

as shown. This makes sense because CI is more electronegative than I.

Stepl:

CH3
I

H3C—C—CHzi + :Ci:
+

3 _^^ 2

:CI

CH3

•- H3C—C—CHol3
I

2

CI

Problem 6.32 Treatment of 2-methylpropene with methanol in the presence of sulfuric acid gives tert-huiy\ methyl
ether. Propose a mechanism for the formation of this product.

CH3 CH3

CH3-C=CH2 + CH3OH ^ ^> CH3CCH3

OCH3
Reaction of the alkene with a proton gives a tertiary carbocation intermediate. Reaction of this

intermediate with the oxygen atom of methanol followed by loss of a proton gives tert-butyl
methyl ether.

Step 1:

CHo CHo
'
^-^^ r '

CH3-C=CH2 +^ H—OSO3H ^ CH3-C-CH3 + HOSO3

Step 2:

CH, CH.

Cn3 C~CH3

c
CH3-0-H

-^ CH3-C-CH3

CH. H
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Step 3:

CH,

CH3-C-CH3

CH

*6^
H

(-H*)
CH3

CH3-C-CH3

CH3-O:

PrQblem ^.33 When 2-pentene is treated with CI2 in methanol, three products are formed. Account for the
formation of each product. (You need not be concerned, however, with explaining their relative percentages.)

CIOCH3 H3OO CI CI CI

CH3CH=CHCH2CH3
CI2

——*- CH3CHCHCH2CH3 + CH^CHCHgCHa + CH3CHCHCH2CH3
OH3OH

50^^ 33^^ J3^^

In this reaction, the chlorine reacts with the alkene to produce the chloronium ion intermediate
that can then react at either carbon atom to give the four different products as shown.

Step 1:

CH3CH=CHCH2CH3 + iCHCi:
/\

CH3CriCHCH2CH3 :Ci:

:Cl/

CH3CHCHCH2CH3

OCH3

H

:CI/
/V

CH3CHCHCH2CH3

^ Ci:

V\
CH3CHCHCH2CH3

OCH3

H

CH3CHCHCH2CH3

V_
:Cl:

:Ci:
I

CH3CHCHCH2CH3

l^0CH3

H

(-H*)
:Ci:

I

CH3CHCHCH2CH3

:0CH3

:Ci:

^ CH3CHCHCH2CH3

'Ci:

:CI : :Ci:
I (-H*)

I

CH3CHCHCH2CH3 CH3CHCHCH2CH3

^iOCHa :pCH3

H

:CI:
I- CH3CHCHCH2CH3

:Ci:
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Problem 6.34 Treatment of cyclohexene with HBr in the presence of acetic acid gives bromocyclohexane (85%)
and cyclohexyl acetate (15%). Propose a mechanism for the formation of the latter product.

O

+ HBr
CH3-C-OH

Br O-C-CH3

Cyclohexene Bromocyclohexane

(85%)
Cyclohexyl acetate

(15%)

Reaction of cyclohexene with a proton gives a secondary carbocation intermediate. Reaction
of this intermediate with an oxygen atom of acetic acid, followed by loss of a proton gives
cyclohexyl acetate.

Step 1:

+ :Br:

Step 2:

Step 3

Problem 6.35 Propose a mechanism for this reaction:

CHp^CHCHpCHpCHo + Br2 + H2O
1 -Pentene

Br OH
I I

CH2-CHCH2CH2CH3+ HBr

l-Bromo-2-penlanol

Reaction of 1 -pentene with bromine gives a bridged bromonium ion intermediate. Anti attack
of water on this intermediate at the more substituted secondary carbon, followed by loss of a
proton, gives l-bromo-2-pentanol.

Step 1:

r :Br—Br:
+

:Br:

CH2=CHCH2CH2CH3 CHj-CHCHjCHjCHj + :Br:
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Step 2:

>Bri)
• Br:

CH2-CHCH2CH2CH3 ^ CH2-CHCH2CH2CH3

Step 3:

'Br: :*Br:
I (-H*) I

CH2-CHCH2CH2CH3 CH2-CHCH2CH2CH3

PrQt)lem ^,3<? Treatment of 4-penten-l-ol with bromine in water forms a cyclic bromoether. Account for the
formation of this product rather than a bromohydrin as was formed in Problem 6.35.

CH2=CHCH2CH2CH20H + Brg ^ ^O^CHg-Br
^ ^^^

4-Penten-l-ol Cr'
Reaction of the alkene with bromine gives a bridged bromonium ion intermediate. Reaction of
this intermediate with the oxygen atom of the hydroxy! group followed by loss of a proton
gives the observed cyclic ether, a derivative of tetrahydrofuran.
Step 1:

H H

< CH2=CH2+ :Br—Br: -^ ^ CH—CH2 + :Br:

^
' :Br:

Step 2:

+
A bridged bromonium

ion intermediate

1

C}r/"^ — G"-'"^
Step 3:

H

/Px <"*) O ^CH2
r CH—CH, ^ ^ y-

'2

\_/ I- \ /=Br:
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Problem 6.37 Provide a mechanism for each reaction:

OH + " OSO3H

Step 3:

+ H,0*

H I NaOH
0-C,

Step 1

+ :Br:

Step 2:

I- Br
:Br

- H
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"V>>'N^H + HpH

ho:

Problem 6.38 Treatment of 1-methyl- 1-vinylcyclopentane with HCl gives mainly l-chloro-1,2-

dimethylcyclohexane. Propose a mechanism for the formation of this product.

+ HCl

1 -Methyl- 1-vinyl-

cyclopentane
1 -Chloro- 1 ,2-dimethy1-

cyclohexane

The initially formed secondary carbocation can rearrange to form a more stable tertiary

carbocation and a six-membered ring as shown. This new cation reacts with CI- to give the

flnal product.

Stepl:

+ ^H-^CI:
* CH3 " •??'•

Step 2:

Step 3:

CH.

:Ci:
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Hvdrohoration
Problem 6.39 Each alkene is treated with diborane in tetrahydrofuran (THF) to form a trialkylborane which is

then oxidized with hydrogen peroxide in aqueous sodium hydroxide. Draw a structural formula of the alcohol

formed in each case. Specify stereochemistry where appropriate.

(a)

CHjOH

(b)

(d) CH2=CH(CH2)5CH3

HOCH2CH2(CH2)5CH3

CHo
I

^

(c) CH3~C=CH-CH2-CH3

CHo
I

^

CHoCnCnCn2Cn3

OH

(e) (CH3)3CCH=CH2

CHo
I

^

CH3CCH2CH2OH

CH3

Problem 6.40 Reaction of a-pinene with diborane followed by treatment of the resulting trialkylborane with

alkaline hydrogen peroxide gives an alcohol with the following structural formula.

1) BH3

2) H2O2, NaOH

a-Pinene

(a) Four cis,trans isomers are possible for this bicyclic alcohol. Draw formulas for all four.

CH3 Q^3 CH3 Cn3

^A^^^OH ^^^^.^nvOH ^.x-^^^OH ^^-^..xv^O"w w w ^
[1] [2] [3] [4]

(b) Of the four possible cis,trans isomers, one is formed in over 85% yield. Which isomer is formed, and how
do you account for this stereoselectivity? Hint: Make a line-angle drawing of a-pinene in ChemDraw, import it

into Chem3D, and determine from the three-dimensional model from which face of the double bond borane is

more likely to approach.
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CH,

^
».nVOH

[4]
^

Stereoview

Shown in part (a) are perspective formulas for the four possible cis-trans isomers.
Hydroboration followed by treatment with alkaline hydrogen peroxide results in syn {cis)

addition of -H and -OH. Furthermore, boron adds to the less-substituted carbon and from the
least hindered side. In hydroboration of a-pinene, boron adds to the disubstituted carbon of
the double bond and from the side opposite the bulky dimethyl substituted bridge. Compound
[4] is the product formed in 85% yield.

Oxidation
Problem 6.41 Write structural formulas for the major organic product(s) formed by reaction of 1-

methylcyclohexene with each oxidizing agent,

(a) H2O2/OSO4

CH3 OH

OHH
Note that even though the two OH groups are added syn with respect to each other, there are
still two enantiomers produced in the reaction.

(b) O3 followed by (CH3)2S

1. O.

2. (CH3)2S
CH.

H

Problem 6.42 Each alkene is treated with ozone and then with dimethyl sulfide. Draw the structural formula of
the organic product(s) formed from each.

CM.
I

^

I

(a) CH3-C=CH-CH2-CH-CH3

CHo O CH3
I

^
II I

CH3-C=0 + H-C-CH2-CH-CH3
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CH3 CH3

(b) CH3-C=CH-CH2-CH=CCH2CH3

CHo O O
1

^
11 11

CH3-C=0 + H-C-CHg-C—H + H3C~C^Cn2Cn3

(c) a-Pinene (Fig. 5.5)

-C-CH2 I
-* C-CH

(d) Limonene (Fig. 5.5)

O
II

CH2-C-H

CH3—C-CH2-CH2-CH-C-CH3 + H-C-H

O

(e) Zingiberene (Fig. 5.6)

O O CH3 O
II II I II II II

CH3-C-CH3 + H-C-CH2-CH2-CH-CH-CH2-C—H + H-C-C-CH3

C-H
II

o

(f) Caryophyllene (Fig. 5.6)

O

Jrn'
^CH2 CH2 C~CH3

+ H-C-H

C CH2 CH2 C H

Problem 6.43 Draw the structural formula of the alkene that reacts with ozone followed by dimethyl sulfide to

give each product or set of products.

(a) C7H12
1.0.

O

2. (CH3)2S
^ CH3CCH^H2CH^^CH3

CH.

CH.
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(b) C10H18
1.0.

2. (CH3)2S

o o 00
II 11 II II

CH3CCH3 + CH3CCH2CH3 + HCCH2CH

CH3 CH3

CH3-C=CH-CH2-CH=C-CH2-CH3

(c) C10H18
1.0.

2. (CH3)2S

CHo O O
I II 11

CH3CHCH2CCH2CH2CH2CH2CH

CH3
I

^

.CHoCH Cn3

Problem 6.44 Bicyclo[2.2.1]-2-heptene (norbomene) is oxidized by ozone/dimethyl sulfide to cyclopentane-1,3-

dicarbaldehyde.

o o

1.0. H-C

2. (CH3)2S

,C-H

Bicyclo[2.2. l]-2-heptene

(Norbomene)
Cyclopentane-1,3-

dicarbaldehyde

(a) How many stereoisomers are possible for this dicarbaldehyde?

Three. The cis isomer is a meso compound, and the trans isomer is a pair of enantiomers.

H-C C—

H

XT
CIS isomer

(meso compound)

H-C^^,C-H
o o
II II

H-C. ^ X—

H

"Cf
trans isomer

(a pair of enantiomers)

(b) Which of the possible stereoisomers is/are formed by ozonolysis of norbomene?

Only the cis isomer is formed. Because of the geometry of the bicycloalkene, the two carbon
atoms of the alkene double bond must be fused cis to each other.

1. O,

2. (CH3)2S ""^YY^""
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Problem 6.45 (a) Draw a structural formula for the bicycloalkene of molecular formula CgH^j that, on treatment

with ozone followed by dimethyl sulfide, gives cyclohexane-l,4-dicarbaldehyde.

O . . O
1.0o

CsHi; H-C C-H
2. (CH3)2S

Cyclohexane- 1 ,4-dicarbaldehyde

Following are two stereorepresentations for the bicycloalkene.

Bicyclo[2.2.2]-2-heptene

Stereoview

(b) Do you predict the product to be the cis isomer, the trans isomer, or a mixture of cis and trans isomers?

Explain.

The product is the cis isomer. In either of the alternative chair conformations of the product,

one carbaldehyde group is axial and the other is equatorial.

(c) Draw a suitable stereorepresentation for the more stable chair conformation of the dicarbaldehyde formed in

diis oxidation.

O
II

C-H

O -^H
II

H-C

H
m-Cyclohexane-l,4-dicarbaldehyde

Reduction
Problem 6.46 Predict the major organic product(s) of the following reactions. Show stereochemistry where
appropriate.

(a)

CHgOH

+ 2H.
Pt

CHjOH

Geraniol 3,7-DimethyI-l-octanol

Reduction of geraniol adds hydrogen atoms to each carbon-carbon double bond. There is no
possibility for cis-trans isomerism in the product.
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Major product

Reduction of a-pinene adds hydrogen atoms preferentially from the less hindered side of the

double bond, namely the side opposite the one-carbon bridge bearing the two methyl groups.
Predict, therefore, that the major isomer formed is the first one shown.

Problem 6.47 The heat of hydrogenation of allene (1,2-propadiene) to propene is -35.3 kcal/mol (177 kJ/mol),

Compare this value with the heat of hydrogenation of 1,3-butadiene to 1-butene. Does allene have the

characteristics of a conjugated or a nonconjugated diene?

1,3-Butadiene is a conjugated diene. The heat of hydrogenation of 1,3-butadiene to 1-butene
is -56.6 kcal/mol - (-30.3 kcal/mol) = -26.3 kcal/mol; a value that is 4.0 kcal/mol less

negative than the expected -30.3 per double bond. Thus, the conjugation adds stability of
~ 4.0 kcal/mol. On the other hand, the heat of hydrogenation of allene (1,2-propadiene) to

propene is -35.3 kcal/mol, a value that is substantially more negative than the expected -30.3

kcal/mol. Thus, allene does not have the characteristics of a conjugated diene, and is even
less stable than a standard non-conjugated diene.

Problem 6.48 The heat of hydrogenation of dj-di-rerr-butylethylene is -36.7 kcalAnol (154 kJ/mol) while that of

the trans isomer is only -26.9 kcal/mol (113 kJ/mol).

(a) Why is the heat of hydrogenation of the cis isomer so much larger than that of the trans isomer?

A larger value means the c«-di-fcr/-butylethylene is less stable than the trans isomer. This
makes sense because there is so much nonbonded interaction strain due to the tert-butyl

groups smashing into each other in the cis isomer.

CH, CH.

CH.
\.>=< CH3

H H

cw-Di-/er/-butylethylene

CH,

H3C

«3

3-C

H
>=<

H

/CH3

CH,

trans-D\'tert-buty\ethy\ene

(b) If a catalyst could be found that allowed equilibration of the cis and trans isomers at room temperature (such
catalysts do exist), what would be the ratio of trans to cis isomers?

The difference in energy between the two isomers is -36.7 - (-26.9) = -9.8 kcal/mol. Using
the equation derived in the answer to problem 6.27 gives:
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l(2.303)« Tj 1(2.

- ( -9.8 kcal/mol)

303)(1.987 X 10 kcal/mol K)(298 K))., 0^'^=
1.5 X 10''

Thus, at room temperature, the ratio would be 1.5 x 10^ to 1 in favor of the trans isomer.

Synthesis
Problem 6.49 Show how to convert ethylene to these compounds,

(a) Ethane

^C=C^

transition meta
catalyst

i

CH3CH3+ I12 *

H H Ethane

(b) Ethanol

II
^'^°*

. CH3CH2OH/C=C^ + n2U *

H H

or

Ethanol

1. Hg(0Ac)2, H2O
CH3CH2OH
EthanolH^'-'^H 2. NaBH4

or

1. BH3
CH3CH2OH
EthanolH H 2. H2O2, NaOH

(c) Bromoethane

H H
CH3CH2Br
BromoethaneH H

+ nor *

(d) 2-Chloroethanol

•^\ /H CI2 / H2O

H H

•- CH2CICH2OH
2-Chloroethanol

(e) 1,2-Dibromoethane

^C=C^ + Br2

H H

CCL
CH2BrCH2Br

1,2-Dibromoethane

(0 l^-Ethanediol

H H

OsO,

HoO2^2
-^ CH2OHCH2OH

1,2-Ethanediol
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(g) Chloroethane

^C=C^ + HCI *- CH3CH2CI
H H Chloroethane

Problem 6.50 Show how to convert cyclopentene into these compounds.
(a) rra/iy- 1,2-Dibromocyclopentane

'Br ^Br
fra/is-l,2-Dibroniocyclopentane

Note that the product of the reaction is actually a pair of enantiomers.

(b) d5-l,2-Cyclopentanediol

OSO4

H2O2

cis-l,2-Cyclopentanediol

(c) Cyclopentanol

0^f H2O - H2SO4 /^
\J

Cyclopentanol

or

1. Hg(0Ac)2, H2O /"^^
2. NaBH4 "^ \^

Cyclopentanol

or

1. BH3

2. H2O2, NaOH ' \^
Cyclopentanol

(d) lodocyclopentane

+ HI - rr'\j
lodocyclopentane
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(e) Cyclopentane

O
Transition metal

(f) Pentanedial

Cyclopentane

O O

2. {CH3)2S H ^^ ^^ H
Pentanedial

Reactions that Produce Chiral Compounds
Problem 6.5

1

State the number and kind of stereoisomers formed when (R)-3-methyl-l-pentene is treated with

these reagents.

CH3

CHaCHs^
^CH:CH2

(R)-3-Methyl- 1 -pentene

(a) Hg(OAc)2, H2O followed by NaBH4

The alcohol produced in this reaction has a new stereocenter, so the net result is a pair of
diastereomers; (2S,3R)-3-methyl-2-pentanol and (2R,3R)-3-methyl-2-pentanol.

CH3CH2
I
>Q,^

CH3

^^3 (2S,3R)-3-MethyI-2-pentanol

"'/^^CH=CH
^' "9(0AC)2, H2O

CH3CH2 2. NaBH4
®CH3

CH3CH2^ Y^H (RJ

CH3

(2R,3R)-3-Methyl-2.pentanoI

(b)H2/Pt

The alkane produced in this reaction does not have any new stereocenters, and the only
product, 3-methylpentane, is not chiral.

CH3 CH3

CH3CH2^
CH-CH2

CH3CH2^ CH2CH3

3-Methylpentane
(not chiral)
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(c) BH3 followed by H2O2 in NaOH

These reagents give the non-Markovnikov product, so the primary alcohol produced does not
have any new stereocenters, and the only product is (R)-3-niethyl-l-pentanol.

CH3CH/ ^"-^"2 2. H2O2, NaOH CHgCH/^ ^CH^CH^OH

(R)-3-Methyl-l-pentanoI

(d) Bt2 in ecu

The dibromide produced in this reaction has a new stereocenter, so the net result is a pair of
diastereomers; (2R,3R)-l»2-dibromo-3-niethylpentane and (2S,3R)-l,2-dibronio-3-
methylpentane.

CH3CH2
I
"^Br

CHjBr

(2R,3R)-l,2-Dibromo-3-niethylpentane
CH3

CH3CH/ CH-CH2 + Br2
(R]CH,

H»'-C^ ,\Br

I

CHjBr

(2S,3R)-l,2-Dibromo-3-niethylpentane

CH3CH/ 9>H ©

Problem 6.52 Describe the stereochemistry of the bromohydrin formed in each reaction,

(a) ci5-3-Hexene + Br2/H20

CH3CH2 CH2CH3

\=d'^ Br2/H20
H H

CH3CH2^^ ^Br[R) CH3CH2^^ /OH (r)

H»h::—C-'iCH2CH3 is the same as [rJ H-h:)—C-'iCH2CH3
HO ^^ Br^ ^^

(3R,4R)-4-Bromo-3-hexanol

S HO ^CHgCHg
. ^ ISJ Br, ,CH2CH3

CH^H2.->C-C^H r^ ''
'''' ^^"^^ ^^ cfi7CH2..>C-C-^H r^

H Br "^ ^ OH*^

(3S,4S)-4-Bromo-3-hexanoI
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Remember that the anti stereochemistry of addition means that the Br and OH groups add to

opposite faces of the double bond. There are only two products because of symmetry, the
(3R,4R)-4-bromo-3-hexanol and (3S,4S)-4-bromo-3-hexanol.

(b) trans-3-licxcne + Br2/H20

CH3CH2 H

H Cn2Crl2

Br2 / H2O

CH3CH2 Br
/ S

HO "cHjCHg

is the same as

© Br
\.

CH3CH2i"-C-C^CH2CH3

H

(3R,4S)-4-Bromo-3-hexanol

CH3CH2 C-C--CH2CH3

Crl3Cri2

is the same as

H Br Br

C<.iH ©
V
Cn2Cn3

(3S,4R)-4-Bromo-3-hexanol

Remember that the anti stereochemistry of addition means that the Br and OH groups add to

opposite faces of the double bond. There are only two products because of symmetry, the
(3R,4S)-4-bromo-3-hexanol and (3S,4R)-4-bromo-3-hexanol.

Problem 6.53 In each of these reactions, the organic starting material is achiral. The structural formula of the

product is given. For each reaction state:

(1) How many stereoisomers are possible for the product.

(2) Which of the possible stereoisomers is/are formed in the reaction shown.

(3) Whether the product is optically active or optically inactive.

/N^CH=CH2 1 •
Hg(0Ac)2, HgO

^^^
\ / 2. NaBH4

OH
I

CHCH,

The product molecule has one new stereocenter, and both enantiomers will be formed in equal
amounts (racemic mixture). Thus, the product mixture will be optically inactive even though
each enantiomer by itself will display optical activity.

OH© OH®
i...\CH3

^H

CH
(b)

3\ /CH3

H H
Br2

CCI CH0CH-CHCH3

Br Br

The product molecule has two new stereocenters for a total of three possible stereoisomers, a

meso compound {cis addition) and a pair of enantiomers {trans addition). However, due to the
anti relationship of the added bromine atoms, only the R,R and S,S isomers are formed.
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These are enantiomers and since they will be produced in equal amounts (racemic mixture), the

product mixture will be optically inactive even though each enantiomer by itself will display

optical activity.

H,C Br ®
H^C—C-iCHo

Br H

©Br
H3Cn;^C-C';;-H (s]

.xsCHs

H Br

CH
•>

^CHgCHg

(c) xC=C^ + Br2
CCL

H H

CHoCH-CHCHpCHo

Br Br

The product molecule has two new stereocenters for a total of four possible stereoisomers.

However, due to the anti relationship of the added bromine atoms, only the R,R and S,S

isomers can be formed. These are enantiomers and since they will be produced in equal

amounts (racemic mixture), the product mixture will be optically inactive even though each
enantiomer by itself will display optical activity.

H39,

Br

Br ®
•C-'tCHjCHj

H

,jPH2CH3©Br
H3Ci';^C-C--H [s

H Br

(d) CH3CH2CH=C(CH3)2 + HCI

CH3

CH3CH2CH2CCH3

CI

The product molecule has no stereocenters so no stereoisomerism is possible. The product
mixture will therefore be optically inactive.

Jl

+ CI2 in H2O

OH

CI

The product molecule has two new stereocenters for a total of four possible stereoisomers.
However, due to the anti relationship of the added chlorine and -OH groups, only the trans
isomers can be formed. These are enantiomers and since they will be produced in equal
amounts (racemic mixture), the product mixture will be optically inactive even though each
enantiomer by itself would display optical activity.

(f)

Because of symmetry in the molecule, the product has no stereocenters. However, there is

still the possibility of cis-trans isomers, so two products are possible. Because of the
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mechanism of the OSO4 reaction, only the cis isomer will be formed,
there is no optical activity.

OH OH

is the same as

The product is achiral so

OH

I.BH3

2. H2O2. NaOH a
The product molecule has two new stereocenters for a total of four possible stereoisomers.
However, due to the syn addition involved with the reaction of borane, the -OH and methyl
groups must be trans leading to only the two products shown. These are enantiomers and
since they will be produced in equal amounts (racemic mixture), the product mixture will be
optically inactive even though each enantiomer by itself will display optical activity.

'CH.

+ HBr

The product has no stereocenters so no stereoisomerism is possible,

therefore be optically inactive.

The product mixture will
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CHAPTER 7: ALKYL HALTDES AND RADICAL REACTIONS

SUMMARY OF REACTIONS

starting \
Material \. s

CO

<

Organocopper

(Oilman)

Reagent E
S
is

1

O

Organomagnesium

(Grignard)

Reagents

/

Alkanes 7A
7.4*

Alkenes 7B
7.6

Alkyl Halides 7C
7.7A

7C
7.7A

Oilman Reagent
Alkyl Halides

7D
7.7C

Organolithium 7E
7.7C

*Section of book that describes reaction.

REACTION 7A: HALOGENATION OF ALKANES (Section 7.4)

I I ^ heat I I

•C—C— + Xo ,. » —C—C-

Y I

2 or light Y Y
' H ' X

H-X

Halogenation of alkanes occurs by a radical mechanism. The reaction begins with an initiation step

involving the homolytic cleavage of a halogen such as chlorine with heat or light to produce two halogen

radicals. *
- Propagation of the chain reaction occurs when the halogen radical abstracts an H» from the alkane, leaving

an alkyl radical while making H-X. The alkyl radical reacts with another molecule of the halogen, X2, to

create the alkyl halide product and another halogen radical that reacts with another alkane to continue the

chain reaction. Chain termination occurs when two radical species react with each other to produce a new
covalent bond thereby quenching both radicals.

- Halogenation of alkanes is regioselective. That is, reactions using a variety of different alkanes

demonstrate that tertiary hydrogen atoms are replaced in preference to secondary hydrogen atoms which are

replaced in preference to primary hydrogen atoms. The regioselectivity is derived from the fact that the

tertiary radicals are more stable than secondary radicals, secondary radicals are more stable than primary
radicals, and methyl radicals are the least stable of all. The carbon atom having the unpaired electron is

ahnost always sp2 hybridized in alkyl radicals. [Thus, alkyl radical structure and order ofstabilities are
largely analogous to alkyl cation structure and order ofstabilities.]

- Halogenation using bromine is significantly more regioselective than chlorination. In order to understand the

detailed regioselectivity observed with halogenation of alkanes, it is helpful to consider Hammond's
postulate. According to Hammond's postulate, the structure of a transition state more closely resembles
the stable species (reactants or products) that is closest in energy to the transition state. In other words, the

transition state of an endothermic reaction resembles products while the transition state for an exothermic

reaction resembles reactants. * [This concept is useful in a number ofsituations, so it is important to make
sure it is understood before going on.]
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- Abstraction of hydrogen by chlorine or bromine radicals is the first propagation step of the radical chain

reaction with alicanes. This step has a higher activation energy for bromine relative to chlorine, therefore,

according to Hanmiond's postulate, the transition state for the bromine reaction resembles the free radical

product of this step. For the exothermic chlorination reaction, the transition state is more reactant like, and
has little free radical character. In other words, the transition state for the bromine reaction has more radical

character and, therefore, a higher degree of selectivity is observed with bromine in favor of the more stable

radicals such as allyl or tertiary radicals. [This is a complex argument ; make sure you understand it before

moving on.]

REACTION 7B: ALLYLIC HALOGENATION (Section 7.6)

\ / NBS \ /
^ C;^ light or ^ X';^

||^
peroxides i

- When different conditions are used, alkenes can react with radical species by a chain reaction mechanism
called allylic substitution. *

- In allylic substitution, radicals such as 'Br at low concentration react with an alkene to form an allylic

radical.
- The 'Br could be derived by heat or light causing the homolytic bond dissociation of Br2, or by using a
reagent such as N-bromosuccinimide in the presence of either heat or peroxides.

- The allylic radical then reacts with Br2 to generate the bromoalkene and 'Br. The 'Br can then continue the

chain propagation step by reacting with another molecule of alkene.

- The allylic radical, although still highly reactive, is relatively stable for a radical because the unpaired electron

is delocalized. *

CH^^-^Hg ^ CH2-CH=CH2
- The radical delocalization is facilitated by the sp^ hybridization of the radical carbon, since the 2p orbital

containing the unpaired electron can overlap with the 2p orbitals of the pi bond of the alkene.

- For unsymmetrical molecules, the reaction is regioselective. For example, secondary allylic hydrogens are

substituted in preference to primary allylic hydrogens, etc.

- Allylic substitution can also occur with CI2 and light or heat

REACTION 7C: FORMATION OF ORGANOLITHIUM AND GRIGNARD REAGENTS
(Section 7.7A)

I I Pentane I I—C-C— + 2 Li ^ —0—C— + Li-XM I '

' X 'Li

Ether—C—C— + Mg —C—C—M I

I

' X ' MgX
Grignard Reagent

Alkyl halides react with two mol of lithium metal to form organolithium reagents and Li-X. *
Alkyl hallides react with magnesium metal in ether to form Grignard reagents.
Both organolithium reagents and Grignard reagents have polar C-metal bonds. Since the metals are less

electronegative than carbon, the carbon atom has the negative end of the bond dipole moment and thus a
partial negative charge. The bottom line is that these carbon atoms with a partial negative charge can act

as carbon nucleophiles with electrophilic species such as carbonyl groups. [This ability of carbon to act

as a nucleophile is important because it provides a convenient way to make carbon-carbon bonds.] *
Organolithium and Grignard reagents are very strong bases and react with any functional group that is a
stronger acid (proton donor) than the alkane from which the organolithium or Grignard reagent was derived.



176 Overview Chapter 7: Alkyl Halides and Radical Reactions

Thus, organolithium and Grignard reagents react with functional groups such as carboxylic acids, thiols,

alcohols (and water!), terminal alkynes, amines, etc. In these proton transfer reactions, the parent alkane is

generated from the organolithium or Grignard reagent.

REACTION 7D: REACTION OF OILMAN REAGENTS AND ALKYL HALIDES TO
PRODUCE ALKANES (Section 7.7C)

'
\ \\ II I I II—C—C'H-CuLi + X—C"-C"'- —0—C'-C"-C"'-

I lA II I I I I

Oilman Reagent

- Alkyl halides react with Gilman reagents to form alkanes. This is an important reaction because a

carbon-carbon bond is formed. *
- The mechanism of this reaction is under investigation.

REACTION 7E: FORMATION OF GILMAN REAGENTS (Section 7.7C)

I I ^/ I \\
2 —C-C'-Li + Cul ^ —C-C'H-CuLi + Lil

\ I ll
Gilman Reagent

- Two mol of organolithium reagents react with Cul to produce lithium dialkylcopper reagents that are

referred to as Gilman reagents. *
- Gilman reagents are important because they can react with alkyl halides to create carbon-carbon bonds

(Reaction 7D, Section 7.7C).

SUMMARY OF IMPORTANT CONCEPTS

7.0 OVERVIEW
• Haloalkanes, also known as alkyl halides in the common nomenclature, are compounds that contain a

halogen atom attached to an sp^ carbon atom. The terms haloalkane and alkyl halide are used
interchangeably for the rest of the chapter. They can be prepared from and converted into a variety of different

compounds. Thus, alkyl halides are an important and versatile class of molecules for organic synthesis, *^

7.1 STRUCTURE
• The general symbol for haloalkanes is R-X, where R is any alkyl group (the carbon attached to the halogen

must be sp^ hybridized) and X can be any of the halogens, namely -F, -CI, -Br, or -I.

7.2 NOMENCLATURE
• lUPAC names are derived for haloalkanes by naming the parent hydrocarbon according to normal rules, and

treating the halogen atom as a substituent to be listed in alphabetical order like the other substituents. For
example, 2-bromobutane or 3-fluoro-4-methylnonane are acceptable lUPAC names.

• Common names of haloalkanes consist of the name of the alkyl group followed by the name of the halide as a

separate word. For example, propyl iodide is the common name for the compound called 1-iodopropane in the

lUPAC nomenclature.
- Haloalkanes in which all of the hydrogens of a hydrocarbon are replaced by halogen atoms are called

perhaloalkanes. For example, perchloropropane is the common name for the compound of molecular

formula CsClg.

7.3 PHYSICAL PROPERTIES
• Electronegativity increases in the order I<Br<Cl<F, but bond length increases in the opposite order, namely
F<Cl<Br<I. The maximal combination of electronegativity and bond length occurs with C-Cl bonds, so

chloroalkanes are the most polar, having the largest bond dipole moments. *
- As liquids, haloalkane molecules are attracted to each other by a combination of dipole-dipole interactions

and dispersion forces.
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The boiling points of haloalkanes are generally higher than comparable alkanes of similar size and shape.

This is because of the dipole-dipole interactions that are possible with the haloalkanes, as well as the increased

polarizability of halogen atoms compared with hydrocarbons. Large atoms, such as bromine or iodine with

lone pairs of electrons, are highly polarizable, that is their electron density can be temporarily "moved around,"

which increases the strength of induced dipole interactions (dispersion forces) between molecules.

The densities of haloalkanes are higher than hydrocarbons because of the relatively high mass to volume ratios

of the halogens, especially bromine and iodine.

As shown in Table 7.6 in the text, the larger the halogen, the longer and weaker the C-X bond. Only C-F
bonds are stronger than C-H bonds.
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CHAPTER 7
Solutions to the Problems

Problem 7.1 Write the lUPAC name, and where possible, the common name of each compound.

(a) CH3-CH-CH2-CI (b) ;c=c; (c) )-—^0{OH^U
H CH3 ly^

l-Chloro-2-methylpropane (Z)2-Chloro-2-propene m-l-rerr-Butyl-4-
(Isobutyl chloride) chlorocyclohexane

CI
I

(d) CH2=CCH=CH2
2-ChIoro-l,3-Butadiene

Problem 7.2 Name and draw structural formulas for all monochlorination products formed by treatment of butane

with Clj. Predict the major product based on the regioselectivity of the reaction of CI2 with alkanes.

CH3CH2CH2CH3 + CI2 —,. , > monochlorobutanes + HCI
or light

01
I

CHoCHCHoCHo Crl2CICri2CH2CH3

2-Chlorobutane 1-Chlorobutane

There are 4 secondary hydrogen atoms and 6 primary hydrogen atoms on the molecule. The
ratio of reactivity for 2°:1° chlorination is 4:1. Therefore, the predominant product will be the
2-chlorobutane, formed in approximately:

4x4
(4 X 4) + (6 X 1)

X 100 = 73%

Problem 7.3 Using tables of bond dissociation energies (Appendix 3), calculate AH° for bromination of propane

to give 1-bromopropane and hydrogen bromide.

CH3CH2CH3 + Br2 ^ CH3CH2CH2Br + HBr

AH° equals the difference between the bond dissociation energies of bonds made vs. bonds
broken in the reaction. One C-H bond (+ 100 kcal/mol) and one Br-Br bond (+ 46 kcaI./mol)
was broken while one C-Br (-68 kcal/mol) bond and one H-Br bond (-88 kcal/mol) was made
in this reaction. Thus, for the whole reaction aH° = 100 + 46 - 68 - 88 = - 10 kcal/mol.

Problem 7.4 Write a pair of chain propagation steps for the radical bromination of propane to give 1-

bromopropane, and calculate aH° for each propagation step, and for the overall reaction.

Following is a pair of chain propagation steps for this reaction. Of these steps, the first

involving hydrogen abstraction, has the higher activation energy.
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CH3-CH2-CH3 + • Br -CH3-CH2-CH2 + H-Br
+100 -88

Br
I

CH3-CH2-CH2 + Br2 CH3-CH2-CH2 + • Br

+46 -68

(kcal/mol)

+ 12

.22

CH3-CH2-CH3 + Br2

Br
I— CH3-CH2-CH2 + H-Br &

Problem 7.5 Given the solution to Example 7.5, predict the structure of the product(s) formed when 3-hexene is

treated with NBS?

H
I

CH,CHCH=CHCHXH, + • Br

CH3CHCH=CHCH2CH3

Br.

Br
I

*- CH3CH=CHCHCH2CH3

Br2

Br
I

HBr

CH3 CHCH=CHCH2CH3 CH3 CH=CHCHCH2CH3

Problem 7.6 Explain how these Grignard reagents will react with molecules of their own kind to "self-destrucL

Grignard reagents are strong bases. In both cases the Grignard reagent will self-destruct due
to an acid-base reaction,

(a) HOCHsCHsCHgMgBr

HOCH2CH2CH2MgBr t—^ (MgBrf " OCH2CH2CH3

(b) HC=G(CH2)4CH2MgBr

HC=C(CH2)4CH2MgBr ^^=^ (MgBrf " C=C(CH2)4CH3

Problem 7.7 Show how to bring about each conversion using a lithium diorganocopper reagent.

^^'^^ ^CH2CH2CH2CH3

a) II I + (CH3CH2CH2CH2)2CuLI I

(b) ((CH3)2CHCH2)2CuLi
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Nomenclature
Problem 7.8 Give lUPAC names for the following compounds. Where stereochemistry is shown, include a
designation of configuration in your answer.

Br^ CH2CH2CH3

/^=^\. (b)(a)

CH, H

(c)
CH,

Br

Z-2-Broino-2-hexene
(rrfl/i5-2-bromo-2-hexene)

(R)-3-Bromo-3-
methylcyclohexene

fra/is-l-Bromo-4-methyl-
cyclohexane

9H3

(d) CICH2CH2CH2CH2CI (e) Hfc-6-^l

CH2{CH2)4CH3

1,4-Dichlorobutane (S)-2-Iodooctane

.>(CH2)2CH3
(f) CH3-C(^

Br

(S)-2-Broinopentane

CH,

(g) a
3-Fiuorocycloheptene 2-Methyl-l-broinopropane

(h) CH3CHCH2Br i)

l-Chlorobicyclo-
[2.2.1]heptane

Problem 7.9 Draw structural formulas for the following compounds.
(b) (R)-2-Chlorobutane(a) Allyl iodide

CH2=CHCH2l

CH3
I

^

CH3CH2 ^ci

(c) mejo-2,3-Dibromobutane

H,C, ,CH.

H H

(e) Neopentyl iodide

CHo
I

^

H3C—C—CHgl

CH,

(d) trans- 1 -Bromo-3-isopropylcyclohexane

^CH(CH3)2

(f) Cyclobutyl bromide

<yBr

Physical Properties
Pr9t)lgni7,10 Water and methylene chloride are insoluble in each other. When each is added to a test tube, two
layers form. Which layer is water and which layer is methylene chloride?

The densities of water and methylene chloride are 1.00 and 1.327 g/mL, respectively. The
increased density of the methylene chloride is a consequence of the relatively high atomic
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weight of the chlorine atoms compared to oxygen, hydrogen, and carbon,

chloride will be the bottom layer.

Thus, methylene

Problem 7.11 The boiling point of methylcyclohexane (C7H14, MW 98.2) is 101°C. The boiling point of

perfluoromethylcyclohexane (C7F14, MW 350) is 76°C. Account for the fact that although the molecular weight

of perfluoromethylcyclohexane is over 3 times that of methylcyclohexane, its boiling point is lower than that of

methylcyclohexane.

This difference is due to the low polarizability of fluorine that is attributed to its small size

and the tightness with which its electrons are held.

Problem 7.12 Account for the fact that among the chlorinated derivatives of methane, chloromethane has the

largest dipole moment and tetrachloromethane has the smallest dipole moment.

Name
Molecular

Formula

Dipole Moment
(debyes: D)

chloromethane CH3CI 1.87

dichloromethane CH2CI2 1.60

trichloromethane CHCI3 1.01

tetrachloromethane CCI4

Each C-CI bond is polar covalent with carbon bearing a partial positive charge and chlorine

bearing a partial negative charge. Recall that molecular dipole moments are the vector sum of

all the individual bond dipole moments. As shown on the structures below, adjacent C-Cl
bond dipoles actually cancel each other to some extent in dichloromethane and
trichloromethane, and completely in tetrachloromethane.

Vector
sum 1.87 D 1.60 D 1.01 D

Chloromethane Dichloromethane Trichloromethane Tetrachloromethane

HalQgenatlon of Alkanes
Problem 7.13 Name and draw structural formulas for all possible monohalogenation products that might be

formed in the following reactions.

+ CI
light

Chlorocyclopentane
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CHo
I

^

(b) CH3CHCH2CH2CH3+ CI2

CH3

CH3CHCHCH2CH3

CI
3-Chloro-2-methyI-

pentane

light

CHoCI
I

CH3CrlCn2Cn2Cn3
l-Chloro-2-niethyl-

CH,
pentane

CH3
I

^

CH3CCn2Cn2Cn3

CI
2-Chloro-2-methyl-

CH3 pentane

CHo
I

^

(c) CH3CI-CHCH3 +

CH,

Br,
light

CH3CnCH2CnCH3

CI
2-ChIoro-4-niethyl-

pentane

CH2Br
I

"" Crl3CnCnCn3

CH3

l-Bromo-2,3-dimethyl-
butane

CH3CHCH2CH2CH2CI

l-Chloro-4-methyl-
pentane

CH3
I

^

CHoC CnCr1<j
^ I

^

Br CH3

2-Bromo-2,3-dimethyl-
butane

(d) > + Br-
light

l>-Br

Bromocyclopropane

Problem 7.14 Which compounds can be prepared in high yield by regioselective halogenation of an alkane?

(a) 2-Chloropentane (b) Chlorocyclopentane

(c) 2-Bromo-2-methylheptane (d) 2-Bromo-3-methylbutane

(e) 2-Bromo-2,4,4-trimethylpentane (f) lodoethane

To be made in high yield, the compound must be the only monohalogentation product possible

because of symmetry in the starting alkane, or, alternatively, the product must have the

halogen on the single most-substituted carbon atom. Thus, (b), (c), and (e) could be prepared
in high yield, (f) Cannot be prepared because it would be an endothermic reaction. The other

products would be produced along with unsatisfactory amounts of other monohalogenation
products. In particular, 3-chloropentane and 2-bromo-2-methylbutane would be major
contaminants in preparations of (a) 2-chloropentane and (d) 2-bromo-3-methylbutane,
respectively.

Problem 7.15 There are three constitutional isomers of molecular formula C5Hj2- When treated with chlorine gas

at 300°C, isomer A gives a mixture of four monochlorination products. Under the same conditions, isomer B
gives a mixture of three monochlorination products and isomer C gives only one monochlorination product. From
this information, assign structural formulas to isomers A, B, and C,

Structural formulas for the three alkanes of are:

CH3
I

^

CPI3 Crl~Crl2 CH3 CHo-CHo'CHo'Crlo'Cno

2-Methylbutane
(Isopentane)

B
Pentane

CH3
I

^

Cn3^C"'Cn3

CH3

C
2,2-Dimethylpropane

(Neopentane)

To arrive at the correct assignments of structural formulas, first write formulas for all

monochloroalkanes possible from each structural formula. Then compare these numbers with
those observed for A, B, and C. Because isomer B gives three monochlorination products, it
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must be pentane. By the same reasoning, A must be 2-methyIbutane, and C must be 2,2-

dimethylpropane.

Problem 7.16 Following is a balanced equation for bromination of propane.

Br

CH3CH2CH3 + Br2 ^^ CH3CHCH3 + HBr

(a) Using the values for bond dissociation energies given in Appendix A, calculate AH° for this reaction.

Formation of 2-bromopropane (isopropyl bromide) by radical bromination of propane is

exothermic by 14 kcal/mol.

Br

CH3-CH2-CH3 + Br2 ^CHg-CH-CHa + H-Br (kcal/mol)

+96 +46 -68 -88 -14

(b) Propose a pair of chain propagation steps and show that they add up to the observed reaction.

Following is a pair of chain propagation steps for this reaction. Of these steps, the first

involving hydrogen abstraction has the higher activation energy.

aH°
CH3-CH2-CH3 + • Br ^CH3-CH—CH3 + H-Br (kcal/mol)

+96 -88 +8
Br

I

CH3-CH—CH3 + Brj ^ CH3-CH-CH3 + • Br

+46 -68 -22

sum of AH° for chain propagation steps: [-14
]

Following is an alternative pair of chain propagation steps. Because of the considerably

higher activation energy of the first of these steps, the rate of chain propagation by this

mechanism is so low that it is not competitive with the chain mechanism first proposed.

Br aH°

CH3-CH2-CH3 + • Br ^CH3-CH-CH3 +-H
(kcal/mol)

+96 -68 +28

•H + Br2 ^ H-Br + • Br

+46 -88 -42

sum of AH*^ for chain propagation steps: [-14
]

(c) Calculate AH° for each chain propagation step.

See answer to part (b)

(d) Which propagation step is rate-limiting, that is, which crosses the higher potential energy barrier?

See answer to part (b)
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Problem 7.17 Write a balanced equation and calculate AH° for reaction of CH^ and I2 to give CH3I and HI.

Explain why this reaction cannot be used as a method of preparation of iodomethane.

The reaction is not a useful preparation method, because formation of iodomethane (methyl
iodide) by radical iodination is endothermic by 13 kcal/mol. It will not occur spontaneously.

CH4 + I2 ^ CH3I + HI (kcal/mol)

+105 +36 -57 -71 +13

Problem 7.18 Following are balanced equations for fluorination of propane to produce a mixture of 1-

fluoropropane and 2-fluoropropane.

CH3CH2CH3 4. F2 ^' CH3CH2CH2F + HP

Propane 1-Fluoropropane

F

CH3CH2CH3 + F2 ^' CH3CHCH3 + HF
Propane 2-Fluoropropane

Assume that each product is formed by a radical chain mechanism,
(a) Calculate AH* for each reaction.

Formation of l-fluoropropane (propyl fluoride) and 2-fluoropropane (isopropyl fluoride) are
both exothermic.

r*u ^u r'u J. c -
(kcal/mol)\-ftt^ \^n2 ^^•'3 + '2 ^ \^r\^ v.^n2 Un2'"r + nr

+100 +38 -106 -136

F

-104

OUI ^Ul ^U j_ c
1

V^n3 \^T^2 ^rls + ^2 ^ y^rS^ Un-Un3 + Mr
+96 +38 -107 -136 -109

(b) Propose a pair of chain propagation steps for each reaction, and calculate AH for each step.

CH3-CH2-CH3 + F ^ r*LJ _.^IJ _^LJ LJC
aH°

(kcal/mol)* Un3 Un2 Un2 + Mr
+ 100 -136 -36

CH3—CH2-CH2 + F2 ^ t*n3 Un2 Un2 r + ' p

+ 38 -106 -68

for chain propagation steps:sum of AH° (-104)

Following is an alternative pair of chain propagation steps.

aH°
CH3-CH2-CH3 + -F ^CH3-CH-CH3 + HF (kcal/mol)

+96 -136 -40

F
I

CH3-CH-CH3 + F2 ^ CH3-CH-CH3 + F

+38 J^T -69

sum of AH° for chain propagation steps: [-109 ]
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(c) Reasoning from the Hammond postulate, predict the regioselectivity of radical fluorination relative to that of

radical chlorination and bromination.

Because the hydrogen abstraction step in each radical fluorination sequence is highly

exothermic, the transition state is reached very early in hydrogen abstraction and the

intermediate in this step has very little radical character. Therefore, the relative stabilities of

primary versus secondary radicals is of little importance in determination of product.

Accordingly predict very low regioselectivity for fluorination of hydrocarbons.

Problem 7.19 As you demonstrated in Problem 7.18, radical fluorination of alkanes is highly exothermic. As per

Hammond's postulate, assume that the transition state for radical fluorination is almost identical to starting

material. With this assumption, estimate the fraction of each monofluoro product formed in the fluorination of 2-

methylbutane.

If it is assumed that the transition state for radical flourination is almost identical to starting

materials, then relative radical stabilities are not important. Thus, all types of carbon atoms
(3°, 2°, and 1°) will react with equal rate. The fraction of each monofluoro product will then

be determined by the number of each kind of hydrogen present as shown.

50% (6/12)
16.7% (2/12)

V-H3C /
H3C-CH--CH7--CH3

11 ; 1

8.3% (1/12) 25% (3/12)

Problem 7.20 Cyclobutane reacts with bromine to give bromocyclobutane, but bicyclo[1.1.0]butane reacts with

bromine to give 1,3-dibromocyclobutane. Account for the differences between the reactions of these two

compounds.

/\ ^ Br2 i!5E*<^Br + HBr

Cyclobutane Bromocyclobutane

Bicyclo[ 1 . 1 .0]butane 1 ,3-Dibromocyclobutane

The upper reaction follows the normal radical chain mechanism. The propagation steps

consist of hydrogen atom abstraction followed by reaction with Bri to generate the product.

H + HBr

H
+ • Br

Br

The lower reaction can be explained by a mechanism in which the highly strained bridging
bond reacts with the Br radical during the first propagation step as shown below. Note that

the extreme ring strain of the bicyclic molecule provides the driving force for the first

propagation step.
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-^ Br ^ • < }—Br

Br—^Br +^^-
<^ y—Br ^ Br^-^ y^Br + • Br

Problem 7.21 The first chain propagation step of all radical halogenation reactions we considered in Section 7.5B

is abstraction of hydrogen by the halogen atom to give an alkyl radical and HX, as for example

CH3CH3 + -Br CH3CH2- + HBr

Suppose, instead, that radical halogenation occurs by an altemative pair of chain propagation steps, beginning

with this step:

CH3CH3 + -Br CH3CH2Br + H-

(a) Propose a second chain propagation step. Remember that a characteristic of chain propagation steps is that

Uiey add to the observed reaction.

Br—Br + -H ^ HBr + • Br

(b) Calculate the heat of reaction, aH°, for the two steps.

aH°
(kcal/mol)

CH3CH3 + Br *- CHaCHjBr + H

+100 -68 +32

Br—Br + • H ^ HBr + • Br

+46 -88 -42

CH3CH3 + Br2 ^ CHgCHzBr + HBr [-10
]

(c) Compare the energetics and relative rates of the set of chain propagation steps in Section 7.5B with the set

proposed here.

Here, the first propagation step has a very high activation barrier, so it would not compete
with the first propagation step proposed in Section 7.5B.

Allvlic Halogenation
Problem 7.22 Following is a balanced equation for the allylic bromination of propene.

CH2=CHCH3 + Br2 CH2=CHCH2Br + HBr

(a) Calculate the heat of reaction, AH, for this conversion.

See the answer to part (b)

(b) Propose a pair of chain propagation steps and show that they add up to the observed stoichiometry.

aH°
CH2=CH—CH3 + • Br ^CH2=CH-CH2 + H-Br (kcal/mol)

+86 -88 -2

CH2=CH-CH2 + Br2 ^ CH2=CH-CH2Br + • Br

+46 -55 -9

sum of AH° for chain propagation steps: f -i 1 1
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(c) Calculate the AH° for each chain propagation step and show that they add up to the observed AH° for the

overall reaction.

See the answer to part (b).

Problem 7.23 Using the table of bond dissociation energy (Appendix 3), estimate the bond dissociation energy of

each indicated bond in cyclohexene,

(b)-^ H

Estimate (a) the bond dissociation energy (BDE) of this secondary site to be 96 kcal/mol, (b)

BDE of this allylic site to be 86 kcal/mol, and (c) BDE of this vinylic site to be 106 kcal/mol.

Problem 7.24 Propose a series of chain initiation, propagation, and termination steps for this reaction and
estimate its heat of reaction.

Br

Br,
light

+ HBr

Initiation:

light
Br2 —^ 2 Br

Propagation:

H

+ • Br + H-Br
(kcal/mol)

+86 88

Br2

+ 46

Br

sum of AH° for chain propagation steps: GUD
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Termination:

•Br + • Br ^ Br2

+ • Br

Problem 7.25 The major product formed when methylenecyclohexane is treated with NBS in carbon tetrachloride

is 1-bromomethylcyclohexene. Account for the formation of this product.

Recall that NBS can be considered a source of Br radicals and Bri.

cy NBS
CH, OCHoBr

Methylene-
cyclohexane

l-Bromomethyl-
cyclohexene

The above reaction can be explained by a first propagation step involving a hydrogen atom
abstraction.

+ • Br CHo + H-Br

H

The resulting allylic radical can be represented as the hybrid of two contributing structures.

The one on the right is the major contributor because it contains the more stable trisubstituted

carbon-carbon double bond.

H

CH,

H

The second propagation step completes the reaction.

H

+ Br.
^ ^—CHgBr + • Br

H
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Problem 7.26 Draw the structural formula of the products formed when each alkene is treated with one equivalent

of NBS in CCI4 in the presence of benzoyl peroxide. (There are two possible products from each alkene.)

(a) CH3CH=CHCH2CH3

There are two possible allylic radicals that could be produced, giving a total of three possible

products:

H
I

H2CHCH=CHCH2CH3 + • Br ^

HjCHCH^HCH^CH,igv^nj

Br.

Br
I

H2CHCH=CHCH2CH3

H2C=CHCHCH2CH3 + HBr

Br

Br
I

H2C=CHCHCH2CH3

or alternatively:

H
I

CH3CH=CHCHCH3 + Br

CH3CHCI-I^HCH3

Br.

CH3CH=CHCHCH3 +

Br2

Br Br

CH3CHCH=CHCH3 ^^^ same as CH3CH^CHCHCH3

HBr

(b)

+ • Br —^ H H

—

/ V^+ HBr

Br. Br

Br
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(C)

^CHg

.CH,

Br

H

.CH, .CH,

HBr

H

Problem 7.27 The activation energy for hydrogen abstraction from ethane by a chlorine atom is 1.0 kcal/mol; that

for hydrogen abstraction by a bromine atom is 13.2 kcal/mol (Section 7.5D). Calculate the ratio of rate constants,

kci/k3r, for these two reactions. Hint: Review the Arrhenius equation. Section 6.2.

The difference in activation energies (AEa) is 1.0 kcal/mol - 13.2 kcal/mol = -12.2 kcal/mol.
Using the equation derived for Problem 6.2 and plugging in the appropriate values at room
temperature gives:

AEa = -2.303 RT log -^ = (-1.36 kcal/mol)(log-!i^)
c\

Br

12.2

^Br

^ kBr -1.36 -1.36
= 9.0

^Br

= 10'

Synthesis
Problem 7.28 Show reagents and conditions to bring about these conversions.

(a) + HCI

(b) CH3CH=CHCH3
NBS
CCL

CH3CH=CHCH2Br

(c) CH3CH=CHCH3 + Br2
CCI,

(d) .< HBr

CH^H-CHCH3

Br Br

Br
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- O -^ O-"
Problem 7.29 Complete these reactions involving lithium diorganocopper (Oilman) reagents.

(a) (^_^Br . (CH2=C)2CuLi ^^ \^J^K

CH3

(CH2=C)Cu * ^'^''

(b)
I II

+ (CH3CH2CH2CH2)2CuLi -^^^^ f J

(CH3CH2CH2CH2)Cu

(c) CH3CH2CH2CH2I + [(CHaJsClsCuLi > CH3CH2CH2CH2C(CH3)3

[(CH3)3C]Cu + Li I

r^c"
/ S, H '^ ^ ^ ^

X X \
H /H3C H \ N^y

'CH2 H

H3C^ ^H
^C=C jCu + LI CI

H CH2

Problem 7.30 Show how to convert 1-bromopentane to each of these compounds using a lithium diorganocopper

(Oilman) reagent. Write an equation, showing structural formulas, for each synthesis,

(a) Nonane

CH3CH2CH2CH2CH2Br + (CH3CH2CH2CH2)2CuLI
ether

CH3{CH2)7CH3 + (CH3CH2CH2CH2)Cu + LiBr

Nonane
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(b) 3-Methyloctane

CH3
CHaCHgCHzCHgCHgBr + ^^CHaCHjCH /j ^"Li ether

'

CH3CH2 CHCH2CH2CH2CH2CH3 + ( CH CH CH J
^ " * ' ^ ''

3-MethyIoctane \ 3 2 /

(c) 2,2-Dimethylheptane

CHsCHzCHzCHzCHjBr + [(CH3)3C]2CuLi
ether

CHo
I

^

CH3CCH2CH2CH2CH2CH3 + [(CH3)3C]Cu + Li Br

CH3
2,2-Dimethylheptane

(d) 1-Heptene

CH3CH2CH2CH2CH2Br + (CH2=CH)2CuL
ether

CH2=CHCH2CH2CH2CH2CH3 + (CH2=CH)Cu + Li Br

1-Heptene

(e) 1-Octene

CH3CH2CH2CH2CH2Br + (CH2=CHCH2)2CuLi ——

—

CH2=CHCH2CH2CH2CH2CH2CH3 + (CH2=CHCH2)Cu + Li Br

1-Octene

Problem 7.31 In Problem 7.30, you used a series of lithium diorganocopper (Gilman) reagents. Show how to

prepare each Gilman reagent from an appropriate alkyl or vinylic halide.

(a) 2 CH3CH2CH2CH2X ^=^ CuJ_^ (CH3CH2CH2CH2)2CuLi

l""^ Li Cul (
?"3\

(b) 2CH3CH2CH
--^iii^r UH3CH2CHj2CuLi

X

(c) 2 (CH3)3CX ^=-^ qu}_^
[(CH3)3C]2CuLi

ether

H
I . r\ t

(d) 2 '^C=C^ 1_!_ ^^LL^ (CH2=CH)2CuLi
H X ether
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H H
(e) 2 ^C=C^ —^-^ Cul_^ (CHjiCHCHaJjCuLI

Problem 7.32 Show how to prepare each compound from the given starting compound through the use of a

lithium diorganocopper (Gilman) reagent

(a) 4-Methylcyclopentene from 4-bromocyclopentene

CH, (CH3)Cu'3

+

LiBr
4-Bromocyclo- 4-MethylcycIO"

pentene pentene

(b) (Z)-2-Undecene firom (Z)-l-bromopropene

V=C; + [CH3(CH2)6CH2]2CuLi -^^iiF^
H3C Br

(Z).l.Bromo- H H [CH3(CH2)6CH2]Cu
propene ^q—q"^ *- ^^ ^'^ ^'

H3C CH2(CH2)6CH3
LiBr

(Z)-2-Undecene

(c) 1-Butylcyclohexene from 1-iodocyclohexene

I

+ [CH3(CH2)2CH2]2CuLi
^t^^^-

l-Iodocyclohexene ^'''\^CH2(CH2)2CH3 [CH3(CH2)2CH2]Cu

+

Lil

1-ButyIcycIohexene

(d) 1-Decene from 1-iodooctane

CH3(CH2)6CH2l + (CH2=CH)2CuLI ——->-
ether

1-Iodooctene
CH2=CH(CH2)7CH3 + (CH2=CH)Cu + Lll

1-Decene

(e) 1 ,8-Nonadiene from 1 ,5-dibromopentane

CH2Br(CH2)3CH2Br + 2 (CH2=CH)2CuLi
^^^^^

*

1,5-Dibromopentane
CH2=CH{CH2)5CH=CH2 + 2(CH2=CH)Cu + 2LIBr

1,8-Nonadiene
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CHAPTER 8: NUCLEOPHTTJC SUBSTITUTION AND B-ELIMINATION

SUMMARY OF REACTIONS

\ « V3
\ 3\ ^^ C

"e3

!Z2

\ ^ o

£
E
3

C/5

StartingX f/i 13 _3 S
4>

Material \ o 4^ X ^ V3
4>

C
© V5 tn

V3
9^

J= x:
\ x: C ^~ S g; E O) (2 u Q> a>\ o 9J >» >» « a> O) C/3 © ©
\ u ^ ^ J;< s B 'n C/3

x: «rf
JS x: £

y \ < < < < < < < U US z Cu H H
Alkyl 8A 8B 8C 8D 8E 8F 8G 8H 81 8.1 8K 8L 8M
Halides 8.4* 8.8 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.6 8.4 8.4 8.4

*Section of book that describes reaction.

REACTION 8A: FORMATION OF ALCOHOLS: REACTION WITH HYDROXIDE ION AND
WATER (Section 8.4)

HO^or—C—

X

-^ —C-OH
HoO

- Alkyl halides can be converted into alcohols by treatment with either hydroxide or water.

- For HO ", substitution occurs via an Sn2 mechanism with primary alkyl halides, but with secondary and

especially tertiary alkyl halides elimination (reaction 8B) can become important because HO ' is also a

relatively strong base.

- The H2O can react predominantly via an Sn2 mechanism with primary alkyl halides, but with secondary and
especially tertiary alkyl halides the Sj^l mechanism can become important.

REACTION 8B: FORMATION OF ALKENES: p-ELIMINATION (Section 8.8)

base
H—C—C'-X >=<

- Alkyl haUdes undergo p-elimination in the presence of base to produce alkenes.
- Primary alkyl halides will only undergo appreciable elimination (E2) with a very strong, sterically hindered

base, for example (CH3)3CO- K+.
- Secondary alkyl halides may undergo some E2 elimination with strong bases, or El elimination in solvolysis

reactions.

- Tertiary alkyl halides readily undergo E2 elimination with base, or El in solvolysis reactions.

REACTION 8C: HALOGEN EXCHANGE (Section 8.4)

X'—C—

X

*- —C—X'

- The halogen of an alkyl halide can be exchanged by using the halide ion as a nucleophile in a substitution

reaction.

- Like most of the non-basic nucleophiles, the reaction will take place via an Sn2 mechanism for methyl,

primary, and secondary alkyl halides, but the SnI mechanism is important for tertiary alkyl halides.
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REACTION 8D: ALKYLATION OF ALKYNES: REACTION WITH TERMINAL ALKYNE
ANIONS (Section 8.4)

I
-C=C"-

I—C—X •- —C—C'=C"—
I I

- Alkyne anions react with certain alkyl halides to generate other alkynes. The alkyne anions are produced by

deprotonation of terminal alkynes.

- Alkyne anions are such strong bases, that substitution is important only for methyl or primary alkyl halides.

Elimination is an important side reaction for secondary alkyl halides and the only reaction for tertiary alkyl

halides.

REACTION 8E: ALKYLATION OF AMINES (Section 8.4)

I—N :

I—C—X —C—N :

I I I

- Amines react with alkyl halides to produce alkylated amines.

REACTION 8F: ALKYLATION OF TERTIARY AMINES (Section 8.4)

I I—C"—N :

I I

I

—C—X ^ —C—-N—

C

— C"'-

- Tertiary amines also react with alkyl halides under forcing conditions to produce telraalkylammonium ions.

REACTION 8G: FORMATION OF ALKYL AZIDES: REACTION WITH THE AZIDE ANION
(Section 8.4)

I

^3-
I—C—X ^ —0—No

I I

- Alkyl halides react with the azide anion to produce alkyl azides.
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REACTION 8H; FORMATION OF ESTERS: REACTION WITH CARBOXYLATE ANIONS
AND CARBOXYLIC ACIDS (Section 8.4)

O
II

I or I II—C—X «- —C-O-C—
I

o
I

'
II

'

—C-OH
- Alkyl halides react with carboxylate anions or sometimes the much less reactive carboxylic acids to produce

esters.

REACTION 81: FORMATION OF ETHERS: REACTION WITH ALKOXIDE ANIONS AND
ALCOHOLS (Section 8.4)

I—C'-O-

I I—C—X —C-O-C'—
I

I
I I—C'-OH

I

- Alkyl halides react with alkoxide anions or sometimes the much less reactive alcohols to produce ethers.

- Reaction with alkoxides is most important for methyl and primary alkyl halides. The alkoxide anions are

such strong bases that p-elimination is a competing reaction with secondary alkyl halides, and the only
reaction with tertiary alkyl halides.

REACTION 8J: FORMATION OF NITRILES: REACTION WITH CYANIDE ANION (Section
8.4)

I N=C- I—C—X ^ —C-C=N
I I

- Alkyl halides react with the cyanide anion to produce nitriles.

REACTION 8K: FORMATION OF PHOSPHONIUM SALTS: REACTION WITH
PHOSPHINES (Section 8.4)

_l

I r I

L^"

—C—X —C—P^^
I I I

- Alkyl halides react with phosphines to produce phosphonium ions.
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REACTION 8L: FORMATION OF THIOETHERS: REACTION WITH THIOLATE ANIONS
AND THIOLS Section 8.4)

I—C'-S-

or I I

C—X ^ —C—S—C—
—C'-SH

- Alkyl halides react with the thiolate anions or the less nucleophilic thiols to produce thioethers.

REACTION 8M: FORMATION OF THIOLS: REACTION WITH HS'AND H2S (Section 8.4)

I

"^'
I

' or '—C—X —-—^ —C-SH
I

H2S
I

- Alkyl halides react with HS" or the less nucleophilic H2S to produce thiols.

SUMMARY OF IMPORTANT CONCEPTS

8.1 NUCLEOPHILIC ALIPHATIC SUBSTITUTION
• Nucleophilic substitution reactions are reactions in which one nucleophile is substituted for another.

They are very important reactions for alkyl halides, because a wide variety of different functional groups can be

prepared in this way. In these reactions, the halogen atom is replaced by the nucleophile. *
- For example. Table 8.4 in the text Usts a number of negatively-charged and neutral nucleophiles that can react

with alkyl halides such as methyl bromide to produce numerous types of molecules.

8.2 SOLVENTS FOR NUCLEOPHILIC SUBSTITUTION REACTIONS
• The solvent can have a strong influence on nucleophilic aliphatic substitution reactions. Two different types of

solvents are used in substitution reactions, protic solvents and aprotic solvents. Protic solvents are

solvents that contain a functional group such as -OH that can act a hydrogen bond donor. Aprotic solvents

do not have any functional group that can act as a hydrogen bond donor.

• Solvents are further classified as polar and nonpolar. Polar solvents interact strongly with ions and polar

molecules, while nonpolar solvents do not interact with ions and polar molecules. Dielectric constant is a

common measure of solvent polarity and is defined as the amount of electrostatic insulation provided by
molecules placed between two charges.

• Water, formic acid, methanol, and ethanol are considered to be polar protic solvents. Important polar

aprotic solvents include dimethyl sulfoxide, acetonitrile, dimethylformamide, and acetone while nonpolar

aprotic solvents include dichloromethane, diethyl ether, and hexane. It is helpful to categorize solvents this

way, because solvents in a given category influence reactions between nucleophiles and alkyl halides in similar

ways.

8.3 MECHANISMS OF NUCLEOPHILIC ALIPHATIC SUBSTITUTION
• There are two different limiting mechanisms for nucleophilic aliphatic substitution reactions. *
• The term Sn2 stands for Substitution reaction, Nucleophilic, 2nd order (also called bimolecular). According to

the Sn2 mechanism, bond-breaking and bond-forming occur at the same time. Thus, both the nucleophile and

alkyl halide are involved in the rate-limiting step, hence this is a bimolecular reaction. The reaction takes

place in a single step, so there is only a single transition state, not any intermediates. In this case, the departing

halogen atom is called the leaving group. *
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Nu:
W'

\
,.-C—Br

5-

Nu- -C

5-

•Br

^ /
Nu-C..,„ Br'

Transition state in which

Nu-C bond is formed as

C-Br bond is broken.

- A bimolecular reaction is one in which two reactants take part in the transition state of the slow or rate-

limiting step of the reaction. Thus the rates of bimolecular reactions such as Sn2 reactions are proportional

to the concentration of both the alkyl halide and nucleophile.

- Since the nucleophile is involved in the rate-limiting step of the Sn2 reaction, stronger nucleophiles react

with a faster rate. Stronger nucleophiles are said to have increased nucleophilicity.

In general, within a period of the periodic table, nucleophilicity increases from right to left. Furthermore,

for different reagents with the same nucleophilic atom, an anion is a better nucleophile than a neutral

species.

Solvents have a dramatic effect on nucleophilicity.

-Polar aprotic solvents are good at solvating cations but not anions, so anionic nucleophiles participate

readily in nucleophilic substitution reactions in polar aprotic solvents.

- Polar protic solvents greatly inhibit Sn2 reactions with negatively-charged nucleophiles, because the

nucleophile is so highly solvated and thus unreactive. As a result, Sn2 reactions are dramatically faster in

polar aprotic solvents, such as acetonitrile (CH3CN), compared with polar protic solvents like water.

- If the haUde leaving group is attached to a stereocenter, then the conHguration of the stereocenter is

inverted during an Sn2 reaction. This is because the nucleophile enters from the opposite side of the

molecule as the departing leaving group, thus the molecule inverts analogous to the way an umbrella is

inverted in the wind.
- Sn2 reactions are particularly sensitive to steric factors, since they are greatly retarded by steric

hindrance (crowding) at the site of reaction.

- Since there is no carbocation produced in Sn2 reactions, there are no skeletal rearrangement observed.

The term SnI stands for Substitution reaction, Nucleophilic, 1st order (also called unimolecular). According
to the SnI mechanism, there are two steps. The carbon-halogen bond breaks in the rate-limiting first step,

creating a carbocation intermediate that then forms a new bond to the nucleophile in the second step. Only the

alkyl halide is involved with the rate-limiting step, thus the reaction is unimolecular. Since the reaction

involves two steps, there are two transition states and one intermediate. *

carbocation

intermediate
\
.C—Nu

A unimolecular reaction is one in which only one reactant takes part in the transition state of the rate-

limiting step. Thus the rates of unimolecular reactions such as SnI reactions are proportional to the

concentration of the alkyl halide only.

Since nucleophiles are not involved in the rate-limiting step, stronger nucleophiles do not react faster in SnI
reactions.

Because the SnI mechanism involves creation and separation of unlike charges in order to form the

carbocation intermediate, polar solvents that can stabilize these charges by solvation greatly accelerate SnI
reactions. For example, SnI reactions are much faster in water than in ethanol.

If the leaving group is attached to a stereocenter, then the configuration of the stereocenter is racemized
during an SnI reaction. This is because the carbocation intermediate is achiral and the nucleophile can
approach from either side, leading to both possible enantiomers as products. In theory, an SnI reaction will

result in complete racemization, but in fact only partial racemization is observed. This is accounted for by
proposing that while bond-breaking between carbon and the leaving group is complete, the leaving group



Chapter 8: Nucleophilic Substitution and p-Elimination Overview 199

remains associated for some period of time with the carbocation as an ion pair. To the extent that the leaving

group remains associated as an ion pair, it hinders approach of the nucleophile from that face, favoring

attack from the opposite face resulting in an excess of inversion.

- SnI reactions are greatly accelerated by electronic factors that stabilize carbocations.

- Since there is a carbocation intermediate in SnI reactions, skeletal rearrangements are observed if they

produce another carbocation of equal or greater stability.

• The structure of the alkyl halide greatly influences which mechanism will be followed. The order of

reactivity for the Sn2 mechanism increases in the order: 3° < 2° < 1° allylic = \° < methyl, since steric hindrance

is highest for 3° alkyl halides and least for methyl halides. On the other hand, the order of reactivity for the SnI
mechanism increases in the orden methyl <1°<2°=1° allylic < 3°, since 3° carbocations are most stable and

methyl carbocations are least stable. *
- The net result is that when nucleophilic substitution reactions occur, methyl and 1° alkyl halides react

exclusively by the Sn2 mechanism. 1° allylic and 2° alkyl halides can react by either the Sn2 or

SnI mechanism. 3° alkyl and allylic halides react exclusively by the SnI mechanism. *
- Other reaction mechanisms such as p-elimination reactions can take place when a nucleophile reacts with an

aUcyl halide, and the structure of the alkyl halide greatly influences which of these reactions occurs.

• The leaving group develops a partial negative charge as it is departing by either the SnI or Sn2 mechanism.

Thus, the lower the basicity, the better a halide is able to function as a leaving group. I' is the best leaving

group, and leaving group ability increases in the order: F" < CI" < Br" < I".

8.5 NEIGHBORING GROUP PARTICIPATION
• Alkyl halides with a nucleophilic atom, usually an N, O, or S atom, p to an alkyl halide are highly

reactive. This is because the neighboring nucleophiUc atom aids in the departure of the haUde leaving group,

producing a reactive, highly strained, three membered-ring intermediate that then reacts with an extemal

nucleophile to complete the reaction. Examples include the poisonous mustard gases used in World War 1

.

8.7 PHASE TRANSFER CATALYSIS
• Numerous nucleophiles are anions so they are usually soluble in water, but not the organic solvents in which
alkyl halides are soluble. To make matters worse, most organic solvents are not miscible with water. In order

to get these two reactants together in the same solvent, a phase transfer catalyst can be used. A phase

transfer catalyst is a cation that is surrounded by hydrophobic (dissolves in organic solvent) groups. An
example is the the tetrabutylammonium cation. This cation makes an ionic bond with the anionic nucleophile

and brings it into the organic solvent where it can react with the alkyl hahde in a nucleophilic substitution

reaction.

8.8 B-ELIMINATION
• Most nucleophiles are also bases and alkyl halides are predisposed to B-elimination, so this must always be

considered as a possible competing reaction for substitution. B-Elimination involves loss of a leaving

group such as the halide ion and a proton from a fi-carbon atom (the carbon adjacent to the one with

the halide). The stronger the base, the higher the percentage of 6-elimination product formed in a reaction.

Note that when there is more than one B carbon atom with a hydrogen atom attached, multiple alkene products

are possible.

I I
P-Elimination ^.^^^ ^-c-c- /C=Cv.

H '

• There are two mechanisms for the 6-elimination reaction of alkyl halides, called El and E2. These are

analogous in some ways to SnI and Sn2 mechanisms.
- El reactions involve departure of a leaving group, such as a halide ion, to create a carbocation (analogous

to the first step of the SnI reaction), followed by departure of a hydrogen atom on a 6-carbon to yield the

final product. Like the Sn 1 reaction, the carbocation is an intermediate.

Base

I I ^H—C—C—

X

^H—C-C+
Slow II Fast

(> X
)

(^ BasG-H
)
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The rate-limiting step in an El reaction is loss of the halide to generate the carbocation. Thus, the El
reaction is unimolecular (first order) since the rate only depends on the concentration of alkyl halide.

El reactions give predominantly the Zaitsev elimination product, namely the more highly

substituted alkene. This is because the product determining step has partial double bond character, so

the transition state with lower energy is the one with the more stable partial double bond.

E2 reactions are concerted in that the base removes the 6-hydrogen at the same time the C-X bond is

broken.

Base

H

anti and coplanar

geometry of H and X

+ Base-H + X"

The only step in the E2 reaction involves both the base and the alkyl halide. Thus, the E2 reaction is

bimolecular (second order), since the rate depends on both the concentration of base and the

concentration alkyl halide.

E2 reactions also give predominantly the Zaitsev elimination product, since there is significant

partial double bond character in the transition state.

E2 reactions proceed preferentially when the B-hydrogen atom removed by the base and the

departing X atom are oriented anti and coplanar to one another. This is particularly important for

cyclohexane derivatives, where the B-hydrogen and X atom must both be axial (one pointing up, one
pointing down) to satisfy the anti and coplanar arrangement.

8.11 SUBSTITUTION VERSUS ELIMINATION
• In the absence of any base, tertiary alkyl halides in polar solvents undergo unimolecular reactions to give a

combination of substitution (SnI) and elimination (El). Although the exact ratios are hard to predict, the

amount of substitution can be increased by increasing the concentration of non-basic nucleophile.

• In general, for bimolecular reactions, increased steric hindrance increases the ratio of elimination to substitution

products. This is because steric hindrance interferes with the approach of the nucleophile to the backside of the

C-X bond, thus impeding the substitution reaction.

- Tertiary halides react with all basic reagents to give elimination products. There is too much steric

hindrance for substitution to compete effectively with elimination.

- Secondary alkyl halides have an intermediate amount of steric hindrance and are borderline.

Substitution or elimination may predominate depending on the particular nucleophile/base, solvent, and
temperature of the reaction. Strongly basic nucleophiles such as alkoxides favor E2 reactions, but weakly
basic strong nucleophiles favor substitution.

- Primary alkyl halides and methyl halides have very little steric hindrance, so they react with all

nucleophiles, even strongly basic nucleophiles like hydroxide ions and alkoxides ions, to give

predominantly substitution products.
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CHAPTER 8
Solutions to the Problems

Problem 8.1 Draw structural formulas for the products of the following nucleophilic aliphatic substitution

reactions.

(a)

CI

+ CHoC-O'Na"" .ethanoL a
o
II

CX^CHg

•I- NaCI

I

(b) CH3CHCH2CH3+ CHaCHgSNa acetone

SCH2CH3

CH3CHCH2CH3 + Nal

CH3
I

^

(C) CH3CHCH^CH^Rr+ CHjCsC'Na^ dimethyl sulfoxide

CH3
I

^

CH3CHCH2CH2CSCCH3

+ NaBr

Problem 8.2 Complete these 8^2 reactions, showing the configuration of the product

In both cases, the stereochemistry at the site of reaction is due to the nucleophile's backside
attack that occurs during an Sn2 reaction.

Br

<^) H,C + Na^Ng"

Br

(b) C6H5CHCH2CH3 + CHgS'Na^

the S enantiomer

HoC NaBr

J^»H
CH3S \:h2CH3
the R enantiomer

NaBr

Problem 8.3 Write an additional contributing structure for each carbocation and state which of the two makes the

greater contribution to the resonance hybrid.

A more highly substituted carbocation is more stable, so the contributing structure that has the
more highly substituted carbocation will make the greater contribution to the resonance
hybrid.

(a) CH2 -* \ •CH.

Greater contribution
(2° carbocation)
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^ X
(b)

These are both 2° carbocations.

They make equivalent contributions.

Problem 8.4 Knowing what you do about the regioselectivity of 8^2 reactions, predict the product of hydrolysis

of this compound.

CI
I

(CH3)2NCH2CHCH2CH3 + H2O

Cn2CH3
8^2; internal j, _ j

nucleophile "a^x+^CH

H,C Less-hindered
site

Cn2di<j CH2CH0

H,C^^CH2

HaC^

I

H

H

CH
N' I

CH2Cn3

H,C
^•- CH2

I

= 0+

ilL (CH3)2NCHCH20H

The nucleophilic attack by water on the three-membered ring intermediate will occur on the
less-hindered carbon atom as shown above.

Problem 8.5 Write the expected substitution product(s) for each reaction and predict the mechanism by which
each product is formed.

Br

(a)

(CH3)C

+ NaSH ^^^^Q"^*

(CH3)C

The SH- is a very good nucleophile and, since the reaction involves a secondary alkyl halide
with a good leaving group, the reaction mechanism is Sn2 and inversion of configuration is

observed.

CI O

(b) CH3-CH-CH2-CH3 + H-C-OH
R enantiomer

The alkyl halide is secondary and chloride is a good leaving group. Formic acid is an
excellent ionizing solvent and a poor nucleophile. Therefore, substitution takes place by an
SnI mechanism and leads to racemization.

CI OCH

CH3CH,--V"' * H-I-OH ^^ CH3CH,A;;CH3 ,
CH3CH,^^.^H,

formation of carbocation HCO
followed by reaction n

with formic acid n
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f*roblem 8.6 Predict the p-elimination product(s) formed when each chloroalkane is treated with sodium ethoxide
in ethanol. If two or more products might be formed, predict which is the major product.

When there is a choice, the more highly substituted alkene will be the major product, as
predicted by Zaitsev's rule.

(a)

Major
Product

CH,

CH.a
Similar amounts of each product

Problem 8.7 l-Chloro-4-isopropylcyclohexane exists as two stereoisomers: one cis and one trans. Treatment of
either isomer with sodium ethoxide in ethanol gives 4-isopropylcyclohexene by an E2 reaction.

CI—

(

>-CH{CH3)2

l-Chloro-4-isopropylcyclohexane

CHaCHsO'Na"
i

CH3CH2OH
CH(CH3).

4-isopropylcyclohexene

The cis isomer undergoes E2 reaction several orders of magnitude faster than the trans isomer. How do you
account for this experimental observation?

The isopropyl group is the larger substituent on the cyclohexane ring. In the more stable chair
conformation of both the cis and trans isomers, it will be in an equatorial position. In the
more stable chair conformation of the cis isomer, -CI is axial and coplanar to -H on adjacent
carbons. This chair conformation undergoes p-elimination by an E2 mechanism.

(CH3)2CH E2
> (CH3)2CH + CH3CH2OH + or

CH3CH2O

In the more stable chair conformation of the trans isomer, chlorine is equatorial and not
coplanar to either -H on an adjacent carbon. Interconversion from this chair to the less stable
chair results in the -CI becoming axial and coplanar to an -H atom. It is this conformation that
undergoes E2 elimination to give the cycloalkene. The bottom line is that the cis isomer
undergoes E2 reaction more slowly because of the energy required to convert the more stable
chair, but E2-unreactive chair, to the less stable, but E2-reactive, chair.
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(CH3)2CH.

(CH3)2CH ^^OCHjCHa

a
more stable chair

conformation

CI

less stable chair

conformation

+ CH3CH2OH + C\

Problem 8.8 Predict whether each reaction proceeds predominantly by substitution, elimination, or whether the

two compete. Write structural formulas for the major organic product(s).

All will proceed predominantly by substitution.

(a) CH3CH2-CH-CH2-CH3+ CHaO'Na""
methanol

OCH3

CH3CH2-CHCH2-CH3

+ Na*l*

(b)

CH

.»^^
vCI

+ Nan'
acetone 1 jT *

^** CI

(c) CeHsCHgCHsBr + Na^CN"
methandl

C6H5CH2CH2CN + Na*Br*

Nucleophilic Aliphatic Substitution
Problem 8.9 Draw a structural formula for the most stable carbocation of each molecular formula and indicate

how each might be formed.

For (a) and (b), the most stable cations are the most highly substituted alkyl cations, while for
(c) the most stable cation is the most highly substituted allylic cation. For (d), the most stable
cation is resonance stabilized by an adjacent oxygen atom as shown. Spreading the charge
over more than one atom has a stabilizing influence on charged species.

(a) C4H9+

CH,
I

^

H3C-C *

^
I

CH,

(b) C3H7+

CH3
I

^

H—C*
I

CH,

c) C8H15+

CH3
I

'

^3C\^C^^^CH3

I I*
CH3 CH3
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(d) C3H7O+

+
H3C—C-qCHg ^ H3C—C=0CH3

H H

Problem 8.10 Reaction of l-bromopropane and sodium hydroxide in ethanol follows an Sj^2 mechanism. What
happens to the rate of this reaction if

(a) the concentration of NaOH is doubled?

The rate of a bimolecular reaction such as the Sn2 reaction is proportional to the
concentrations of both the hydroxide and alkyi halide. Thus, if the concentration of hydroxide
is doubled, the rate doubles.

(b) the concentrations of both NaOH and l-bromopropane are doubled?

The rate of a bimolecular reaction, such as the S\2 reaction, is proportional to the
concentrations of both the hydroxide and alkyl halide. Thus, if the concentration of both
hydroxide and alkyl halide are doubled, then the rate quadruples.

(c) the volume of the solution in which the reaction is carried out is doubled?

Doubling the volume lowers the concentration of each reactant by a factor of two, so the rate
is slower by a total of a factor of four.

Problem 8.11 From each pair, select the stronger nucleophile.

O

(a) H2O or OH" (b) CH3CO- or OH" (c) CH3SH or CH3S"

O
II

OH > H2O OH > CH3CO- CH3S > CH3SH

(d) Cr or r (e) CI" or f
(f) CH3OCH3 or CH3SCH3

in DMSO in methanol

cr > r r > cr CH3SCH3 > CH3OCH3

Problem 8.12 Draw the structural formula for the product of each S^^l reaction. Where configuration of the

starting material is given, show the configuration of the product.

(a) CH3CH2CH2CI + CH3CH20Na
^^^^^

- CH3CH2CH2OCH2CH3 + NaCI

(b) (CH3)3N: + CH3I ^^^^^
> (CH3)4N* T

(c) <^^CH2Br . NaCN ^^^^^^ (^^^CH.Cti . NaBr
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SCH3

(d) rZ—J + CHgSNa —-

—

-^ /—17 + NaCI

(e) CH3CH2CH2CI + CH3CSC: Na"" ^ CH3CH2CH2CSCCH3 + NaCI

^'^ [^^CH2CI . :NH3 -j-p Q^cH2i!iH3Cr

r^ -- "^'

(g) q :NH + CH3(CH2)6CH2CI -^^^^ O + N-CH2(CH2)6CH3

O
11

(h) CH3CH2CH20SCH3 + NaCN—-^-—i- CH3CH2CH2CN + CH3SO3" Na*

Problem 8.13 You were told that each reaction in the previous problem proceeds by an Sn2 mechanism. Suppose
you were not told the mechanism. Describe how you could conclude from the structure of the alkyl halide, the

nucleophile, and the solvent that each reaction is in fact an Sj^2 reaction.

(a) A primary halide, strong nucleophile/strong base in ethanol, a moderately ionizing solvent
all favor Sn2.
(b) Trimethylamine is a moderate nucleophile. A methyl halide in acetone, a weakly ionizing

solvent, all work together to favor Sn2.
(c) Cyanide is a strong nucleophile. A primary halide in acetone, a weakly ionizing solvent,

all work together to favor Sn2.
(d) The alkyl chloride is secondary, so either an SnI or Sn2 mechanism is possible.

Ethylsulflde ion is a strong nucleophile, but weak base. It therefore reacts by an Sn2
pathway.
(e) The sodium salt of the terminal alkyne is a moderate nucleophile, but also a strong base.

Because the halide is primary, an Sn2 pathway is favored.
(f) Ammonia is a weak base and moderate nucleophile, and the halide is primary. Therefore
Sn2 is favored.

(g) The major factor here favoring an Sn2 pathway is that the leaving group is halide and on a

primary carbon.
(h) The cyanide anion is a strong nucleophile and mesylate is a good leaving group on a
primary carbon. Therefore Sn2 is favored.

Problem 8.14 Treatment of 1,3-dichloropropane with potassium cyanide results in formation of pentanedinitrile

(1,3-dicyanopropane). The rate of this reaction is about 1000 times greater in DMSO than it is in ethanol.

Account for this difference in rate.

CI-CH2CH2CH2-CI + 2K^CN~ ^ NC-CH2CH2CH2-CN + 2\C0C
1 ,3-Dichloropropane 1 ,3-Dicyanopropane
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The hydroxyl H atom of ethanol is a hydrogen bond donor, so in ethanol the CN" is strongly

solvated via hydrogen bonding. This strong solvation slows down the CN" reaction with the

alkyl halide. DMSO cannot act as a hydrogen bond donor, so the CN" is not strongly solvated

thereby allowing faster reaction with the alkyl halide.

Problem 8.15 Treatment of 1-aminoadamantane, C10H17N, with methyl 2,4-dibromobutanoate involves two

successive 8^2 reactions and gives compound A, an intermediate in the synthesis of carmantidine. Propose a

structural formula for this intermediate. Carmantidine has been used in treating the spasms associated with

Parkinson's disease.

R N
+ BrCHgCHgCHCOgCHa ^ - C15H23O2N

NH2 Br

There are two successive Sn2 displacement reactions to give the four-membered ring.

j^^CHjCHjCHCOjCHg

H Br

CO2CH3

Problem 8.16 Select the member of each pair that shows the faster rate of Sjsj2 reaction with KI in acetone.

The relative rates of Sn2 reactions for pairs of molecules in this problem depend on two
factors: (1) bromine is a better leaving group than chlorine, and (2) a primary carbon without
p-branching is less hindered and more reactive toward Sn2 substitution than a primary carbon
with one, two, or three branches on the p-carbon atom. The molecule that reacts faster is

circled.

OH,

(a) [CH3CH2CH2CH2CI orCHgCHCHgCI

(b) CH3CH2CH2CH2CI or CH3CH2CH2CH2Br

:c)

CH3

..^Hg CHCH2CH2CI

CH3
I

^

or CH^CCHpCI

(d)

Br
I

CH3CH2CH2CHGH2

Br
I

or CH3CHCHCH3

CH3

Problem 8.17 Select the member of each pair that shows the faster rate of 8^2 reaction with KN3 in acetone.

The compound with the least steric hindrance will reacts the faster. In both pairs, it is the
molecule on the left.
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/^^

(a) o or

^/^^^^Br

(b) HgC^
/

H3C

Br

or

Ql_l
This methyl group

3 causes steric hindrance

These methyl groups
cause steric hindrance

Problem 8.18 What hybridization best describes the reacting carbon in the Sn2 transition state? Would electron-

withdrawing groups or electron-donating groups stabilize the transition state better?

The hybridization state of the reacting carbon is best described as sp^ in the Sn2 transition

state. Since the reacting carbon has only minimal net charge, neither electron-withdrawing
groups or electron-donating groups have a significant influence on stability of the Sn2
transition state.

Problem 8.19 Each carbocation is capable of rearranging to a more stable carbocation. Limiting yourself to a
single 1,2-shift, suggest a structure for the rearranged carbocation.

(a) (CH3)2CHCHCH3

H

noC*"~C C CH";

H3C H

T^ Carbocation

H
+ I

H3C H

More stable
3° carbocation

(b) (CH3)3CCHCH3

H3C

HoC C~~"C CH":

H3C H
V Carbocation

CHo
+ I

^

HoC C~"C"~~CH<3

H3C H

More stable
3° carbocation

:c) CH2=CHCH2CHCH2CH3

H

H H
V Carbocation

H
+ I

CHozCH C C~~CHo
^ II

H H

More stable
2° allylic carbocation
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(d) CH30CH2CHC(CH3)3

H

CH30-C-C-C(CH3)3

H H
2° Carbocation

H

CH30-J^C-C-

H
+ I

C(CH3)3 ^CH30=C-C-C(CH3)3
I I

H H H H

Stabilized by resonance

(e) C6H5CH2CHCH3

H

6 5
I J

3

H H
2° Carbocation

H
+ I

-«- CcHg—C-C-CH36 5
I I

3

H H
More stable 2° benzylic carbocation

(adjacent to phenyl ring)

(f)

CH3

CH3

CH3

V Carbocation

H

More stable 3° carbocation

Problem 8.20 Attempts to prepare optically active iodides by nucleophilic displacement on optically active

compounds with I" normally produce racemic alkyl iodides. Why are the product alkyl iodides racemic?

Iodide is a good nucleophile as well as a good leaving group. The alkyl iodide that is formed
will therefore react with other iodide nucleophiles according to an 8^2 mechanism. The
resulting repeated inversion of stereochemistry leads to full racemization of the product.

Problem 8.21 Draw a structural formula for the product of each Sfjl reaction. Where configuration of the starting

material is given, show the configuration of the product.

CI

:a) (S)-Ph-CHCH2CH3f CH3CH2OH

OCH2CH3

ethanol
*- (R,S)-Ph-CHCH2CH3 + HCI

(b)
CH.

CI

+ CH3OH
methanol o:

CH.
+ HCI

OCH.
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CHo O
I

^
II

(c) CH3-C-CI + CH3COH

CH<,

acetic acid

CH3 O
I

^ II

CH3-C-O-C-CH3 + HCI

CHo

(d) CH3OH
methanol
-rvOCH,+ HBr

Problem 8.22 You were told that each reaction in the previous problem proceeds by an Sj^l mechanism. Suppose

you were not told the mechanism. Describe how you could conclude from the structure of the alkyl halide, the

nucleophile, and the solvent that each reaction is in fact an Sj^l reaction.

For an SnI reaction to be favored, a good leaving group and ionizing solvent are needed along
with a carbocation intermediate that is relatively stable.

(a) Chlorine is a good leaving group and the resulting secondary carbocation is a relatively

stable carbocation intermediate. Ethanol is a moderately ionizing solvent and a poor
nucleophile.
(b) Methanol is a moderately ionizing solvent and a poor nucleophile. Chlorine is a good
leaving group and the resulting carbocation is tertiary.

(c) Acetic acid is a strongly ionizing solvent and a poor nucleophile. Chlorine is a good
leaving group and the resulting carbocation is tertiary.

(d) Methanol is a moderately ionizing solvent and a poor nucleophile. Bromine is a good
leaving group, and the resulting carbocation is both secondary and allylic.

Problem 8.23 Vinylic halides such as vinyl bromide, CH2=CHBr, undergo neither SnI nor Sn2 reactions.

What factors account for this lack of reactivity of vinylic halides?

In vinyl bromide, the bromine atom is bonded to an sp2 hybridized carbon atom. An SnI
reaction would give a vinyl carbocation, but such a carbocation is high in energy and very
difficult to generate. In order to undergo an Sn2 reaction, the nucleophile must approach in a
direction opposite the C-X bond. This trajectory is not possible for a vinyl halide.

Problem 8.24 Select the member of each pair that undergoes S,^l solvolysis in aqueous ethanol more rapidly.

Relative rates for each pair of compounds listed in this problem depend on a combination of
two factors: (1) bromine is a better leaving group than chlorine and (2) the stability of the
resulting carbocation. The molecule that reacts faster is circled.

(a) CH3CH2CH2CH2CI or

The activation energy for formation of a tertiary carbocation is lower than that for formation
of a primary carbocation.
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Bromine is a better leaving group than chlorine.

(c) [CHp=CHCHpCll or CH3CH2CH2CI

The activation energy for formation of a resonance-stabilized 1° allylic carbocation is lower
than that for formation of a primary carbocation.

(d)

H3C.\

H3C
/
,C=CHCHoCI or H2C=CHCH2CI

The activation energy for formation of the dialkyl allylic carbocation is lower than that for

formation of an unsubstituted allylic carbocation.

(e) CH3(CH2)3CH2CI or

The activation energy for formation of a secondary carbocation is lower than that for

formation of a primary carbocation.

(f;

The activation energy for formation of an allylic carbocation is lower than that for formation

of a vinylic carbocation.

Problem 8.25 Account for the following relative rales of solvolysis under experimental conditions favoring S^l

reaction.

CH3OCH2CH2CI CH3CH2CH2CH2CI CH3CH2PCH2CI

relative rate of 0.2 1 10^

solvolysis (SnI)

1-Chloro-l-ethoxymethane (chloromethyl ethyl ether) reacts the fastest by far in a solvolysis

reaction because the carbocation produced by loss of the chlorine atom is stabilized by the

adjacent ether oxygen atom. Thus, the activation energy for this reaction is significantly

lower than for the other two molecules. The most important contributing structures are shown
below for the stabilized carbocation.

CH3CH2OCH2CI CH3CH2bCH2 CH3CH2 0=CHj

l-Chloro-2-methoxyethane (2-chloroethyl methyl ether) reacts the slowest because the

carbocation produced during the reaction is somewhat destabilized by the ether oxygen atom
that is two carbon atoms away. This is because oxygen is more electronegative than carbon,

so there is a partial positive charge on the carbon atoms bonded to the oxygen. Thus, the
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carbocation produced by departure of the chlorine atom is adjacent to this partially positive

carbon atom; a destabilizing arrangement.

5+ 6+ r^ 6+
6-

5+

destabilizing

A
CH3-P-CH2CH2CI CH3-P-CH2CH2

Please note that in the case of l-chloro-2-methoxyethane, there is no way to produce
contributing structures with any positive charge on the oxygen atom like that shown for 1-

chloro-1-ethoxymethane above.

Problem 8.26 Not all tertiary halides undergo SnI reactions readily. For example, l-iodobicyclo-[2.2.2]octane

is very unreactive under SnI conditions. What feature of this molecule is responsible for such lack of reactivity?

bridgehead

carbon atom

I

1 -Iodobicyclo[2.2.2]octane

In order to form a cation, great angle strain would have to be produced in the molecule. This

is because carbocations prefer to be trigonal planar (sp^ hybridized), and loss of iodine would
place a carbocation at the bridgehead position. However, the bicyclic structure of the
molecule enforces a tetrahedral geometry at the bridgehead position (109.5° bond angles), thus
preventing formation of the carbocation.

Problem 8.27 Show how you might synthesize the following compounds from an alkyl hahde and a nucleophile:

(a)

Treatment of a halocyclohexane with cyanide.

Br ^ .CN

+ NaCN «-
I I + NaBr

CHgNHj

(b)

Treatment of chloromethylcyclohexane with two mol ammonia. The first mol ammonia is for
displacement of chlorine. The second mol ammonia is to neutralize the HCI formed in the
substitution reaction.

CH2CI

2NH.

CHjNH;

NH4CI



Chapter 8: Nucleophilic Substitution and P-Elimination Solutions 213

o
II

P-C-CH3
(c)

Treatment of a halocyclohexane with the sodium salt of acetic acid.

O
II

Br o ^x--\/^"^"^"3
+ CHgCO'Na* ^ r 1 + NaBr

(d) CH3{CH2)3CH2SH

Treatment of a 1-halopentane with sodium hydrosulfide.

CH3(CH2)3CH2Br + HS'Na* CH3(CH2)3CH2SH + NaBr

(e) CH3{CH2)5C=CH

Treatment of a 1-halohexane with the sodium salt of acetylene.

CH3(CH2)4CH2Br +HCsC"Na* ^ CH3(CH2)4CsCH + NaCI

(f) CH3CH2OCH2CH3

Treatment of a haloethane with sodium or potassium ethoxide in ethanol.

CH3CH20"Na* + CH3CH2I .., .., . » CH3CH2OCH2CH3 + Nal

HoC^ >/\ ^SH
(g) XT'
Treatment of the appropriate rrans-halocyclopentane with the thiol anion.

H3C^^^/\..,NvBr H3C^^X\^SH
\ /

+ NaSH" ^ ^ Y + NaBr

Problem 8.28 3-Chloro-l-butene reacts with sodium ethoxide in ethanol to produce 3-ethoxy-l-butene. The rate

of this reaction is second order; first order in 3-chloro-l-butene and first order in sodium ethoxide. In the absence

of sodium ethoxide, 3-chloro-l-butene reacts with ethanol to produce both 3-ethoxy-l-butene and l-ethoxy-2-

butene. Explain these results.

For the second order reaction with sodium ethoxide, the mechanism is S\2 so the -OCH2CH3
group ends up only where the -CI leaving group was attached.
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CH2=CH—C—CH3 + "OCH3CH3

3-Chloro-l-butene

OCH2CH3
Sn2 I ^ ^
-^^-^ CH2=CH—C--CH3

H

3-Ethoxy-l-butene

For the second reaction, the absence of a strong nucleophile allows the S^l mechanism to

operate. The allylic carbocation intermediate can be attacked at either the 1 or 3 positions, a

fact that is readily explained by considering the two predominant contributing structures of
this intermediate.

H

CH2=CH—C-CH3

(J.

3-Chloro-l-butene

Svl
H H

CH2=CH—C-CH3 -«—»- CH2-CH=C—CH3

EtOH

H
I

CH2=CH—C-CH3

OCH2CH3

3-Ethoxy-l-butene

EtOH

H
I

CH2-CH=C-CH3

OCH2CH3

l-Ethoxy-2-butene

Problem 8.29 l-Chloro-2-butene undergoes hydrolysis in warm water to give a mixture of these allylic alcohols.

Propose a mechanism for their formation.

CH3CH=CHCH2CI

l-Chloro-2-butene

HpO
CH3CH=CHCH20H

2-Buten-l-ol

OH
I

CH3CHCn=CH2

3-Buten-2-ol

The two products can be explained by an SnI mechanism that produces an allylic cation that
can react with water at either the 1 or 3 position.

CHoCH=CH—CH,
Svl

r-

^ un3Un=un— v^n2 ^

—

+ +
un=un

H2O H2O
'

'

'
'

CH3CH=CHCH20H CH3CHCH=CH2

OH

Problem 8.30 In the following reaction, nucleophilic substitution occiu"s with rearrangement. Suggest a

mechanism for formation of the observed product. If the starting material is optically active, the product is also

optically active. {Hint: an intermediate, CgHjgNCl, can, with care, be isolated from the reaction mixture. This

intermediate is water soluble.)

Et
CI

\ I NaOH
NCHPHCH2CH3 •

Et^ H2O

ex CH2OH

Et
/
NCHCH2CH3
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An internal nucleophilic reaction leads to the three-membered ring intermediate

shown, that is then atfacked by hydroxide at the less-hindered site to yield the product.

Step 1:

CI 8^2; internal
^^\ 1-^ nucleophile

NCH2CHCH2CH3
EtV./CH2-

n: I

Less-hindered
site

Et^+ -CH

Step 2:

Cn2Cn3

Et
^r>

-, CHjOH

NCHCH2CH3
Et^

:0:
I

CH2CH3 H

Problem 8.31 Propose a mechanisms for the formation of these products in the solvolysis of this alkyl bromide.

Br

CH3CH2OH r'^NA I^N^/OCHsCHs^
^^^

2° carbocation More stable
3° carbocation

The bromide leaves to generate a 2° carbocation, that then rearranges to give the more stable 3°

carbocation. Note how this new 3° carbocation with a five-membered ring also has much less

ring strain than the strained four-membered ring 2° carbocation. The new 3° carbocation either

loses the proton shown to complete an El reaction, or reacts with ethanol to complete the S\l
reaction.

(-H")

m
More stable

3° carbocation

or alternatively,

OCH2CH3 |_|+

More stable
3° carbocation
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Problem 8.32 Solvolysis of the following bicyclic compound in acetic acid gives a mixture of products, two of

which are shown. The leaving group is the anion of a sulfonic acid, Ar-S03H. A sulfonic acid is a strong acid

and its anion, ArS03', is a weak base and a good leaving group. Propose a mechanism for this reaction. (Hint:

The connectivity of the carbons in the products is different from that in the starting bicycUc compound.)

O H H
II

CH3COH

H

H H

H

More strained
2° carbocation

H
Less strained
2° carbocation

The sulfonate anion leaves to generate a 2° carbocation, that then rearranges to give a new 2*^

carbocation with less ring strain. The new 2° carbocation either loses the proton shown to

complete an El reaction, or reacts with acetic acid to complete the S^l reaction.

H (- H*)

dj)

Less strained
2^ carbocation

or alternatively.

H

O
II

OCCH,

H
Less strained
2° carbocation

Problem 8.33 Which compound in each set undergoes more rapid solvolysis when heated at reflux in ethanol.

Show the major product formed from the more reactive compound.

More rapid solvolysis will occur for the molecule that can produce the more stable carbocation
or all things being equal, the one with the better leaving group.
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or a o/^,Br

Allylic carbocation

The molecule on the left can make a more stable allylic carbocation.

Bromide is a better leaving group than chloride.

O'O^
3° Carbocation

The molecule on the left can make a more stable 3° carbocation.

(d)^^Cl^c, or

3° Carbocation

The molecule on the right can make a stable 3° carbocation. In fact, the molecule on the left

cannot adopt the favored trigonal planar geometry so it reacts much slower than expected.

Problem 8.34 Account for the relative rates of solvolysis of these compounds in aqueous acetic acid.

(CH3)3CBr

More rapid solvolysis will occur for the molecule that can produce the more stable

carbocation.

(Br)

Preferred trigonal

planar geometry

(Side view)

(CH3)3CBr (CH3)3C*

The rer/-butyl carbocation produced upon solvolysis of tert-h\iiy\ bromide can easily adopt the

preferred trigonal planar geometry as shown above. A trigonal planar geometry is preferred
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because this allows for maximum stabilization (maximum orbital overlap) due to

hyperconjugation with the three adjacent methyl groups. As shown below, it is much more
difTicult for the three bicyclic bromides to produce the preferred trigonal planar geometries
due to ring strain. Thus, the activation energies for these reactions are much higher, and the
reactions are slower.

(-Br-)

(-Br)

(-Br)
^-

Ring strain

inhibits the

preferred trigonal

planar geometry
around

carbocations at

these positions

Problem 8.35 A comparison of the rates of SnI solvolysis of the bicyclic compounds (1) and (2) in acetic acid

shows that compound (1) reacts 10'^ times faster than compound (2). Furthermore, solvolysis of (1) occurs with
complete retention of configuration: The nucleophile occupies the same position on the one-carbon bridge as did

the leaving 0S02Ar group.

OSOoAr OSOgAr

(1) (2)

(a) Draw structural formulas for the products of solvolysis of each compound.

o O o
OCH, OCH. CH3CO

(b) Account for difference in rate of solvolysis of (1) and (2).

The pi bond of (1) is in position to not only assist in the departure of the -OSOiAr leaving
group, but also stabilize the resulting carbocation intermediate. This stabilization can be
visualized by considering the filled pi bonding orbital of the double bond overlapping with the
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empty 2p orbital of the cation. This interaction has the effect of placing some pi electron

density into the positively charged carbon 2p orbital, thereby stabilizing the positive charge.

Empty 2p orbital

on cationic carbon

V Carbocation
intermediate

Nucleophiles
less likely to attack

from this side

Overlap between
filled pi bonding
orbital and empty

2p orbital

Pi bonding
orbital (filled)

Nucleophiles
more likely to attack

from this side

(c) Account for complete retention of configuration in the solvolysis of (1).

As shown on the figure above, the pi bond will block a nucleophile from attacking the cation

on one face. Thus, the nucleophile will approach from the other side, the side that the

-0S02Ar departed from, leading to predominantly retention of configuration.
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B-Eliminations
Problem 8.36 Draw structural formulas for the alkene(s) formed by treatment of each alkyl halide with sodium

ethoxide in ethanol. Assume that elimination occurs by an E2 mechanism.

The major and minor products for each E2 reaction are shown. Where there is more than one
combination of leaving groups anti and coplanar, the major product is the more substituted

alkene (the so-called Zaitzev product).

Br CHo
I I

^

(a) CH3CHCCH3

CH3

CH3
I

^

CH2=CHCCH3

CH3
(major)

(c)

^^'v^ ,̂CH.

u..„

a
CI

CH,

(the other elimination

cannot occur because
the required anti co-
planar geometry is not
possible)

(d) cc

(major)

(e)

CHgCI CH3
I

^

(0 HoC=CHCHoCBr

CH,

H2C=CH-CH=C
/CH3

\
CH,

Problem 8.37 Draw the structural formula of all chloroalkanes that undergo dehydrohalogenation when treated

with KOH to give each alkene as the major product. For some parts, only one chloroalkane gives the desired

alkene as the major product. For other parts, two chloroalkanes may give the desired alkene as the major product.

Recall that the alkene shown must be the most highly substituted of the possible elimination

products for the starting chloroalkane(s).
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(a)

KOH
rr".- rf

The cis isomer

CH3

CI

k^

(b)

KOH
CH2CI Note that since this is

a r alkyl haHde,
substitution may be the
predominant reaction.

CH.
KOH

(c) CH2=CCHCH2CH3 -^

CHo
I

^

CH2CHCHCH2CH3

CI
I

CH,

Note that since this is

a l"" alkyl halide,

substitution may be the
predominant reaction.

CHq CHi
I

^ KOH I

^

(d) CH3C=CHCH2CH3 ^-

I I I

CH3 CI CH3

H3C CI

CH3C-CHCH2CH3 or CH3CHCCH2CH3

CH,

CH3
I

^ KOH
(e) CH3CHC=CHCH3

CH3

CH, CI
I

^
I

CH3CriCriCHCri3

CH,

Problem 8.38 Following are diastereomers (A) and (B) of 3-bromo-3,4-dimethylhexane. On treatment with

sodium ethoxide in ethanol, each gives 3,4-dimethyl-3-hexene as the major product. One of these diastereomers

gives the (E)-alkene, and the other gives the (Z)-alkene. Which diastereomer gives which allcene? Account for the

stereoselectivity of each p-elimination.

CH2CH3

CH.

CHc

(A)

CH2CH3

•Br CH.

•H H-

CH2CH3

-Br

OH,

GH2CH3

(B)

Rotate the given conformation of each stereoisomer into a conformation in which Br and H are
anti and coplanar and then made to undergo E2 elimination. You will find that diastereomer
(A) gives the (E)-isomer and diastereomer (B) gives the (Z)-isomer.
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CH3-

CH3-

Crl2Cn3

Br

-H

CH2CH3

(A)

CH2CH3

CH3^C-^Br
I

CH^^C—

H

Br

CH3CH2^^*';

H3C

CH2CH3

CH3

F^Cn2Cn3

Br

^ CH3CH2^^'j

E2

H3C

CH3

f^CH2CH3

H

.CH3CH3CH2 .

c=c
/ \

ri3C di2CH3

(E) Product

CH3-

H-

Cn2Cn3

~Br

-CH3

CH2CH3

(B)

CH2CH3

CH3^C-*Br
IH^C—iCH3

Cn2Cn3

Br

CH3CH2^^'';

H3C

CH2CH3

CH,

H

Br

CH3CH2V^*^

H3C

Cn2Cn3
^ CH3

H

P« CH3CH2 CH2CH3— ^ C=C
/ \

H3C CH3

(Z) Product

Problem 8.39 Treatment of the following stereoisomer (Fischer projection) of l-bromo-l,2-diphenylpropane with

sodium ethoxide in ethanol gives a single stereoisomer of 1,2-diphenylpropene. Knowing what you do about the

stereoselectivity of E2 reactions, predict whether the product has the E configuration or the Z configuration.

Br

-H CHgCHgO'Na*
•

.|_l
CH3CH2OH

CH3
_l ^

CgHsCH—CCgHg

1 ,2-Diphenylpropene

CH.

l-Bromo-1,2-

diphenylpropane
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Br

CeHg-

CH,

br
CfiHs

H CfiHs^-C-H ''S
>CH3

H
1 C6H5^7

H

-<
H

B^s
CeHs

^ H

E2 C=C

H
H CH3

(Z) Product

Problem 8.40 Elimination of HBr from 2-bromonorbomane gives only 2-norbomene and no l-norbomene.

How do you account for the regioselectivity of this dehydrohalogenation? In answering this question, you may
find it helpful to make molecular models of both 1 -norbomene and 2-norbomene and analyze the angle strain in

each.

2-Bromonorbomane 2-Norbomene 1-Norbomane

l-Norbornene is not formed for at least two reasons. First, it is not possible to achieve the

preferred anti and coplanar geometry of the hydrogen and Br atom that would lead to l-norbornene.
Second, the alkene in l-norbornene has considerably more angle strain compared with 2-norbornene.

Problem 8.41 Which compound reacts faster when heated at reflux with potassium rerr-butoxide in tert-huty\

alcohol, ci5-l-bromo-3-isopropylcyclohexane or rran.s-l-bromo-3-isopropylcyclohexane? Draw the structure of

the expected product from the faster reacting compound.

The isopropyl group is the larger substituent on the cyclohexane ring. In the more stable chair

conformation of both the cis and trans isomers, it will be in an equatorial position. In the
more stable chair conformation of the trans isomer, -CI is axial and coplanar to -H on adjacent
carbons. This chair conformation readily undergoes p-elimination by an E2 mechanism so this

is the fastest reaction.

H

(CH3)2CH.JU -^
(CH3)2CH^

More stable

chair
CI (CH3)2CH

In the more stable chair conformation of the cis isomer, chlorine is equatorial and not coplanar
to either -H on an adjacent carbon. Interconversion from this chair to the less stable chair
results in the -CI becoming axial and coplanar to an -H on an adjacent carbon atom. It is this

conformation that undergoes E2 elimination to give the cycloalkene. The bottom line is that

the cis isomer undergoes E2 reaction more slowly because of the energy required to convert
the more stable chair, but E2-unreactive chair, to the less stable, but E2-reactive, chair.
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(CH3)2CH,.^C::::Z.ci ^'^^ V-^

(CH3)2CH

L CI

E2

H H
Less stable

chair

Substitution Versus Elimination
Problem 8.42 Consider the following statements in reference to Sjsfl, Sn2, El, and E2 reactions of alkyl halides.

To which mechanism(s), if any, does each statement apply?

(a) Involves a carbocation intermediate

SnI, El

(b) Is first-order in alkyl halide and first-order in nucleophile

Sn2

(c) Involves inversion of configuration at the site of substitution

Sn2

(d) Involves retention of configuration at the site of substitution

None. Sn1> however, may proceed with predominantly racemization, but some retention.

(e) Substitution at a stereocenter gives predominantly a racemic product

SnI

(f) Is first-order in alkyl halide and zero-order in base

El

(g) Is first-order in alkyl halide and first-order in base
E2

(h) Is greatly accelerated in protic solvents of increasing polarity

SnI, El

(i) Rearrangements are common
SnI, El

(j) Order of reactivity is 3° > 2° > 1° > methyl

SnI, E2, El

(k) Order of reactivity is methyl > 1° > 2° > 3°

Sn2

Problem 8.43 Arrange these alkyl halides in order of increasing ratio of E2 to Sjsj2 products observed on reaction

of each with sodium ethoxide in ethanol.

Orlo CHo CHo
I I

^
I

^

(a) CHgCHsBr (b) CH3CHCH2Br (c) CH3CCH2CH3 (d) CH3CHCH2CH2Br

CI

More E2 will occur the more hindered the site of reaction and/or the more substituted (stable)

the product alkene. Thus, listed in order from least to most E2 product:
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I
^

I
^

I
^

CHaCHgBr < CHaCHCHgCHjBr < CHaCHCHjBr < CH3CCH2CH3

CI

Problem 8.44 Draw a structural formula for the major organic product of each reaction and specify the most likely

mechanism for formation of the product you have drawn.

The substitution and elimination products for the reactions are given in bold. In each case,

the different parameters discussed in the chapter are considered including the type of alkyl

halide (primary, secondary, tertiary, etc.) and the relative strength of the nucleophile/base.

(a) / N—Br -H CH3OH
methanol

OCH3 (Sn1)

CH3

(b) CH3CCH2CH3 + NaOH

CI

80'

HoO

CH3^ /H
:C=C (E2)

CH/ >CH,

01 o
II

(c) (R)-CH3CHCH2CH2CH3 + CH3CO Na*
DMSO

-.x^C CH3

? (Sn2)

(SKHgCHCHjCHjCHg

(d)

a^C(CH3)3
+ CHgO'Na^

V.I
methanol

aC(CH3)3

:e)

R Isomer

Nal
acetone

I {Sn2)

S Isomer
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CI o
I II

(f) CH3CHCH2CH3 + HCOH

R Isomer

(g) CHgCHgCT Na + CH2=CHCH2CI

O
II

.CH

CHo CrlCrl^Crlo

ethanol

(Sn1)
3

R,S Isomer

CH3CH20CH2CH=CH2 (Sn2)

Problem 8.45 When cw-4-chlorocyclohexanol is treated with sodium hydroxide in ethanol, it gives only the

substitution product rran5-l,4-cyclohexanediol (1). Under the same reaction conditions, trans-4-

chlorocyclohexanol gives 3-cyclohexenol (2) and the bicyclic ether (3).

OH

NaOH A
CH3CH2OH

NaOH

CH3CH2OH

CI

ci5-4-Chloro-

cyclohexanol

OH

(1)

CI

rran^-4-Chloro-

cyclohexanol

(2) (3)

(a) Propose a mechanism for formation of product (1), and account for its configuration.

HO Na NaBr

OH
Inversion of configuration is observed because of an Sn2 mechanism.

(b) Propose a mechanism for formation of product (2).

The reaction takes place by an E2 mechanism. The molecule must adopt the chair
conformation that places both the HO- and CI- groups in the axial position in order for the

reaction to occur.

-. OH

HO "'^ HO" Na*

(c) Account for the fact that the bicyclic ether (3) is formed from the trans isomer but not from the cis isomer.

The bicyclic ether product (3) is formed from an intramolecular backside attack of the

deprotonated axial hydroxy! group upon an axial chlorine atom. Only the trans isomer can
adopt the diaxiai orientation necessary for this process.
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HCTNa*

+ NaBr

(?'
CI

X + NaBr
HO

r
HCTNa*

Synthesis
Problem 8.46 Show how to convert the given starting material into the desired product. Note that some
syntheses require only one step whereas others require two or more steps.

CHo _ . CHo
I (CH3)3CO K* I

(a) CH3CHCH2CI "^ ^ CH3C=CH2
(E2)

CH.
I

^

CH.
I

^

(b) CH3C=CH2 + HBr *- CH3CCH3

Br

CH, CH.CH3 - , ,
I (CH3)3CO K* I

H2O I

^

;c) CH3CHCH2CI ^ CH3C=CH2
^ gQ

—^ CH3CCH3

(d)

(e)

(t)

CH.

Br

,CH,

Br

Br

(E2)

(CH3)3C0"K^

(E2)

(CH3)3CO"k"^

(E2)

(CH3)3CO"k^

{E2)

CH,
1. BH3

OH

^^-v^CH;

2. H2O2, NaOH L J.

OH

,CH,
OsO>

CH3

a.NvOH

"'OH
H

Br

CCL \^"//
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(g)

Br.

heat a^
(h)

(i)

Br.

heat

Br.

Br

heat

(CH3)3C0"K^

(E2)

Br
(CH3)3C0"K^

(E2)

O O
II il

HC(CH2)PH

2. (CH3)2S

Problem 8.47 The Williamson ether synthesis involves treatment of an alkyl halide with a metal alkoxide.

Following are two reactions intended to give tert-hutyl ethyl ether. One reaction gives the ether in good yield, the

other reaction does not. Which reaction gives the ether? What is the product of the other reaction, and how do
you account for its formation?

CHo
I 1 ,

(a) CH3CO K^

CH3

CH3CH2CI

CH.

2-Methyl-2-

propanol

(b) CHaCHgO'K" + CH3CCI

CHo
Ethanol

CHo
I

^

CH3COCH2CH3 + KCI

CH3

CH3
I

^

CH3COCH2CH3 + KCI

CH3

The only reaction that will give the desired ether product in good yield is the one shown in

(a). In (b), the major product will be the elimination product isobutylene, CH2=C(CH3)2,
because the halide is on a tertiary carbon atom and ethoxide is a strong base.

Problem 8.48 The following ethers can, in principle, be synthesized by two different combinations of alkyl halide

and metal alkoxide. Show one combination of alkyl haUde and alkoxide that forms ether bond (1) and another that

forms ether bond (2). Which combination gives the higher yield of ether?

(2)

"< /
V.O-CH2CH3

(a)

As the better combination, choose (2) which involves reaction of an alkoxide with a primary
halide and will give substitution as the major product. Scheme (1) involves a strong
base/strong nucleophile and secondary halide, conditions that will give both substitution and
elimination products.
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(1)

CI

+ CHaCHjO'Na*

Sn2
and E2

(2)

0"Na*

+ CH3CH2CI
Sm2

(1)(2)

(b) CH3l->O^C-CH.

CH.

Because of the high degree of branching in the haloalkane in (2), Sn2 substitution by this

pathway is impossible. Therefore, choose (1) as the only reasonable alternative.

CH3
I :

(1) CH3-CI +CH3CO Na

CH3

Sm2

(2) CH3-O Na' + CH3CCI

CH3

CH3
[
E2

(1)(2)

\\ ?"'

(c) H2C=CHCH2-0-CH2CCH3

CH3

Because of the high degree of branching on the p-carbon in the haloalkane in (2), Sn2
substitution by this pathway is prevented. Therefore, choose (1) as the only reasonable
alternative.

CH.

(1) HzCuCHCHjCI + CHaCCHjO'Na*
Sv2

CH,

No
reactionCH3

(2) HjCsCHCHzO'Na* + CH3CCH2CI *

CH3

Problem 8.49 Propose a mechanism for this reaction.

NaoCOs, H2O / \
CICH2CH2OH ^ H2C—CH2

The mechanism of this reaction involves an initial deprotonation of the hydroxyl group,
followed by an intramolecular Sn2 reaction to give the epoxide.
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CICH2CH2OH + NajCOa ^=^ CICHjCHjO" Na* + NaHCOg

/^ \ S 2 / \
CICH2CH2O" Na* —^-^^ HjC—CH2 + NaCI

Problem 8.50 Each of these compounds can be synthesized by an 8^2 reaction. Suggest a combination of alkyl

halide and nucleophile that will give each product.

In the following reactions, the Br atom could be replaced with CI or I, except for (f) and (k)

in which CI is required.

(a) CH3OCH3 ^

(b) CH3SH -*-

CH3O " Na* + CHaBr

HS" Na* + CHaBr

(c) CH3CH2CH2PH2

(d) CH3CH2CN —
(e) CH3SCH2C(CH3)3

(f) (CH3)3NH^ of

O
II

(g) C6H5COCH2C6H5-

No

- PH3 + CH3CH2CH2Br

Na* CN" + CH3CH2Br

— (CH3)3CCH2S"Na* + CH3Br

(CH3)2NH + CH3CI

O
I! .

CgHgCO Na* + C6H5CH2Br

Br
I

(h) (R)-CH3CHCH2CH2CH3 Na* N3 + (S)-CH3CHCH2CH2CH3

(i) CH2=CHCH20CH(CH3)2 -• (CH3)2CHO" Na* + CH2=CHCH2Br

0) CH2=CHCH20CH2CH=CH2-

(k) V^K CI" -^

CH2=CHCH20" Na* + CH2=CHCH2Br

NH3 + CICH2CH2CH2CI

(I) HOCH2CH2OH + BrCH2CH2Br

^O'
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CHAPTER 9: ALCOHOLS AND THIOLS

SUMMARY OF REACTIONS

\ ^

\ ^

StartingX
Material \

\ <

c

<

(/9

<

o
"5

5

i
o

•o

c
©
"55

o 2

e

s
C/3

t %

Alcohols 9A
9.7*

9B
9.6A

9C
9.6B,C

9D
9.5

9E
9.6C

Alcohols
(Primary)

9F
9.9

9G
9.9

Alcohols
(Secondary)

9H
9.9

Thiols 91
9. lie

Vicinal
Diols

9J
9.8

9K
9.10

Section of book that describes reaction.

REACTION 9A: ACID-CATALYZED DEHYDRATION (Section 9.7)

H2SO4 or

H3PO4 \ /I
OH

I I—C-C— /C=C^ + H20

Alcohols can be heated with H3PO4 or H2SO4 to generate an alkene. The net result of this process is the

removal of H2O from the alcohol, thus the process is called dehydration. *
When more than one alkene can be formed from a reaction such as dehydration, the more stable alkene is

formed in larger amounts. This generalization is known as Zaitsev's rule. In general, the more stable alkene

is the one that is more highly substituted, that is, the one with more alkyl groups on the sp^ carbon atoms.

The mechanism dehydration of a secondary (2°) or tertiary (3°) alcohol involves protonation of the oxygen

atom of the -OH group, followed by loss of water to form a carbocation. Since there is now no good

nucleophile to react with the carbocation, a different reaction takes place, namely loss of H+ to give the

alkene. In the case of primary (1°) alcohols, loss of water and H+ occur simultaneously.

Note how this dehydration reaction is the reverse of acid-catalyzed hydration of an alkene.

CH.

I
^-^ H.

'CH,

'CH.
H2O

The reaction conditions determine the position of this equilibrium. Large amounts of water favor formation

of the alcohol, removing all traces of water favors formation of the alkene.

The mechanism of forming the alkene from the alcohol with acid catalysis is exacdv the reverse of the

mechanism of forming an alcohol from the alkene under acid catalysis. This is a good illustration of the

important concept of microscopic reversibility; which says that for any equilibrium reaction, the

transition slates and intermediates for the forward reaction are exactly the same as the u^ansition states and

intermediates of the backward reaction. In other words, the reactions proceed via the same mechanism in

both directions.
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REACTION 9B: REACTION WITH H-X (Section 9.6A)

OH
I

X
I H-X

I I—c—c— ^ —c—c—
II II

- Alcohols react with H-X to form alkyl halides. In these reactions, the -OH group is turned into a

much better leaving group (H2O) via protonation to give an oxonium ion intermediate. The H2O either

departs on its own to create a carbocation (SnI) that reacts with halide or is displaced by the nucleophilic

hahde (Sn2). The pathway followed depends on the nature of the alcohol (methyl, 1°, 2°, or 3°). *
- Tertiary alcohols are converted to alkyl halides by an SnI mechanism. Substitution of X for -OH occurs

via a ^ucleophiUc attack by X- onto the carbocation and there is only 1 reactant in the rate-limiting step (the

protonated oxonium species that simply loses water without reacting with any other molecules). In general,

tertiary alcohols react faster by the SnI mechanism because carbocation formation is involved in the rate-

limiting step and tertiary carbocations are the most stable. Primary alcohols form the least stable

carbocations, so they rarely if ever undergo an SnI reaction. Secondary alcohols fall somewhere in-between
in both carbocation stability and SnI reactivity.

- On the other hand, primary alcohols are most likely to react by the Sn2 mechanism, because primary
alcohols cannot form stable carbocations and they have less steric hindrance to interfere with nucleophilic

attack. This Sn2 reaction involves Substitution of the X for -OH via a Nucleophilic attack by X- onto the

backside of the C-0 bond and the rate-limiting step involves 2 reagents, the X- and the protonated alcohol.

- Secondary alcohols fall somewhere in between tertiary and primary alcohols in terms of reactivity and
mechanism.

- Secondary and primary alcohols with branching at the p carbon can rearrange because a

carbocation intermediate is involved. Carbocations are notorious for rearrangements, which involve the

migration of an alkyl group to create a new carbocation of equal or greater stability.

9H3
9ii H X^ CH3 X CH3

CH3-C-CH2-O; ^H-'X ^5:^CH3-C-CH2-^^ —CH3-C-CH2—CH3-C-CH2
CH3 ^ CH3 H

CH3 CH3

(+ X-) (^ H2O)

Rearrangement

REACTION 9C; REACTION WITH PBrj OR SOCI2 (Section 9.6B,C)

Pju PBr3 or

I
?" soci,

I ^—c—c— —c—c

—

II II
- The -OH group of alcohols can also be replaced with a halide using FBra or SOCI2 to produce alkyl

bromides or chlorides, respectively. The other products of the reaction are H3PO3 or SO2 and HCl,

respectively. *
- In diese reactions, the -OH group is converted into a good leaving group by reaction with PBr3 or SOCI2, so

the halide can displace it via stereoselective backside attack.

REACTION 9D: REACTION WITH ACTIVE METALS (Section 9.5)

M I—C-OH ^ —C-O-M^ +H2
I

I

- Alcohols react with active metals such as Li, Na, and K to produce hydrogen gas (H2) and a metal
alkoxide. *

- Metal alkoxides are slightly more basic than hydroxide, HO ". This means that alcohols are slightly weaker
acids than water [Section 3.3].
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- The sodium alkoxides can also be produced using sodium hydride (NaH).

REACTION 9E; CONVERSION TO SULFONATE ESTERS (Section 9.6C)

SOgR

I
OH „^^ ^, I

O
I I

RSO2CI
I I—0—C— ^ —0—C— + HCI

II II
- Alcohols react with sulfonyl chloride reagents to produce sulfonate esters. Common derivatives

include R = methyl and R = p-tolyl. ^
- Sulfonate esters, readily prepared from alcohols, are good leaving groups. Thus, production of

sulfonate esters provides a convenient way of turning -OH groups into good leaving groups in preparation

for reaction with nucleophiles.

REACTION 9F: OXIDATION OF PRIMARY ALCOHOLS TO ALDEHYDES (Section 9.9)

I PCC xP—C-OH —C[

A
- A special reagent called pyridinium chlorochromate reacts with primary alcohols and stops at the

aldehyde, without reacting further to the carboxylic acid. *^

- The mechanism of this and all other chromium promoted oxidations involves formation of a chromate ester,

followed by deprotonation of the carbon atom that was once attached to the -OH group of the alcohol. The

chromium ester decomposes with the chromium species taking two electrons to give the oxidized product.

PCC stops at the aldehyde stage because no water is present with this reagent to hydrate the aldehyde

carbonyl group.

REACTION 9G: OXIDATION OF PRIMARY ALCOHOLS TO CARBOXYLIC ACIDS (Section

9.9)

I [O] /^—C-OH —C'^

- Primary alcohols are oxidized all the way to carboxylic acids when aqueous solutions of various

forms of chromium(VI) such as CrOs, K2Cr207, and especially H2Cr04. The H2Cr04 is prepared from

Cr03 or K2Cr207 and H2SO4. In this case, an aldehyde is initially formed, but the presence of water causes

the aldehyde carbonyl to be hydrated to give a geminal diol that is oxidized further to a carboxylic acid before

it can be isolated. *

REACTION 9H: OXIDATION OF SECONDARY ALCOHOLS TO KETONES (Section 9.9)

I
?"

I
H,CrO,

I y I—C—C'-C"— ^ —C—C'-C"—
1^1 II

- Secondary alcohols can be oxidized to ketones. Oxidizing agents such as PCC can be used, but the

use of H2Cr04 is also common. *
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REACTION 91: OXIDATION OF THIOLS TO DISULFIDES (Section 9.11C)

I

I2 or 1/2 O2
I I—C—SH —C—S—S—C

—

I I I

- Even relatively mild oxidizing agents such as I2 or O2 react with thiols to produce disulfldes. In fact,

thiols are so susceptible to oxidation that they must be protected from contact with air (the O2) to avoid

spontaneous disulfide formation. *
- Disulfide bonds are especially important in proteins, where they help stabilize three-dimensional structure.

REACTION 9J: THE PINACOL REARRANGEMENT OF GLYCOLS (Section 9.8)

I

I

HO OH
I ^ ^^ ^ ~?~

I

I I I I

H2SO4 O
I I—C-C'-C"-C"- ^c'-C"—C"'- + HpO

I I I I
/

I I

- Glycols such as pinacol (2,3-dimethyl-2,3-butanediol) undergo a unique reaction under acid catalyzed

dehydration conditions called a pinacol rearrangement. In this reaction, there is loss of water like a

normal dehydration, yet the intermediate carbocation rearranges via migration of an alkyl group, leading to

formation of the ketone or aldehyde product. ^

REACTION 9K: CLEAVAGE OF GLYCOLS WITH PERIODIC ACID (Section 9.10)

HO OH ^.^
I I

HIO4

—c-c—
>o 0.

^^ V+ C'—
\ /

- Periodic acid (H5IO6 or HI04»2H20) can cleave glycols to give carbonyl compounds, either

aldehydes or ketones depending on the starting material. Recall that glycols are compounds with -OH
groups on adjacent carbon atoms. The mechanism of the reaction involves a cyclic periodate ester that

decomposes to give the two carbonyl compounds and HIO3. Thus, the net reaction is a two-electron

oxidation of the glycol, and a corresponding two-electron reduction of periodic acid. *

SUMMARY OF IMPORTANT CONCEPTS

9.0 OVERVIEW
• Alcohols and thiols are important functional groups that are involved in a number of characteristic reactions, and
are very common in nature.

9.1 STRUCTURE OF ALCOHOLS AND THIOLS
• An alcohol is a molecule that contains an -OH (hydroxy1) group attached to an sp^ hybridized carbon atom.^
• A thiol is analogous to an alcohol, except that a thiol has an -SH (sulfhydryl) group attached to an sp^

hybridized carbon atom. *
• Both oxygen and sulfur are in Column 6A of the periodic table so each has 6 valence electrons. The sulfur

atom is significantly larger than the oxygen atom (0.104 nm vs. 0.066 run), because the valence electrons in

the sulfur reside in the third principle energy level compared with the second principle energy level for the

valence electrons of oxygen.

9.2 NOMENCLATURE
• All alcohols and thiols can be named according to lUPAC rules, but numerous common names are still used for

the simpler ones so these must be learned as well.

• In the lUPAC system, an alcohol is named by selecting the parent chain as the longest chain that contains the

-OH group. The suffix e is changed to ol and a number is added to designate the position of the -OH group.

The location of the -OH group takes precedence over alkyl groups and halogens.
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- When there is a choice, the chain is numbered to give the -OH group the lowest number. This includes

cyclic and bicycUc alcohols. Examples of lUPAC names for alcohols include 2-pentanol (not 4-pentanol!)
and cyclohexanol.

- A molecule that has more than one -OH group is called a did if it has two, or a triol if it has three, etc.

These molecules are named by adding the suffix did or triol, etc., after the suffix e and then providing a
number for each carbon atom having an -OH group attached. Again the chain is numbered to give the lowest
possible numbers to -OH groups.

Examples of lUPAC names for diols or triols include 1 ,2-pentanediol or 2,3,5-octanetriol.

- Diols that contain -OH groups on adjacent carbon atoms are still referred to with the common name of
glycols. For example ethylene glycol is really 1 ,2-ethanediol, the major component of antifreeze.

- Compounds that contain an -OH group and a C=C bond are named as an alcohol, with the parent chain
numbered so that the -OH group is assigned the lowest number. The infix en is used in place of an and the

suffix d is used in place of the suffix e. Numbers are assigned as normal.
For example, 3-penten-2-ol is the correct lUPAC name for CH3-CH=CH-CHOH-CH3.

• According to the lUPAC rules, a thiol is named the same as an alcohol, except the suffix thiol is placed after

the suffix e. For example 2-butanethiol is a correct TUPAC name. In the common nomenclature rules,

compounds containing an -SH group are called mercaptans. For example, butyl mercaptan is the common
name for 1-butanethiol.

• The alcohol group has higher nomenclature priority than the thiol group, so molecules that contain both an -OH
group and an -SH group are named as alcohols. In this case, the -SH group is referred to as mercapto. For
example, 4-mercapto-2-butanol is the correct lUPAC name for HSCH2-CH2-CHOH-CH3. [This concept of
functional group priorityfor nomenclature will become more important as we learn about morefunctional
groups.]

• Alcohols are characterized according to how many alkyl groups are attached to the carbon atom bearing the -OH
group. A primary (1°) alcohol is one in which the -OH group is attached to a primary carbon atom, for

example 1-propanol. A secondary (2°) alcohol is one in which the -OH group is attached to a secondary
carbon atom, for example 2-propanol. A tertiary (3°) alcohol is one in which the -OH group is attached to

a tertiary carbon atom, for example 2-methyl-2-propanol. * [Characterizing an alcohol as primary, secondary,

or tertiary will be the key to understanding some of the reactions ofalcohols.]

y^ -j-OH

l-propanol (1°) 2-propanol (2°) 2-methyl-2-propanol (3°)

9.3 PHYSICAL PROPERTIES
• Alcohols and thiols have very different physical properties, because the 0-H bond is much more polar than the

S-H bond.
• Because oxygen is more electronegative than either carbon or hydrogen, there is increased electron density and
thus a partial negative charge on the oxygen atom of an alcohol. Similarly, since hydrogen is so much less

electronegative than oxygen, the hydrogen atom has relatively little electron density and thus a partial positive

charge. * [This picture of the hydroxyI group having partial positive charge on hydrogen and partial negative

charge on oxygen is very important and explains most of the reactions ofalcohols. Better yet, thinking of the

hydroxyl group in this way will allow you to predict successfully these reactions.]

I .. 5-
-C-0-

I
H6 +

• As the result of the polarization of the 0-H bond, there is a permanent dipole moment in the molecule. Two
molecules with permanent dipole moments are attracted to each other since the negative end of one dipole is

attracted to the jxjsitive end of the other dipole, and vice versa. This attraction is called dipole-dipole

interaction, an example of a weak intermolecular force that holds different molecules together. *
• A hydrogen bond is a special type of dipole-dipole interaction that occurs when the positive end of one of the

dipoles is a hydrogen that is bonded to a very electronegative element (O, N, F). For example, hydrogen
bonds that occur between different alcohol molecules involve the hydrogen of one -OH group interacting with
the lone pair of electrons on the oxygen atom of another -OH group.
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H5 +
Hydrogen bond

I .= 5-—C-o:
I

H
- A hydrogen bond has a bond strength of about 5 kcal/mol in water. This is small compared to the strength of
covalent bonds that are about 100 kcal/mol, but when several hydrogen bonds are working together, they are

strong enough to hold large linear chains in precise, three dimensional structures such as those found in

proteins and nucleic acids.

- The hydroxyl group can take part in hydrogen bonding, so molecules with -OH groups can stick to each
other. As a result, alcohols have boiling points and melting points that are significantly higher than the

corresponding alkanes or alkenes of similar molecular weight.
- Because water (H2O) molecules are hydrogen bonded to each other in solution, only molecules that can
themselves take part in dipole-dipole interactions Uke hydrogen bonds can separate the water molecules and
thus dissolve. For that reason, the -OH group on small alcohols allows them to dissolve in water.

The longer the non-polar alkyl chain on an alcohol, the lower the solubility of the alcohol in water and the

higher the solubility in non-polar solvents like hexane and benzene.
• The physical properties of thiols are completely different than those of alcohols. The most noticeable

physical property of thiols is their stench. The S-H bond is not as polar as the 0-H bond. This is because
sulfur and hydrogen atoms are similar in electronegativity, so these atoms do not have significant partial

charges in the -SH group. As a result, thiols show little association by hydrogen bonding so they have lower

boiUng/melting points and are less soluble in water compared with analogous alcohols. * [This correlation

between hydrogen bonding ability, water solubility and boiling/melting points is a good illustration ofhow
understanding molecular structure can lead to accurate predictions ofphysical properties.]

9.4 ACIDITY AND BASICITY OF ALCOHOLS
• Alcohols are weakly acidic (pKg 16-18) in aqueous solution, the relative acidities of which can be
determined by the degree of solvation of the respective alkoxides. *
- The bulkier the alkyl group, the lesser the ability of water to solvate the alkoxide, so tfie less acidic the

alcohol. Thus 2-methyl-2-propanol is less acidic than methanol.
• The oxygen atom of an alcohol is a weak Lewis base and can be protonated by extremely strong acids to

generate oxonium ions.

9.11 THIOLS
• Thiols are considerably more acidic (pK^ 8-9) than the corresponding alcohols (pKg 16-18). In

other words, they are easier to deprotonate in base.

• Thiols readily form insoluble salts with most heavy metal ions, especially mercury and lead. *
• Thiols are easily oxidized to a number of higher oxidation states. As a result, thiols can be considered as

mild reducing agents. * [Recall that when a molecule is oxidized, it gives up electrons. Thus an easily

oxidized substance can be considered a reducing agent since it likes to give away electrons.]

- Thiols (R-SH) can be oxidized to disulfides (R-S-S-R), sulfinic acids (R-SO2H), and sulfonic acids (R-
SO3H).
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CHAPTER 9
Solutions to the Problems

Problem 9.1 Write lUPAC names for these alcohols:

CHoOH
I

(a) ^C-'iCHpCHo

(S)-2-Methyl-l-butanol

(b)

1-Methylcyclopentanol

(c)

Bicyclo[2.2.1]-

7-heptanol

Problem 9.2 Classify each alcohol as primary, secondary, or tertiary.

CH.
I

^

(b) p>—OH (c)CH2=CHCH20H (d)(a)CH3CCH20H

CH3

Primary Secondary Primary

Problem 9.3 Write lUPAC names for these unsaturated alcohols.

CH,

OH

Tertiary

(a) CH2=CHCH2CH20H

3-Buten-l-ol

OH
I

(b) CH3CHGH=CH2

Problem 9.4 Write lUPAC names for these thiols.

(a) (CH3)2CHCH2CH2SH (b)

3-Methyl-l-butanethiol

3-Buten-2-ol

H3C CH2CHCH3

(Z)-4-Hexene-2-thiol

Problem 9.5 Arrange these compounds in order of increasing boiling point.

CH3CH2CH2CH2CH2CH3 HOCH2CH2CH2CH2OH CH3CH2CH2CH2CH2OH

In order of increasing boiling point they are:

CH3CH2CH2CH2CH2CH3 CH3CH2CH2CH2CH2OH HOCH2CH2CH2CH2O H

Hexane l-Pentanol 1,4-Butanediol

bp 69°C bp 137°C bp 235°C

Hydrogen bonding, or lack of it, is the key. Both 1-pentanol and 1,4-butanediol can associate

by hydrogen bonding, so their boiling points are substantially higher than hexane. Because
1,4-butanediol has more sites for hydrogen bonding, it has a higher boiling point than 1-

pentanol.



238 Solutions Chapter 9: Alcohols and Thiols

Problem 9.6 Arrange these compounds in order of increasing solubility in water.

CICH2CH2CI CH3CH2CH2OH CH3CH2CH2CH2OH

In order of increasing solubility in water, they are:

CICH2CH2CI CH3CH2CH2CH2OH CH3CH2CH2OH

1,2-Dichloroethane 1-Butanol 1-PropanoI
slightly soluble 8 g/100 g H2O soluble in all

proportions

Problem 9.7 Predict the position of equilibrium for this acid-base reaction. (Hint: Review Section 3.4.)

O O
. ^ II H _

CH3CH2O Na + CH3COH - " CH3CH2OH + CH3CO Na-'

Acetic acid is the stronger acid; equilibrium lies to the right.

o o
_ ^ II II .

CH3CH2O Na + CH3COH ^==^CH3CH20H + CH3CO Na*

pKa 4.76 pKa 15.9

(stronger (stronger (weaker (weaker
base) acid) acid) base)

Problem 9.8 Show how you might convert (R)-2-butanol to (S)-2-butanethiol via a tosylate.

OH SH
I ? I

CH3CH2CHCH3 ^" CH3CH2CHCH3

(R)-2-Butanol (S)-2-Butanethiol

In the first step, the -OH group is converted to the good leaving group -OTs by treatment with
tosyl chloride (Ts-Cl) in pyridine.

OH OTs
I Pyridine I

Step 1: CH3CH2CHCH3 + Ts-CI CH3CH2CHCH3
(R)-2-Butanol

Next the strong nucleophile HS- is used to carry out an Sn2 reaction and displace the -OTs
group. Note that the inversion of stereochemistry seen with Sn2 reactions insures that the
desired (S) isomer of 2-butanethiol is produced.

OTs SH

Step 2: CH3CH2CHCH3 + HS Na* ^^-^^ CH3CH2CHCH3
(inversion) ^„, ^ „ ...

(S)-2-Butanethiol
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Problem 9.9 Draw structural formulas for the alkenes formed by acid-catalyzed dehydration of these alcohols.

Where isomeric alkenes are possible, predict which is the major product

CHo
I

^

(a) CH3-C-CH2-CH3

OH

acid-catalyzed

dehydration

(b)

o<:
OH

CH3

CH3 CH3 /V-'CH3
CH3-C=CH-CH3 + CHg^C-CHg-CHa \ /

Major product Major product

Problem 9.10 Propose a mechanism to account for this reaction.

OH

.CHCH3

O^CH.
H2SO,

acid-catalyzed

dehydration

/N^CHj

warm a:- "

^CH.

This reaction can best be explained as an acid catalyzed El reaction with a carbocation
rearrangement. The first steps involve protonation of the -OH group, followed by loss of
H2O to give a 2° carbocation.

Step 1:

:0H2
I

CHCH.

O^ca
Step 2:

CHCH
3 (.H2O)

CM,

CHCH.

CH,

2° Carbocation

This 2° carbocation then rearranges to a more stable 3° carbocation by expanding to a six-

membered ring.

The 3° carbocation completes the El reaction by losing a proton to generate the product
aikene.

Step 3:

CrcH3
2° Carbocation

CH.

More stable
3° carbocation
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Step 4:

a: '^ a:CH3

More stable
3° carbocation

Problem 9.11 Propose a mechanism to account for the following transformation:

OH P

H2SO4

-HoO

Protonation of either hydroxy! group followed by departure of water gives a tertiary
carbocation in the first two steps.

Step 1:

Step 2

^00
H

Migration of a pair of electrons from an adjacent bond and loss of a proton to give a ketone
gives the observed product.

Step 3:

Problem 9.12 Draw the product of treatment of each alcohol in Example 9.12 with chromic acid.

Primary alcohols are oxidized by chromic acid (H2Cr04) to give carboxylic acids, while
secondary alcohols give ketones.

(a) CH3(CH2)4CH20H + H2Cr04
1-Hexanol

CH3(CH2)4COH

Hexanoic acid
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OH

(b) CH3(CH2)3CHCH3

2-Hexanol

H2Cr04

(c) / ^—OH + H2Cr04

Cyclohexanol

O

CH3(CH2)3CCH3

2-Hexanone

0-°
Cyclohexanone

Problem 9.13 a-Hydroxyketones and a-hydroxyaldehydes are also cleaved by treatment with periodic acid. It is

the not the a-hydroxyketone or aldehyde, however, that undergoes reaction with periodic acid, but rather the

compound formed by addition of a molecule water to the carbonyl group of the a-hydroxyketone or aldehyde.

Draw the structural formula for the product formed by addition of a molecule of H2O to the carbonyl group of the

following compound and write a mechanism for the reaction of this product with HIO4. (Hint: Notice the

similarity of this oxidation to the oxidation of an aldehyde by chromic acid (Section 9.9).

HO O
I II I.H2O

CH3CH2CH2CH-CH 2
j_||Q

The aldehyde group reacts with water to give the following molecule, a geminal did.

Step 1:

HO O
i II

CH3CH2CH2CH-CH
HoO

HO OH
I I

CH3CH2CH2CH-CH

OH
This geminal did then reacts with HIO4 according to the usual mechanism to give butanal plus

formic acid.

OH

HO OH O
I I II II

CH3CH2CH2CH-CH + 0=1—OH ^ CH3CH2CH2CH-CH

Step 2:

Step 3:

OH

OH

OH

0==lf=0
0(0
l^^l II II

CH3CH2CH2CH^CH «- CH3CH2CH2CH + HCOH + HIO3

OH Butanal Formic acid

Structure and Nomenclature
Problem 9.14 Which are secondary alcohols?

CH

The secondary alcohols are (c) and (d). Molecules (a) and (b) are tertiary alcohols

'3

•OH
(b) (CH3)3COH (c) (d) [^^^/^OH
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Problem 9.15 Name these compounds.

CHo
I

^

(a) CH3CH2CH2CH2CH2OH (b) HOCH2CH2CH2CH2OH (c) CH2=CCH2CH20H
1-Pentanol l,4-Butane(liol 3-Methyl-3-buten-l-ol

OH
I

(d) CH3CHCH2CI

l-Chloro-2-propanol

OH

(g) a
3-Cyclohexenol

H CH2OH
C=C

^®^ H0H2C^ ""h

(h)

"OH
cw-l,2-Cyclohexanediol

CHo
I

^

(f) HOCH2CH2CHCH3

3-Methyl-l-butanol
(Isopentyl alcohol)

(i) CH3CHCHCH3

HO OH

2,3-Butanediol

(J)

\^"v/

OH

Br

(k) CH3CH2CH2CH2SH (I) CH3CH=CHCH2SH

/ra«5-2-BromocycIohexanol 1-Butanethiol 2-Buten-l-thiol

(m) HSCH2CH2SH

1,2-Ethanedithiol

OH
I

(n) CH3(CH2)4CHCsCH
l-Octyn-3-ol

CHo CHo,3 ,3
(o) CH3C=CHCH2CHp=CHCH20H

3,7-Diinethyl-2,6-octadien-l-ol

Problem 9.16 Write structural formulas for the following:

(a) Isopropyl alcohol

OH,

CH3-CH-OH

(b) Propylene glycol

HO OH
I i

CHo CH~CH2

(c) 5-Methyl-2-hexanol

OH CHo
I I

^

CH3~~CH~CH2~CH2—CH~CHo

(d) 2-Methyl-2-propyl- 1 ,3-propanediol

CH3

HO-CHo-C-CHj-OH
I

CH2~CH2~CH3
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(e) l-Chloro-2-hexanol

OH

(f) cw-3-Isobutylcyclohexanol

OH

CI-CH2-CH-CH2-CH2-CH2-CH3

(g) 2,2-Dimethyl-l-propanol

CHo
I

^

CH3—0—CH2-OH
OH,

'CH2CH(CH3)2

(h) 2-Mercaptoethanol

HS-CH2-CH2-OH

(i) Allyl alcohol

CH2=CH-CH2-OH

(k) (Z)-5-Methyl-2-hexen-l-ol

CH3

HO-CHj^ ^CH2-CH-CH3
0=0

H H

(m) 3-Chloro-l,2-propanediol

OH
I

HO-CH2-OH-CH2-CI

(0) Bicyclo[2.2.1]-heptan-7-ol

.OH

(j) rra/w-2-Vmylcyclohexanol

lOH

'''''CH=CH2

(I) 2-Propyn-l-ol

HC^C-CHgOH

(n) ci5-3-Pentene-l-ol

HO-CH2-CH2 .CH3

C=C
H H

Problem 9.17 Name and draw structural formulas for the eight isomeric alcohols of molecular formula C5Hj20.

Classify each as primary, secondary, or tertiary. Which are chiral?

The eight isomeric alcohols of molecular formulas C5H12O are grouped by carbon skeleton.

First, the three alcohols derived from pentane, then the four derived from 2-methylbutane
(isopentane), and then the single alcohol derived from 2,2-dimethylpropane (neopentane).
Each is given an lUPAC name. Common names, where appropriate, are given in parentheses.

OH OH OH

CH3Cn2CH2CH2CH2

1-Pentanol (pentyl alcohol)

(primary)

CH3CH2CH2CHCH3
2-Pentanol
(secondary)

(chiral)

CH3CH2CHCH2CH3
3-Pentanol
(secondary)
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OH
I

CH4CnCn2Crl2

CH3
3-Methyl-l-butanol
(Isopentyl alcohol)

(primary)

OH
I*

CH^HCHCHa

CH3
3-MethyI-2-butanol

(secondary)
(chiral)

OH
I

CH^CHjCHg

CH3
2-Methyl-2-butanol

(tert-Pentyl alcohol)
(tertiary)

OH
I *

CH2CHCH2CH3

CH3

2-MethyM-butanol
(primary)
(chiral)

CH3

CH^CH20H

CH3

2,2-Dimethyl-l-propanol
(Neopentyl alcohol)

(primary)

Physical Properties of Alcohols and Thiols

Problem 9.18 Arrange these compounds in order of increasing boiling point. (Values in °C are -42, 78, 1 17, and
198.)

(a)CH3CH2CH2CH20H (b)CH3CH20H (c) H(XH2CH20H (d)CH3CH2CH3

In order of increasing boiling point they are:

CH3CH2CH3 CH3CH2OH CH3CH2CH2CH2OH
Propane Ethanol 1-Butanol
bp -42°C bp 78°C bp 117°C

HOCH2CH2OH
Ethylene glycol

bp 198°C

The keys for this problem are hydrogen bonding and size. Propane cannot make any hydrogen
bonds, so it has the lowest boiling point by far. Ethanol and 1-butanol can each make
hydrogen bonds through their single -OH group. However, 1-butanol is larger, so it will have
a higher boiling point than ethanol. Ethylene glycol has two -OH groups per molecule with
which to make hydrogen bonds, so it will have the highest boiling point of this set.

Problem 9.19 Arrange these compounds in order of increasing boiling point. (Values in °C are -42, -24, 78, and
118.)

(a)CH3CH20H (b)CH30CH3 (c)CH3CH2CH3 (d) CH3CO2H

In order of increasing boiling point they are:

CH3CH2CH3 CH3OCH3 CH3CH2OH
Propane
bp -42°C

Dimethyl ether

bp -24°C
Ethanol
bp 78°C

CH3CO2H
Acetic acid

bp 118°C

The keys for this problem are hydrogen bonding, polarity, and size. We know from the last

problem that propane and ethanol have boiling points of -42°C and 78°C, respectively.
Dimethyl ether is polar, but cannot make hydrogen bonds. Therefore, it makes sense that
dimethyl ether has a boiling point (-24°C) that is higher than propane, but lower than ethanol.
Acetic acid can make strong hydrogen bonds and has a higher molecular weight than ethanol,
so it makes sense that acetic acid has the highest boiling point of this set.

Problem 9.20 Compounds that contain an N-H group associate by hydrogen bonding.
(a) Do you expect this association to be stronger or weaker than that of compoimds containing an 0-H group?

Weaker. The O-H bond is more polar, because the difference in electronegativity between N
and H is less than the difference between O and H. Thus, the degree of intermolecular
interaction between compounds containing an N-H group is less than that between compounds
containing an -OH group.
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Bond
N-H
0-H

Difference in

electronegativity

3.0 - 2.1 = 0.9

3.5 - 2.1 = 1.4

(b) Based on your answer to part (a), which would you predict to have the higher boihng point, 1-butanol or 1-

butanamine?

CH3CH2CH2CH2OH CH3CH2CH2CH2NH2
1-Butanol 1-Butanamine
bpll7°C bp-78°C

The stronger the hydrogen bonds, the higher the boiling point since hydrogen bonds in the

liquid state must be broken upon boiling. Therefore, 1-butanol, with the stronger hydrogen
bonds, will have the higher boiling point.

Problem 9.21 Which compounds can participate in hydrogen bonding with water? For each that can, indicate

which site(s) can function as a hydrogen bond acceptor and which can function as a hydrogen bond donor.

The molecules in bold can participate in hydrogen bonding with water. The hydrogen bond
donor and acceptor sites are labeled.

{a)CH3CH2CH20CH2CH20H (b) (CH3CH2)2NH

acceptor,-^
acceptor ^-—v. ^\

acceptor >^ /^^

CH3CH2CH2-O-CH2CH2-O-H CH3CH2-N-H

donor -

—

^ CH2CH3

(c) CH3CH=CHCH3 II

(d) CH3CCH3

/^ ^acceptor

Does not participate
r

II

CH3-C-CH3

II

(e) CH3SCH3
II

(f) CH3CH2COH

acceptor ' x
Z' ^acceptor

1) r-

donor

acceptor

Cri3 oCn3
CH3CH2C-0-H

donor
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Problem 9.22 From each pair of compounds, select the one that is more soluble in water.

(a) CH2CI2 or CH3OH

Methanol, CH3OH, is soluble in all proportions in water. Dichloromethane, CH2CI2, is

insoluble. The highly polar -OH group of methanol is capable of participating both as a
hydrogen bond donor and hydrogen bond acceptor with water and, therefore, interacts

strongly with water by intermolecular association. No such interaction is possible with
dichloromethane.

O CH2
II II

(b) CH3CCH3 or CH3CCH3

Propanone (acetone), CH3COCH3, is soluble in water in all proportions. 2-Methylpropene
(isobutylene) is insoluble in water. Acetone has a large dipole moment and can function as a
hydrogen bond acceptor from water.

(c) CH3CH2CI or NaCI

NaCI is the more soluble. Chloroethane is insoluble in water. Following is a review of some
of the general water solubility rules developed in General Chemistry. For these rules, soluble
is defined as dissolving greater than 0.10 mol/L. Slightlv soluble is dissolving between 0.01

mol/L and 0.10 mol/L.
1. Sodium, potassium, and ammonium salts of halogens or nitrates are soluble.

2. Silver, lead, and mercury(l) salts of halogens are insoluble.

Thus, applying Rule 1, NaCI is soluble in water. Chloroethane (ethyl chloride) is a nonpolar
organic compound and insoluble in water.

(d) CH3CH2CH2SH or CH3CH2CH2OH

The alcohol is more soluble in water. Sulfur is less electronegative than oxygen, so an S-H
bond is less polarized than an O-H bond. Hydrogen bonding is therefore weaker with thiols

than alcohols, so the alcohol is more able to interact with water molecules through hydrogen
bonding.

OH O
I II

(e)CH3CH2CHCH2CH3 or CH3CHPCH2CH3

The alcohol is more able to interact with water through hydrogen bonding, and is more soluble
in water. The hydroxyl group has both a hydrogen bond donor and acceptor (the oxygen and
hydrogen atoms of the -OH group, respectively), while the carbonyl group has only a
hydrogen bond acceptor (the oxygen atom).

Problem 9.23 Arrange the compounds in each set in order of decreasing solubility in water,

(a) Ethanol; butane; diethyl ether

CH3CH2OH CH3CH2OCH 2CH3 CH3CH2CH2CH3

soluble in all 8 g/100 mL water insoluble in water
proportions

In general, the more strongly a molecule can take part in hydrogen bonding with water, the
greater the molecule is able to interact with the water molecules and dissolve. Only ethanol
can act both as a donor and acceptor of hydrogen bonds with water. Diethyl ether can act as
an acceptor of hydrogen bonds. Butane can act as neither a donor nor an acceptor of hydrogen
bonds.

i
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(b) 1-Hexanol; 1,2-hexanediol; hexane

CH2CHCH2CH2CH2CH3 CH3CH2CH2CH2CH2CH2OH CH3CH2CH2CH2CH2CH3

OH OH
1,2-Hexanediol molecules can take part in more hydrogen bonds with water than the 1-

hexanol, since the diol has two -OH groups. Hexane has no polar bonds and thus cannot take

part in any dipole-dipole interactions with water molecules.

Problem 9.24 Each compound given in this problem is a common organic solvent. From each pair of

compounds, select the solvent with the greater solubility in water.

Solubility in water increases with increasing hydrogen bonding ability and decreases with
increasing surface area of hydrophobic groups such as alkyl groups.

(a) CH2CI2 or CH3CH2OH (b) CH3CH2OCH2CH3 or CH3CH2OH

CH3CH2OH CH3CH2OH

O
II

(c) CH3CCH3 or CH3CH2OCH2CH3 (d) CH3CH2OCH2CH3 or CH3(CH2)3CH3

O
II CH3CH2OCH2CH3

CH3CCH3

Problem 9.25 The decalinols A and B can be equilibrated using aluminum isopropoxide in 2-propanol (isopropyl

alcohol) containing a small amount of acetone. Assume a value of aG*^ (equatorial - axial) for cyclohexanol is

0.95 kcal/mol (4.0 kJ/mol). Calculate the percent of each isomer in the equilibrium mixture at 25°C.

^^^^.^^^^^^^
_AI[OCH(CH3)2)]3

HD^-.«-— -*-— -• acetone

B

At equilibrium, the relative amounts of A and B are given by the equation:

[B]
AG° = 'RTXxiK,^ where K^^ = -^

- -AG"
'ogA:,,=

(2.303)/? r

Taking the antilog of both sides gives:

1(2.303)/? T]

ear — I u

Plugging in the values for aG°, /?, and 298 K gives the final answer:

- 0.95 kcal/mol \

(2.303)(1.987 X 10'' kcal/mol K)(298 K)j 0"'"= 0.201

Thus, the molecule with an equatorial hydroxyl group (A) will predominate in a 4.97 to 1

ratio.
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Synthesis of Alcohols
We have encountered four reactions for the synthesis of alcohols, including glycols:

1. Acid-catalyzed hydration of alkenes (Section 6.3B)

2. Oxymercuration/reduction of alkenes (Section 6.3E)

3. Hydroboration/oxidation of alkenes (Section 6.4)

4. Oxidation of alkenes by osmium tetroxide (Section 6.5B)

Problem 9.26 Alkenes can be hydrated to form alcohols by (1) hydroboration followed by oxidation and (2)

oxymercuration followed by reduction. Compare the products formed from these alkenes by sequence (1)

compared with sequence (2).

Recall that hydroboration followed by oxidation gives predominantly non-Markovnikov
regiochemistry and syn stereochemistry of addition. Oxymercuration followed by reduction
gives predominantly Markovnikov regiochemistry and anti stereochemistry of addition.

(a) Propene

CH3CH=CH2

CHoCH—CHr

1. BH3

2. H2O2, NaOH

1. Hg(0Ac)2, H2O

2. NaBH4

— CH3CH2CH2OH

OH
I

-^ CH3CHCH3

(b) cj\s-2-Butene

HgC^ ^CH3 2. H2O2, NaOH

"\ _ /" 1. Hg(0Ac)2, H2O

H3C^^"%H3 2- NaBH4

OH
I

CH;^HCH2CH3

OH
I

CH^HCH2CH3

A racemic mixture
>> is formed in both
reactions

(c) rram-2-Butene

h'' ^CH3 2. H2O2, NaOH

"3C^^^^/H
1. Hg(0Ac)2, H2O

H^ \h,^- NaBH4

OH
I

CH^HCH2CH3

OH
I

CHi^HCHjCHa

A racemic mixture
>- is formed in both
reactions

(d) Cyclopentene

2. H2O2, NaOH

OH

O 1. Hg(0Ac)2, H2O

2. NaBH4

OH
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(e) 1-Methylcyclohexene

CH3
1. BH3

CH,

2. H2O2, NaOH

1. Hg(0Ac)2, H2O

2. NaBH4

CH,

a:

Problem 9.27 Give the structural formula of an alkene or alkenes from which each alcohol or glycol can be

prepared in good yield,

(a) 2-Butanol

Cn3Cn2Crl^—Cn2

CH

or

3

HoO

H
or

CH3 /CH3

.C=C,

H*

H
\
H

OH
I

CH3CH2CHCH3

2-ButanoI

(b) 1-Methylcyclohexanol

HoO

H*

(c) 3-Hexanol

H .CHoCHo

C=C
CH3CH2 H

or
Cn3CH2. CH2CH3

c=c
H H

CH.aOH

1-Methylcyclohexanol

HoO

H*

OH
I

CH3CH2 CHCH2CH2CH3

3-Hexanol
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(d) 2-Methyl-2-pentanol

CHg^ /CH2CH3

CH
C=C

H
or

CH3
_l ^

CH2^~"CCH2CH2CH3

HoO

H*

OH
I

CHo Udi2V'n2wn4

CH3

2-Methyl-2-pentanol

(e) Cyclopentanol

H2O

H*

(f) 1,2-Propanediol

OH

Cyclopentanol

HO OH
OSO4, HoOo I I

CH2=CHCH3 ^' ^ ^> H2C-CHCH3

1,2-Propanediol

Problem 9.28 (a) How many stereoisomers are possible for 4-methyl-l,2-cyclohexanediol?

CH3

4-Methyl-l,2-cyclohexanediol

There are 2^ or eight stereoisomers, since there are three stereocenters in this molecule and no
planes of symmetry.

(b) Which of the possible stereoisomers are formed by oxidation of 4-methylcyclohexene with osmium tetroxide?

There are two cis-trans isomers possible for the diol formed by oxidation of 4-

methylcyclohexene. Because of the stereoselectivity of oxidation by osmium tetroxide under
these conditions, the two -OH groups are cis to each other, and both are either cis or trans to

the methyl group.

OH OH

OSO4, H2O2
OH

Y
CH3

both -OH groups
cis to -CH3

...xxOH

both -OH groups
trans to -CH3
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(c) Is the product formed in part (b) optically active or optically inactive?

The products will be optically active if the starting material is either pure 4R or 4S
enantiomer, but the problem doesn't specify configuration so assume 4R,4S (racemic) and
therefore inactive product.

Aciditv of Alcohols
Problem 9.29 Complete the following acid-base reactions. In addition, show all valence electrons on the

interacting atoms and show by the use of curved arrows the flow of electrons in each reaction.

(a) CH3CH2-O-H + H—O—

H

H

Cn2Crl2-d-H + ^hA)—H

H
Br0nsted-Lowry

Acid

-^ CH3CH2-O-H + : 0-H

H
I

H

(b) CH3CH2-O-CH2CH3 + H-0-S-O-H

d

H

CH3CH2-O-CH2CH3 + H-0-S-O-H CH3CH2-O-CH2CH3 + :0-S-0-H3 2 .. 2 3 (^.
II

3 2 .. 2 3 ..
ij

o o
Br0nsted-Lowry Acid

(c) CH3CH2CH2CH2CH2-O-H + H-l

CH3CH2CH2CH2CH2-O-H + H-l

O
il

Br0nsted-Lowry
Acid

O

(d) CH3CH2CH2C-O-H + H-0-S-O-H

O
'0'''^~^\ o

II \ .. II

CH3CH2CH2C-O-H + H-0-S-O-H
^-

Br0nsted-Lowry Acid

H

CH3CH2CH2CH2CH2-P-H + :.r.

:0-H O
II - .. II

CH3CH2CH2 CO-H + :0-S-0-H
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(e) r>o-„ + BF.

(f) CH3CH=CHCHCH3 + H-O-H

+
I

CH3CH=CHCHCH3 + H-O-H ^ CH3CH=CHCHCH3
Lewis acid

Problem 9.30 Select the stronger acid from each pair and explain your reasoning. For each stronger acid, write a

structural formula for its conjugate base.

(a) HgO or H2CO3 (b) CH3OH or CH3CO2H

(c) CH3CH2OH or CH3CSCH (d) CH3CH2OH or CH3CH2SH

Under each acid is given its pKa. Recall that acid strength increases with decreasing values of

pKa.

weaker
acid

stronger
acid

conjugate base
of stronger acid

(a) H2O
pKa 15.7

H2CO3
pKa 6.36

HCO3-

(b) CH3OH
pKa 15.5

CH3CO2H
pKa 4.76

CH3C02-

(c) CHaCsCH
pKa 25

CH3CH2OH
pKa 15.9

CH3CH20-

(d) CH3CH2OH
pKa 15.9

CH3CH2SH
pKa 8,5

CH3CH2S-

The relative acidity rankings can be predicted based on the following observations:
For (a), the carbonyl group of carbonic acid inductively weakens the 0-H bond and stabilizes
the deprotonated anion through resonance.
For (b), the carbonyl group of acetic acid inductively weakens the 0-H bond and stabilizes the
deprotonated anion through resonance.
For (c), oxygen is a more electronegative element (farther to the right on the Periodic Table)
than carbon.
For (d), sulfur is below oxygen in the Periodic Table.
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Problem 9.31 From each pair, select the stronger base. For each stronger base, write the structural formula of its

conjugate acid.

Recall that the stronger base will have the weaker conjugate acid.

(a) OH" or CH3O" (each in HgO

HO' ^ HOH
stronger weaker
base acid

This is a close one, but HOH is a weaker acid than CH3OH because HOH has a less-

electronegative H atom attached to the OH group.

b) CH3CH2O" or CH3CSC"

CH3CSC" CH3CSCH
stronger weaker
base acid

Carbon is less electronegative (farther to the left on the Periodic Table) than oxygen, so the
alkyne is the weaker acid.

(c) CH3CH2S~ or CH3CH2O*

CH3CH2O' ^ CH3CH2OH

stronger weaker
base acid

Oxygen is above sulfur in the Periodic Table, so the alcohol is the weaker acid.

(d) CH3CH2O' or NH2"

NH2* ^ NH3

stronger weaker
base acid

Nitrogen is less electronegative (farther to the left on the Periodic Table) than oxygen, so
ammonia is the weaker acid.

Problem 9.32 In each equilibrium, label the stronger acid, the stronger base, the weaker acid, and the weaker
base. Also estimate the position of each equilibrium.

(a) CH3CH20" + CH3CSCH -T-^ CH3CH2OH + CH3CSC"

CHgCHjO"* CH3CSCH m. CH3CH2OH + CH3CSC" Keq = 10'®'^

pKa 25 pKa 15.9

weaker base weaker acid stronger acid stronger base

Oxygen is a more electronegative element (farther to the right on the Periodic Table) than
carbon, so the alcohol is the stronger acid.
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(b) CH3CH2O' + HCI =;=ir CH3CH2OH + Cf

CHaCHjO" + HCI ^ CH3CH2OH + Cl" Kgq = lo"'^

pKa -7 pKa 15.5

stronger stronger weaker weaker
base acid acid base

pKa 15.9

weaker weaker
base acid

Chlorine is more electronegative (farther to the right on the Periodic Table) than oxygen, so

HCI is the stronger acid.

O O
II _ II

(c) CH3C-OH + CH3CH2O =^ CH3C-O" + CH3CH2OH

o o
II - II 111CH3C-OH+ CH3CH2O ^ CH3C-O" + CH3CH2OH Keq = 10"-^

pKa 4.76

stronger stronger
acid base

The carbonyl group of acetic acid inductively weakens the 0-H bond and stabilizes the
deprotonated anion through resonance.

Reactions of Alcohols
Problem 9.33 Write equations for the reaction of 1-butanol with each reagent. Where you predict no reaction,

write NR.
(a) Na metal

2 CH3CH2CH2CH2OH + 2 Na -CH3CH2CH2CH26 Na* + H2

(b) HBr.heat
heat

CH3CH2CH2CH2OH + HBr ^ CH3CH2CH2CH2Br + H2O

(c) HI heat

heat
CH3CH2CH2CH2OH + HI ^ CH3CH2CH2CH2I + H2O

(d) PBrs

3 CH3CH2CH2CH2OH + PBr3 ^ 3 CH3CH2CH2CH2Br + P(0H)3

(e) SOCI2, pyridine

pvridine
CH3CH2CH2CH2OH + SOCI2 -^ ^CH3CH2CH2CH2CI + SO2 + HCI

(f) K2Cr207, H2SO4, heat

O
H SO II

CH3CH2CH2CH2OH + K2Cr207 ^ ^- CH3CH2CH2COH + Cr^*
^ ^ ^ ' heat 3 2 2

(g) HIO4
NR
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(h) PCC
o

3 +CH3CH2CH2CH2OH + PCC ^ CH3CH2CH2CH + Cr

(i) CH3SO2CI, pyridine

O

O CH3CH2CH2CH2OSCH3

CH3CH2CH2CH2OH + CISCH3 P^"^'"*^ + o

i HCI

Problem 9.34 Write equations for the reaction of 2-butanol with each reagent listed in Problem 9.33. Where you
predict no reaction, write NR.
(a) Na metal

OH O' Na*
i I

2 CH3CH2CHCH3 + 2 Na ^ 2 CH3CH2CHCH3 + H2

(b) HBr,heat

OH Br

CH3CH2CHCH3 + HBr -^^^—»- CH3CH2CHCH3 + H2O

(c) HI, heat

OH I

CH3CH2CHCH3 + HI -^^^—.- CH3CH2CHCH3 + H2O

(d) PBr3

OH Br
I I

3 CH3CH2CHCH3 + PBr3 3 CH3CH2CHCH3 + P(0H)3

(e) SOCI2, pyridine

OH CI

CH3CH2CHCH3 + SOCI2 ^^" '"^"
CH3CH2CHCH3 + SO2 + HCI

(f) K2Cr207, H2SO4, heat

OH O

CH3CH2CHCH3 + K2Cr207
^^SO^

^ CH3CH2CCH3 + Cr^*
heat

(g) HIO4
NR

(h) PCC
OH

I

l3CH2CHv*ii3 T i-v/v* — Vxri3V^n2V^v*n3CH,CH,CHCHo + PCC ^ CHXHoCCH, + Cr^
*
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(i) CH3SO2CI, pyridine

OH O

CH3CH2CHCH3 + CISCH3 P^"^'"*^

O
II

O-SCH3
+ HCI

»3^n2'

Problem 9.35 Complete these equations. Show structural formulas for the major products, but do not balance.

(a) CH3CH2CH2OH + H2Cr04 CH3CH2COH + Cr
3 +

CH. CH,
I

(b) CH3CHCH2CH2OH + SOCI2 ^ CH3CHCH2CH2CI + SO2 + HCI

(d) HOCH2CH2CH2CH2OH + HBr

(t)

(g)

+ H2Cr04

+ HIO4

1) OSO4/H2O2
^-

2) HIO4

(h) / yoH+ SOCI,

+ HoO

-^ BrCH2CH2CH2CH2Br + 2H2O

,0

+ Cr
3-t-

r \ + H103 + Hj

CI + SO2 + HCI

Problem 9.36 When (R)-2-butanol is left standing in aqueous acid, it slowly loses its optical activity. Account
for this observation.

In aqueous acid, (R)-2-butanoI is in equilibrium with a small amount of the protonated form,
that subsequently loses H2O to create an achiral cation. The achiral cation reacts with another
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water molecule to give back 2-butanol. The key to this question is that the achiral cation can
react with H2O on either face of the ion, to give either (R)-2-butanol or (S)-2-butanol. Thus,
a pure sample of (R)-2-butanol will gradually turn into a racemic mixture of (R)-2-butanol and
(S)-2-butanol, thereby losing optical activity.

OH
M\H H*

(:oH,
H,0

H3C'

(R)-2-Butanol

CH2CH3
H,C'

CH2CH3

H3C-C +

CH2CH3
Achiral cation

OH
^.»\\H

H C^ V"3^ CH2CH3
(R)-2-Butanol

H3C'

*^.»\\Cn2CH3

(S)-2-Butanol

Problem 9.37 Two diastereomeric sets of enantiomers, A/B and C/D, exist for 3-bromo-2-butanol. When
enantiomer A or B is treated with HBr, only racemic 2,3-dibromobutane is formed; no meso isomer is formed.

When enantiomer C or D is treated with HBr, only meso 23-dibromobutane is formed; no racemic 2,3-

dibromobutane formed. Account for these observations. (Hint: Consider neighboring group participation

(Section 8.5) and the type of intermediate that could produce this stereoselectivity).

HO-

H-

CH,

•H

Br

CH3

A

H-

Br-

CH,

OH

-H

CH3

B

CH,

OH HO-

•Br

CH,

Br-

CH,

CH3

D

The -OH group of the starting materials will be protonated as usual, and H2O will depart to

produce a carbocation. The key to this problem is realizing that a bromine atom adjacent to a

carbocation will form a three-membered ring bromonium ion intermediate that then dictates an
anti geometry for the incoming bromide nucleophile as shown.
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HO-

CH.

H

®
H
Br

CH3

A

HiM-c-Cr-CHa

HgC^
\.
Br

H* (-H2OJ »/,,

Br

M

H—

CH,

Br-

(D

OH
H

H
/
Br

= HoC^C-C-'iH
^/ VHO CH,

CH3

B

Had

Br
+\..a\H

© CH,

H-

H-

®

HO.OH "--x vN
H

= HoCi"C-C>CH

H* ("H2O)
Br

H//.../±\..u\H

H3C CH.

Br
Hi'-C-C^^CHa

H3C^ ©Br

H.©
./
Br

H3C^C—C-'iH

Br^ d] CHj

Racemic mixture of R,R and

S,S 2,3-dibromobutane

Br H
\ - 3

Br

H- (-H2O) H3C,—H ^ ^, •

M

HO-

CHj

C

CH.

Br-

[E

•H

•H

H3Q, Br

H»-C-C-"iH

HO \h.

Br

H^
^

(-HgO^) H3C//^^j/±VunH

H^ \h.

CH,

D
HsC/,^ H

Br
H3C//,..A\..»»\H

H CH,

Br- BrJSj ^^H

^ HaCi'-'C—C'c^CH.

H R Br

yBr

H^iC—C'"iH

Br'^ rsl\:H,

Meso 2,3-dibromobutane

Problem 9.38 Acid-catalyzed dehydration of 3-methyl-2-butanol gives Uiree alkenes: 2-methyl-2-butene, 3-

methyl-1-butene, and 2-methyl-l-butene. Propose a mechanism to account for the formation of each product.

The 3-methyl-2-butanol is protonated on the -OH group, followed by loss of water to produce
a 2° carbocation.
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Step 1:

OH ^. *0H,

CH3CHCHCH3 ^=^^ CH3CHCHCH3

CH3 CH3

Step 2:

CH3CHCHCH3 —^-*- CH3CHCHCH3

CH3 CH3
2° Carbocation

This 2° carbocation can lose either of two protons to give 2-methyl-2-butene or 3-methyl-l-
butene.

H
+ ^\ (-H*)

CH3CH—CCH3 CH3CH=CCH3

CH3 Cn3
2-Methyl-2-butene

H
K+ (-H*)

HjC-^CHCHCHj ^ H2C=CHCHCH3

CH3 CH3

3-Methyl-l-butene

Alternatively, the 2° carbocation can rearrange to give a more stable 3° carbocation.

H

CH3CHCCH3 •- CH3CH2CCH3

CH3 CH3

2° Carbocation 3° Carbocation

This 3° carbocation can lose either of 2 protons to give 2-methyl-2-butene or 2-niethyl-l-

butene.

H
I-X+ ("H")

CHgCH-^CCHj ^ CH3CH=CCH3

CH3 CH3
3° Carbocation 2-Methyl-2-butene

H
+ /I ("H")

CHgCHgC-^CHj ^ CH3CH2C=CH2

CH3 CH3
3° Carbocation 2-Methyl-l-butene
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Problem 9.39 Show how you might bring about the following conversions. For any conversion involving more
than one step, show each intermediate compound formed.

CHo
I

^

(a) CH3CHCH2OH

CHo
LCH3C--CH2

The most common laboratory methods for dehydration of an alcohol to an alkene involve

heating the alcohol with either 85% phosphoric acid or concentrated sulfuric acid.

CH3 CHo

CH3CHCH2OH -^ ^-^ CH3C=CH2 + H2O
heat

CH3

(b) CH3CHCH2OH

CH3

CH3 CCH3

OH
We have not seen any reaction that can switch an -OH group from one carbon atom to an
adjacent carbon atom. We have seen, however, reactions by which we can (1) bring about
dehydration of an alcohol to an alkene and then (2) hydrate the alkene to an alcohol in the
following way.

CH3

CH3CHCH2OH ^f"^^-^ ^ heat

CHo
I JCH3 C~~CH2

+ H2O

H2SO4

CHo
I

^

CH3 CCH3

OH

(c)

Acid-catalyzed dehydration of this tertiary alcohol to 1-methylcyclohexene followed by
hydroboration/oxidation to form rra/i5-2-methylcyclohexanol.

CH3 ^ CHo ^ XH,
H3PO4 ,.^'^>/ 1. BH3

OH heat 2. H2O2, NaOHa
(d) On3CCH2CH2CH2CH2CH

Acid-catalyzed dehydration of the tertiary alcohol as in part (c) followed by oxidative cleavage
of the carbon-carbon double bond using osmium tetroxide in the presence of periodic acid, or
ozonolysis followed by work-up in the presence of dimethyl sulfide.

-CH3 CH3 O
H3PO4 r ^y^ 1^ oso./H«o« II

heat
1) OSO4/H2O2

2) HIO4
^ CH3CH2CH2CH2CH2CH
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(e) CH. CH2CI

Hydroboration of the alkene followed by oxidation of the resulting organoborane with alkaline

hydrogen peroxide gives a primary alcohol. Reaction of this alcohol with SOCI2 gives the

desired primary chloride.

(^0.
1. BH3

2. H2O2, NaOH
CH2OH

SOCI2 / \
CH2CI

o
II

CCH3(f) / \=CHCH3 -/ V-

Hydroboration of the alkene followed by oxidation in alkaline hydrogen peroxide gives a

secondary alcohol. Oxidation of this alcohol with chromic acid in aqueous sulfuric acid, by
chromic acid in pyridine, or by pyridinium chlorochromate gives the desired ketone.

OH . . O

r\.̂ cHCHo -— ^ ( y
\ / 2. H2O2, NaOH \ /

I

CHCH3
H2Cr04 / \

CCH,

O
II

(g) CH3(CH2)6CH20H .- CH3{CH2)6CH

This conversion can be accomplished through oxidation with PCC.

O
PCCCH3(CH2)6CH20H - CH3(CH2)6CH

(h)

Acid-catalyzed dehydration of the secondary alcohol to an alkene followed by oxidation to the

c/^-glycol using osmium tetroxide in the presence of hydrogen peroxide.

OsOz

HoO2'-'2

i) OH. Oo
II

COH

Hydroboration of the alkene followed by oxidation of the resulting organoborane with alkaline

hydrogen peroxide gives a primary alcohol. Oxidation of this alcohol with H2Cr04 gives the

desired carboxylic acid.
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\ / ' 2. H2O2, NaOH \ / ^ \ /

O
II

COH

Pinacol Rearrangement
Problem 9.40 Propose a mechanism for the following pinacol rearrangement catalyzed by boron trifluoride

etherate:

HO OH

BFgOjCIHgCHaJaO
+ H2O

Spiro[5.6]dodecan-7-one

Step 1. BF

HO :0H
H "^3
^O :"0H

Step 2:

H '^3

(BF3OH)

Step 3: LI

(-H*)

Step 4:

H* + HO—BF3 ^HF+ HO-BF2

Synthesis
Problem 9.41 Give reactions for the synthesis of each alcohol from a suitable alkene.
(a) 2-Pentanol

OH

CH3CH2CH2CH—CH2

(b) 1-Pentanol

CH3CH2CH2CH^CH2

H,0*

1. BH3

I

CH3CH2CH2CHCHQ

2. H2O2, NaOH
CH3CH2CH2CH2CH2OH
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(c) 2-Methyl-2-pentanol

CnoCii2Cri2C^Cn2

CHo OH
H3O* I

or ^ CH3CH2CHPCH3

CH3CH2CH=CCH3 CH3

CH3

(d) 2-Methyl-2-butanol

Cn3Cn2C^Cn2

CH3 OH
H3O* I

or 2 ^ CH3CH^CH3

Cn3Cn^^^CCn3 OH3

CH3

(e) 3-Pentanol

OH
H3O* I

CH3CH2CH=CHCH3 ^ CH3CH:^HCH2CH3
cis or trans

(f) 3-Ethyl-3-pentanol

OH
H3O* I

(CH3CH2)2C=CHCH3 ^ CH3CH2CCH2CH3

CH2CH3

Problem 9.42 Dihydropyran is synthesized by treating tetrahydrofurfuryl alcohol with acid. Propose a

mechanism for this conversion.

r^^ .H ArSOaH fl)Cx —— L J *'^°
^O CH2OH ^o*^
Tetrahydrofurfuryl Dihydropyran

alcohol

Step 1:

^O CH2OH ^O CH,
I

*OH2
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Step 2:

o<;^ o<:.
*ol^

Step 3:

Problem 9.43 Show how to convert propene to each of these compounds. Use any inorganic reagents as

necessary.

(a) Propane

Transition metal

CH3CH=CH2 + H2
^^^^^y^^

, CH3CH2CH3

(b) 1,2-Propanediol

OH
OSO4 I

CH3CH=CH2 ^ CH3CHCH2OH
H2O2

(c) 1-Propanol

1. BH3
CH3CH=CH2 ^ CH3CH2CH2OH

2. H2O2, NaOH

(d) 2-Propanol

OH
H2O, H2SO4 I

CH3CH=CH2 ^ CH3CHCH3

(e) Propanal

O
1- BH3 PCC II

CH3CH=CH2 CH3CH2CH2OH > CHoCHoCH
2. H2O2, NaOH ^ ^

(f) Propanone

OH O
H2O, H2SO4 I H2Cr04 II

CH3CH=CH2 ^ CH3CHCH3 —^ ^ CH3CCH3
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(g) Propanoic acid

O
1. BH3 H2Cr04 II

CH,CH=CH2 ^ CH3CH2CH2OH —^ CH3CH2COH
^ ^ 2. H2O2, NaOH

(h) l-Bromo-2-propanol

OH
Br2 / H2O I

CH3CH=CH2 ^ CH3CHCH2Br

(i) 3-Chloropropene

CI2
CH3CH=CH2 ^ CICH2CH=CH2

^ 2 heat
^ ^

(Allylic

halogenation)

(j) 1,2,3-trichloropropane

CI2 CI2
CH3CH=CH2 ^ CICH2CH=CH2 -^ CICH2CHCICH2CI

^ ^ heat
^ ^

(Allylic (Normal

halogenation) halogenation)

(k) l-Chloropropane

1. BH3 SOCI2
CHoCH=CHo ^ CH3CH2CH2OH „ ... * CH3CH2CH2CI

^ ^ 2. H2O2, NaOH ^ ^ ^ Pyridine

(1) 2-Chloropropane

OH CI
H2O, H2SO4 I SOCI2 I

CH3CH=CH2 CH3CHCH3
py^iji„^>

CH3CHCH3

(m) 2-Propen-l-ol

CI2 NaOH
CH3CH=CH2 ^ CH2CICH=CH2 g o

' CH20HCH=CH2
^ ^

heat
^ ^ Sn2 ^

(Allylic

halogenation)

(n) Propenal

OH
CI2 NaOH I

CH3CH=CH2 ^ CH2CICH=CH2 ^ ^
* CH2CH=CH2

^ ^
heat

^ ^ Sn2 ^

(Allylic

halogenation)

O
PCC I!

»- HCCH=CH2
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Problem 9.44 Show how to bring about this conversion in good yield.

OH

The alcohol is first converted to the alkene by treatment with acid, then the resulting alkene is

treated with O3. Alternatively, (not shown) the alkene could be treated with OSO4 / H2O2
followed by HIO4.

O
OH

H3PO4

(-H2O)
.C^:::^:^^/

1. Or

2. (CH3)2S

Problem 9.45 The tosylate of a primary alcohol normally undergoes an 8^2 reaction with hydroxide ion to give a

primary alcohol. Reaction of this tosylate, however, gives a compound of molecular formula C7H12O. Propose a

structural formula for this compound and a mechanism for its formation.

,0H
NaOH ^ ^ ^C7H12O

OTs

In this reaction, the HO' is acting as a base, not a nucleophile. This makes sense since proton
transfer reactions are generally so fast. The alkoxide produced by deprotonation of the
alcohol carries out an intramolecular Sn2 attack to give the bicyclic product, C7H12O.

Step 1:

Ols OTs
Step 2:

OTs
C7H12O

Problem 9.46 Show how to convert cyclohexene to each compound in good yield.

OH O

(a)

H,0* H2Cr04
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(b)
NBS NaOH*^

Sk,2Light or

peroxides

(Allylic

halogenation)

* There will likely be some E2 elimination observed in this step.

(c)
NBS

Light or
peroxides

(Allylic

halogenation)

OCH.

Solvolysis in CH3O H

(d)
NBS NaOH

Sm2N-

PCC
Light or
peroxides

(Allylic

halogenation)
* There will likely be some E2 elimination observed in this step.

(e)

1. Or

2. (CH3)2S
^ HC(CH2)4CH

or alternatively,

OsO,

HoO

O O
il II

^ HC(CH2)4CH
2^2

Molecular Modeling
Problem 9.47 Oxymercuration of an alkene followed by reduction with sodium borohydride is regioselective.

Oxymercuration of this bicycloalkene followed by reduction gives a single alcohol in better than 95% yield.

Propose a structural formula for the alcohol formed. Hint: Build a line angle structure in ChemDraw, import it

into Chem3D, minimize its energy, and then see if you can determine which face of the double bond is more
accessible to the oxymercuration reagenL

dy
Following is the structural formula of the bicycllc alcohol formed by
oxymercuration/reduction.
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^:CH3

First, given the known regioselectivity of oxymercuration, predict that -OH adds to the more
substituted carbon of the double bond. To account for the stereoselectivity, predict that a
molecule of water will approach the bridged mercurinium ion intermediate from the same side

as the one-carbon bridge (from the top of the molecule as it is drawn in the problem) rather
than on the same side as the two-carbon bridge (from the bottom side as the molecule is drawn
in the problem). Approach of a molecule of water on the same side as the one-carbon bridge
is less hindered.

Side view:]

Less hindered
face

More hindered
face
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CHAPTER 10: ALKYNES

SUMMARY OF REACTIONS

\ ^\ 3

\ ^
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Acetylide
Anions

lOA
10.5*

Alkynes lOB
10.7A

IOC
10.7A

lOD
10.8

lOE
10.7B

lOF
10.9B

lOG
10.9A

lOH
10.9B

101
10.8

lOJ
10.8

lOK
10.9A

lOL
10.9D

Haloalkenes
lOM

10.6

Terminal
Alkynes

ION
10.4

Vicinal

Dihalides
lOO
10.6

*Section in book that describes reaction.

REACTION lOA: ALKYLATION OF ACETYLIDE ANIONS (Section 10.5)

H H

I Sn2 I—C=C-Na^ •C"—

X

*- —C=C'-C"— + NaX

H H

- Acetylide anions (Reaction ION, Section 10.4) are strong bases and good nucleophiles. They react

with primary alkyl hahdes via an Sn2 process to create alkylated acetylenes. This reaction is important

because carbon-carbon bonds are formed. *
- Acetylide anions are such strong bases that secondary and especially tertiary alkyl halides give primarily E2
elimination.

REACTION lOB: CATALYTIC HYDROGENATION (Section 10.7A)

2H2—C=C'-
Pd, Pt, Ni

•- —CH2-C'H2—

- Catalytic hydrogenation of an alkyne with hydrogen in the presence of a palladium, platinum, or nickel

catalyst results in addition of two mol hydrogen to the alkyne to produce an alkane. *

REACTION IOC: CATALYTIC HYDROGENATION, LINDLAR CATALYST (Section 10.7A)

H2—C=C'— >=c;
Pd/CaCOs H H
(Lindlar

catalyst)
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- If a special catalyst called the Lindlar catalyst is used, the reduction stops after the addition of one mol

hydrogen to give a cis alkene in high yield. The cis stereoselectivity is observed because the reaction

apparently involves the simultaneous or nearly simultaneous transfer of two hydrogen atoms from the

surface of the metal catalyst to the alkyne. *

REACTION lOD: ADDITION OF DIBORANE: HYDROBORATION (Section 10.8)

1)BH3 \ /—C=C ^ /=^\
2) CH3CO2H |_| H

- Borane adds to internal alkynes to give a trialkenylborane. The hydrogen and boron end up on the same side

of the double bond in the trialkenylborane (syn addition). *
- Treatment of the trialkenylborane with acetic acid replaces the boron with hydrogen to produce a cis alkene.

- For terminal alkynes, a special sterically hindered borane reagent, such as (sia)2BH, is used instead of

borane itself to prevent the unwanted addition of a second borane to make a dihydroborated alkane. The
steric bulk of the (sia)2BH prevents the second borane from reacting. Note that for terminal alkynes, the

boron ends up on the less substituted carbon atom.

REACTION lOE: CHEMICAL REDUCTION (Section 10.7B)

Li or Na V ^/^—C=C' ^ vC=c;
NH3(/) ^Z \

- Chemical reduction of an alkyne with sodium or lithium metal in liquid ammonia results in formation of a

trans alkene. This is complementary to the use of the Lindlar catalyst that produces the cis alkene

product. *

REACTION lOF: ADDITION OF 2 MOL HYDROGEN HALIDES (Section 10.9B)

X H
2HX II—C=C' —C-C—

HX is HBr I I

or HCI X H

- Alkynes add two mol of HBr and HCI. *
- For terminal alkynes, both the first and second mol hydrogen halide follow Markovnikov's rule.

- Addition of HCI to acetylene yields chloroethylene, a compound of considerable industrial importance for

the manufacturing of plastics such as polyvinyl chloride that is used for pipes and other fittings. Today,
cheaper routes are used for the production of chloroethylene involving ethylene, chlorine, and heat.

REACTION lOG: ADDITION OF 1 MOL BROMINE OR CHLORINE (Section 10.9A)

X2 \ .^—C=C' C=C'
X2 is Br2 vy^ \
or Ci2

- Alkynes react with 1 mol of CI2 or Br2 to give anti addition and thus the trans dihaloalkene. This can be
isolated or reacted with another mol of the halogen to give the tetrahaloalkane (reaction lOK). *

REACTION lOH: ADDITION OF 1 MOL HYDROGEN HALIDES (Section 10.9B)

HX \ x^—C=C' C=C'
HX is HBr ^^ \
or HCI
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- Alkynes add one mol of HBr and HCI. The addition is stereoselective and results in and addition. *
- For terminal alkynes, the addition of hydrogen halide follows Markovnikov's rule.

REACTION 101: REACTION WITH DIBORANE AND PEROXIDE (Section 10.8)

H O
1) BHo I II—C=C'— —C-C—
2) HoOo, NaOH I

H

- Treatment with diborane results in formation of an alkenylborane. Note that for terminal alkynes, the boron

ends up on the less substituted carbon atom. Reaction of this alkenyl borane with hydrogen peroxide in

aqueous sodium hydroxide replaces the boron atom with -OH. The alcohol that is formed is called an end ,

and it is not stable because it can rearrange to the more stable ketone or aldehyde. This process of

rearrangement is called tautomerization. *
- The position of equilibrium for most keto-enol tautomer pairs lies very far to the side of the keto form.

REACTION lOJ ADDITION OF WATER: HYDRATION (Section 10.9C)

H-0 keto-enol O
HoO I tautomerization 11-^^^'-

-H^SOT
""^^=''' ^ -CH,-C-

HgS04

- Addition of water occurs in the presence of strong acids and Hg(Il) salts, the resulting enol then undergoes

keto-enol tautomerism to give a ketone. For terminal alkynes, the -OH group adds to the carbon atom with

the alkyl group (according to Markovnikov's rule). *

REACTION lOK: ADDITION OF 2 MOL BROMINE OR CHLORINE (Section 10.9A)

X X
2X2 II—C=C' —C—C—

X2 is Br2
I I

or CI2 ^ ^

- Alkynes react with one mol of CI2 or Br2 to give anti addition and thus the trans dihaloalkene (reaction

6F). This can be isolated or reacted with another mol of the halogen to give the tetrahaloalkane. *^

REACTION lOL: ADDITION OF CARBOXYLIC ACIDS - FORMATION OF VINYL ESTERS
(Section 10.9D)

O u or^ ^
// H2SO4 C'

^OH HgS04 0\
^C=CH—

- Addition of carboxylic acids occurs in the presence of strong acids and Hg(II) salts to give vinyl esters.

An important example involves the addition of acetic acid to acetylene to give vinyl acetate. Polymerization

gives poly(vinyl acetate), which is used in adhesives. *

REACTION lOM: DEHYDROHALOGENATION OF HALOALKENES (Section 10.6)

X^ / NaNH2
^C=C' ^ —C=C'-
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- Reaction of haloalkenes with a strong base such as NaNH2 results in formation of an alkyne.*
- Dehydrohalogenation of a haloalkene with at least one hydrogen on each adjacent carbon atom can also form

a side product with cumulated double bonds called an allene.

- Allenes are compounds that have two carbon-carbon double bonds adjacent to each other,

Allene

- Allenes are less stable than isomeric alkynes. For this reason, they are only minor side products during the

dehydrohalogenation reactions used to produce alkynes.

REACTION ION: DEPROTONATION OF TERMINAL ALKYNES (Section 10.4)

NaNHp—C=C'-H —C=C'-Na^ + NH3

- One of the major differences between the chemistry of alkynes and alkenes is that the hydrogen attached

to a carbon-carbon triple bond is sufficiently acidic that it can be removed by a strong base, usually

sodamide (NaNHi), sodium hydride (NaH) or lithium diisopropylamide (LDA). *
- The pKa for a terminal alkyne is 25, compared with nearly 44 for an alkene and 48 for an alkane. This low

pKa for the terminal alkyne is due to the fact that the lone pair on carbon produced upon deprotonation

resides in an sp orbital for the alkyne which has 50% s character and is thus stabilized by being held

relatively close to the positively charged nucleus.

REACTION 100 : DEHYDROHALOGENATION OF VICINAL DIHALIDES (Section 10.6)

X X
I I NaNHp X / NaNHg—c-c— ^ /^=^\ *" —C^C*—

H H ^

- Alkynes can be synthesized from vicinal dihalides by double dehydrohalogenation with a very strong

base such as sodium amide. The dehydrohalogenation occurs in two steps. The first dehydrohalogenation

converts the vicinal dihalide into a haloalkene, that is then converted into the alkyne. *^

- Alkenes can be converted into alkynes by a very useful sequence of reactions involving initial reaction with a
halogen to form a vicinal dihalide, that is then converted to the alkyne by addition of two mol of strong base
like NaNH2.

H H
Br2

I I
2NaNH2

R-CH=C'H-R R-C—C'-R R-C=C-R
I I

Br Br

Vicinal dibromide

SUMMARY OF IMPORTANT CONCEPTS

10.0 OVERVIEW
• Alkynes are molecules with a carbon-carbon triple bond composed of one sigma bond and two pi bonds. As
with alkenes, the chemistry of alkynes is largely determined by the pi bonds, so in many ways the chemistry of

alkynes is similar to that of alkenes. *

10.1 STRUCTURE
• Because carbon-carbon triple bonds are composed of one sigma bond and two pi bond, the bond length (0.121
nm) is shorter than for carbon-carbon double bonds (0.134 nm) or carbon-carbon single bonds (0.154 nm).
The bond dissociation energy is also considerably higher for carbon-carbon triple bonds. *
- A triple bond consists of one sigma bond formed from sp-sp overlap, one pi bond formed from 2py-2py
overlap, and a second pi bond perpendicular to the first that is formed from 2pz-2pz overlap. See Figure
1.21 in the text for a diagram.
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- The shorter carbon-carbon bond length in alkynes is due to the sp-sp overlap of the sigma bond. The sp
orbitals are 50% s in character and the larger the percent s character, the shorter the bond.

10.2 NOMENCLATURE
• According to the lUPAC system, the infix yn is used to show the presence of a carbon-carbon triple bond. *

- The longest chain that contains the triple bond is numbered from the end that gives the triply bonded carbons
the lower numbers. The location of the triple bond is indicated by the number of the first carbon of the triple

bond.
- If more than one triple bond is present in the chain, then the infixes adiyn, atriyn, etc. are used.
- If a double and triple bond are found in the same molecule, then en and yn are both used. The triple bond
takes precedence, so it is written last and the numbering scheme is chosen that gives the triple bond the

lower number. For example, 4-hexen-l-yne is a correct name, not 2-hexen-5-yne, for
"^^^-^^—^.

- The lUPAC system retains the name acetylene for ethyne (HC^H).
• Common names for simple alkynes are derived from that of acetylene by prefixing the names of substituents

on the carbon-carbon triple bonds to the name acetylene. For example, dimethylacetylene is the common
name of 2-butyne.

10.3 PHYSICAL PROPERTIES
• The physical properties of alkynes are similar to those of alkanes and alkenes with similar carbon skeletons.

For example, alkynes with four or less carbon atoms are gases at room temperature while those with five or

more carbon atoms are liquids or solids at room temperature.
• When acetylene is passed through a solution of certain catalysts, it polymerizes to make a shiny polymer of
polyacetylene that contains alternating double and single bonds. This polymer is very interesting because it

can be doped (an electron can be removed or added to tfie pi bonding system) and then it becomes a conductor
of electricity. When stretched, the polymer chains become more ordered and the conductivity is greater along
the chains than perpendicular to them. This and other properties of polyacetylene may lead to some important
applications in the future.
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CHAPTER 10
Solutions to the Problems

Problem 10.1 Write the lUPAC name for each compound.

(a) CH3(CH2)5CsCH

1-Octyne

OH CHo
I I

(b) CHoCCsCH (c) CHgCCsCH

CHg CHg
2-Methyl-3-butyn-2-ol 3,3-DimethyI-l-butyne

Problem 10.2 Write the common name for each compound.

CHo CH3 / \II (b) ( Vc^CH
(a) CH3GHCSCCHCH3 \ /

Diisopropylacetylene Cyclohexylacetylene

(C) HCECCH2CH2CH2CH3
Butylacetylene

Problem 10.3 Draw a structural formula for an alkene and dichloroalkane of the given molecular formula that

yields the indicated aUcyne by each reaction sequence.

The key to this problem is to realize that wherever the triple bond is in the carbon chain, that
is where the double bond was.

(a) C6H12 _5k^ C6H12CI2 _?I^5l!tV^CH3CH2C=CCH2CH3

CH3CH2CH=CHCH2CH3 ^'^> CH3CH2CH-CHCH2CH3 ^^^^"^

(cis or trans)
qI q|

CH3

(b) C7H14 _91l^ C7H14CI2
2NaNH2

^ cM^r,=rrrM^

CH3

I

^ CI2 I
2NaNH2

CH3-CH=CH-C-CH3 ^ CH3-CH-CH-C-CH3 ^

CH3 CI CI CH3
(cis or trans)
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Problem 10.4 E>raw the structural formula for a hydrocarbon of the given molecular formula that undergoes

hydroboration-oxidation to give the indicated product:

(a) C=CH

C7H10

(b)

C7H12

CH,

1) (sia)2BH

2) H2O2, NaOH

1) BH3

2) H2O2, NaOH

CH2CH

CH2CH2OH

Problem 10.5 Aicd-catalyzed hydration of 2-pentyne gives a mixture of two ketones, each of molecular formula

CjHjqO. Propose structural formulas for these two ketones and for the enol from which each is derived.

The two ketones are 2-pentanone and 3-pentanone.

OH
I

HoO
CH3CH2C—CCH3

H2SO4

-^ CH3CH2CH=CCH3

OH

CH3CH2CH2CCH3
2-Pentanone

O
^' CH3CH2C—CHCH3 * CH3CH2CCH2CH3

3-Pentanone

Problem 10.6 Show how the synthetic scheme in Example 10.6 might be modified to give

(a) 1-Heptanol

A reduction step can be included using the Lindlar catalyst to give an alkene, that can then be
converted to the primary alcohol on the less-substituted carbon of the double bond using

hydroboration.

HC=CH
1. NaNH2 H.

2. CH3(CH2)3CH2Br

1. BH3

- HC=C(CH2)4CH3
Pd/CaC03

(Lindlar catalyst)

H CH(CH2)4CH3

H H 2. H2O2, NaOH
— HOCH2(CH2)5CH3

1-Heptanol

(b) 2-Heptanol

This is the same as part (a), but the last step uses oxymercuration/reduction to place the -OH
group on the more substituted carbon of the double bond.

HC=CH
1. NaNH2 H.

HC=C(CH2)4CH3 oHin^nr^
*

CH,),CH,Br ^^ ^ Pd/CaC03
(Lindlar catalyst)

2. CH3(CH2)3CH2
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"V
_./^"^^"2)4CH3

^ Hg(0Ac)2, H2O OH

H
/

H 2. NaBH4 CH;PH(CH2)4CH3

2-Heptanol

Structure and Nomenclature
Problem 10.7 Write lUPAC names for the following compounds:

CHo
I

^

(a) CH3CSC—C-CH3

CH3

4,4-Diiiiethyl-2-pentyne

(rcrZ-Butylmethylacetylene)

(b) HCsCCHgBr

3-Broinopropyne

O-(c)

Ethynylcyclopentane
(Cyclopentylacetylene)

(e) CH3(CH2)5CsCCH20H
2-Nonyn-l-ol

(g) CH3CSCCH2OH
2-Butyn-l-ol

(d) HC5CCH2CH2CHPSCH

1,6-Heptadiyne

(f) CH3(CH2)6CsCH

l-Nonyne

(h) CH3(CH2)7CsC(CH2)7C02H
9-Octadecynoic acid

Problem 10.8 Draw structural formulas for the following compounds:
(a) 3-Hexyne

Cn3Cn2C—CCH2Cri3

(c) 3-Chloro-l-butyne

CI
I

HCSCCHCH3

(e) 3-Pentyn-2-ol

CH3C=CCHCH3

OH

(g) Diisopropylacetylene

CH, CH3
I

^

CHoCHCsCCHCH.

(b) Vinylacetylene

CH2=CH-CsCH

(d) 5-Isopropyl-3-octyne

CH(CH3)2

CH3CH2C=CCHCH2CH2CH3

(f) 2-Butyne-l,4-diol

HOCH2C=CCH20H

(h) fer/-Butylmethylacetylene

CHo
I

^

CH3C=CCCH3

CH3
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(i) Cyclodecyne

Problem 10.9 Predict all bond angles about each circled atom.

(a) CH3-C^g)-CH3

180^

CH3-C^CH3

(b) CH2=©H-CsCH

r 120

CH2=<S>H-CsCH

(c) CH2=(S>=CH-CH3

^ 180°

CH2=<S)=CH-CH3

(d) ©l2=CH-CH=CHj

120°

gH2=CH-CH=CH2

Problem 10.10 State the orbital hybridization of each circled atom.

(a) CH3~C^g)-CH3 (b) CH2=<gH-CsCH

2

sp.

CH3-C^g)-CH3

(c) CH2=(5>=CH-CH3

CH2=©=CHCH3

sp

CH2=©i-CsCH

(d) 0=©=0

0=<g>=0
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Prohlem 10.11 Describe each circled carbon-carbon bond in terms of the overlap of atomic orbitals.

(a) CH3-C^£ESH3 (b) CHp=<gH^CH

CHo-CsC-CH, CH2=CH-CsCH

(c) CH2^C=g&l-CH3 (d) CHp=<^HHQ>l=CHp

^ «^sp^-spCH2=CiCHCH3 *^ "^
/ CH2=CH^CH=CH2

rt2p-2p-^

Problem 10.12 Enanthotoxin is an extremely poisonous organic compound found in hemlock water dropwart,

which is reputed to be the most poisonous plant in England. It is beUeved that no British plant has been

responsible for more fatal accidents. The most poisonous part of the plant are the roots, which resemble small

white carrots, giving the plant the name "five fmger death." Also poisonous are its leaves, which look like

parsley. Enanthotoxin is thought to interfere with the Na"*" current in nerve cells, which leads to convulsions and

death. See the Merck Index, 12th Ed., #3608.

OH

Can show cis-trans isomerism

How many stereoisomers are possible for enanthotoxin?

There is one tetrahedral stereocenter (marked with an *) and three double bonds that can show
cis-trans isomerism, so there are 2** or 16 possible stereoisomers.

Preparation of Alkvnes
Problem 10.13 Show how to prepare each alkyne from the given starting material.

(a) CH3CH2CH2CH=CH2 *-CH3CH2CH2C=CH

First treat 1-pentene with either bromine (Bri) or chlorine (CI2) to form a 1,2-dihalopentane.
Then carry out a double dehydrohalogenation with two mol sodium amide (NaNH2) to form 1-

pentyne.

Br Br

CH3(CH2)2CH=CH2 ^ CH3{CH2)2CH-CH2 ^ CH3CH2CH2CSCH
Br2 _. L. L. 2NaNH2

(b) CH3(CH2)5CHCH3 ^ CH3(CH2)4CsCCH3

CI

First convert 2-chlorooctane to 2-octene by dehydrohalogenation with sodium amide. This is

an example of a ^-elimination reaction. Then follow the procedure in (a) to convert an alkene
to an alkyne, namely addition of Bri or CI2 followed by a double dehydrohalogenation.

NaNHo 1) ^^^2

CH3(CH2)5CHCH3 ^ CH3(CH2)4CH=CHCH3 «- CH3(CH2)4CsCCH3

^1 2) 2NaNH2
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(C) CH3CH2CH2CSCH ^ CH3CH2CH2CSCD

First form the acetylide anion with sodium amide or sodium hydride (NaH) and then react the

anion with a deuterium donor such as D2O or CH3CH2OD.

NaNHo - + DoO
CH3CH2CH2CSCH ^ CH3CH2CH2CSC: Na * CH3CH2CH2CSCD

Problem 10.14 If a catalyst could be found that would establish an equilibrium between 1,2-butadiene and 2-

butyne, what would be the ratio of the more stable isomer to the less stable isomer at 25°C?

3H2=C=CHCH3 ^ -=^ CH3C=CCH3 AG° = -4.0 kcal/mol

At equilibrium the relative amounts of each form are given by the equation:

[2-butyne]
AG° = -RT\nK.^ where a:„ = . , . . ^ ..— ,'« '^ [1,2-butadiene]

Converting to base 10 and rearranging gives

_ -AG°
^ogK,^=

(2.303)/? r

Taking the antilog of both sides gives:

l(2.303)« Tl

'9

Plugging in the values for aG°, R, and 298 K gives the final answer:

- (- 4.0 kcal/mol) \

(2.303)(1.987 X 10"^ kcal/mol K)(298 K)) ^

CU -" / = 1

2.93
=8.6 X 10^

Since aG° is negative, it means the alkyne is favored, and if a catalyst could be found for the

interconversion, the ratio of alkyne to allene would be 860 to 1.

Reactions of Alkvnes
Problem 10.15 Complete these acid-base reactions and predict whether the position of equilibrium lies toward the

left or toward the right.

Recall that equilibrium favors formation of the weaker acid, weaker base pair.

(CH3)3COH

(a) CH3G=CH + (GH3)3CO~K^ ^ CH3C=C" K* + (CH3)3COH

pK, 25 pK, 18

(weaker (weaker (stronger (stronger
acid) base) base) acid)

Oxygen is more electronegative (farther to the right on the Periodic Table) than carbon so the

alcohol is the stronger acid and equilibrium lies toward the left.

NH3(/)

(b) CH2=CH2 + Na^NHg ^ CH2=CH"Na* + NH3

pK, 44 pK. 33

(weaker (weaker (stronger (stronger
acid) base) base) acid)

Nitrogen is more electronegative (farther to the right on the Periodic Table) than carbon so

ammonia is the stronger acid and equilibrium lies toward the left.
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(c) CH3C=CCH20H + Na^NHg

pK, -16

NH3(/)
-^ CH3C=CCH20' Na* + NH3

(stronger
acid)

(stronger
base)

(weaker
base)

pK, 33

(weaker
acid)

Oxygen is more electronegative (farther to the right on the Periodic Table) than nitrogen so the

alcohol is the stronger acid and equilibrium lies toward the right.

Problem 10.16 Draw structural formulas for the major product(s) formed by reaction of 3-hexyne with each of

these reagents. Where you predict no reaction, write NR.
(b) H2 / Lindlar catalyst

CH3CH2^

(a) H2(excess) / Pt

CH3Cri2CH2Cn2Crl2 ^113

(c) Na in NH3 (liquid)

H CH2Cn3

(e) BH3 followed by CH3CO2H

CH3CH2. .CH2CH3

H H

CH2CH3
;c=c^

H H

(d) BH3 followed by H2O2 / NaOH

Cn3Crl2 CCrl2Cn2Cn3

(f) BH3 followed by CH3CO2D

Cn3CH2. CH2CH3

>=\
H D

(g) Cl2(lmol)

CH3CH2^

CI

/=<
CI

Cn2Cn3

(i) HBr (1 mol)

CrloCHo^

Cn2CH3

(k) H2O in H2SO4 / HgS04

O
II

CHoCHo CCH9CH0CH0

(h) NaNH2 in NH3 (liquid)

No Reaction

HBr (2 mol)

Br
I

Cn3Cri2CCri2Cn2CH3

Br

(1) CH3CO2H in H2SO4 / HgS04

O
II

CH3CH2^ ^O-CCHg
C=C

H Cn2Crl3
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Problem 10.17 Draw the structural formula of the enol formed in each alkyne hydration reaction and then draw

the structural formula of the carbonyl compound with which each enol is in equilibrium.

HgS04
(a) CH3(CH2)5C=CH + H2O

,_| gQ * (an enol) ^

OH

CH3(CH2)5C=CH2
l-Octen.2-oI

(An enol)

O
11^ CH3(CH2)5C-CH3

2-Octanone
(A ketone)

(sia)2BH
(b) CH3(CH2)5C=CH——^-^ (an enol)

NaOH/HgOs

OH
I

CH3(CH2)5CH=CH

1-Octen-l-ol
(An enol)

Problem 10.18 Propose a mechanism for this reaction.

O

CH3(CH2)5CH2C-H

Octanal
(An aldehyde)

HC=CH
Acetylene

CHPOH
Acetic acid

HoSO,

HgSO^
CHpOC=CH2

Vinyl acetate

Step 1:

HC^CH

Step 2:

H2SO4

HgSO

h\ h

Hg

H H
Bridged mercuronium

ion intermediate

:o" H

:o:
II ^.

CH3C-O-H
CH.

I

c +

Step 3:

:0. H

CM,
C^is
Q-H

H
\.

/Hg*

CM,

H—O—

H

C=C
:0. H +

I

H
1 +H-O-H
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I I

Vinyl acetate

Syntheses
Problem 10.19 Show how to convert 9-octadecynoic acid to the following:

CH3(CH2)7C2C(CH2)7C02H

9-Octadecynoic acid

(a) (E)-9-Octadecenoic acid (eliadic acid)

Chemical reduction of the alkyne with two mol sodium in liquid ammonia converts the alkyne
to an (E)-alkene. Note that the carboxyl group is unaffected by these conditions.

CH3(CH2)7^ /H
CH3(CH2)7ChC(CH2)7C02H Vl""..,^ /C=C

NHsC) H (CH2)7C02H

9-Octadecynoic acid

(b) (Z)-9-C)ctadecenoic acid (oleic acid)

Reduction of the alkyne with one mol of hydrogen with Lindlar's catalyst gives a (Z)-alkene.
The carboxyl group is unaffected by these conditions.

H^ CH3(CH2)7. (CH2)7C02H
CH3{CH2)7C=C(CH2)7C02H 1 ^ V=c(

Pd/CaC03 H H
9-Octadecynoic acid

(c) 9,10-Dihydroxyoctadecanoic acid

Either the (E)-alkene or the (Z)-alkene can be converted to the glycol by oxidation with
OSO4/H2O2.

CH3{CH2)7CH=CH(CH2)7C02H ^-^ CH3(CH2)7CH-CH(CH2)7C02H
H2O2

I I

HO OH
9-Octadecenoic acid

(cis or trans)

(d) Octadecanoic acid

Reduction of either the (E)-alkene or the (Z)-alkene with one mol H2 in the presence of a Ni,
Pd, or Pt catalyst, or reduction of the alkyne with two mol H2 gives the desired product.

CH3(CH2)7CH=CH(CH2)7C02H —^ .- CH3(CH2)7CH2-CH2(CH2)7C02H
N I

9-Octadecenoic acid
(cis or trans)
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CH3(CH2)7CsC(CH2)7C02H

9-Octadecynoic acid

2H

Ni
CH3(CH2)7CH2-CH2(CH2)7C02H

Problem 10.20 For small-scale and consumer welding applications, many hardware stores sell cylinders of

MAAP gas, which is a mixture of propyne (methylacetylene) and 1 ,2-propadiene (allene), with other

hydrocarbons. How would you prepare the methylacetylene/allene mixture in the laboratory?

This gas mixture could be prepared from a double dehydrohalogenation of 1,2-

dibromopropane. As described in section 10.6, the 1,2-propadiene (allene) is a side product
of the reaction, being derived from p-elimination from the intermediate 2-bromopropene.

CHa-CHBr-CHgBr
1,2-Dibromopropane

NaNH.
=^ CHg—C=CH + CH2=C=CH2

Propyne 1,2-Propadiene
(Allene)

Problem 10.21 Show reagents and experimental conditions you might use to convert propyne into each product.

Some of these syntheses can be done in one step. Others require two or more steps.

Br Br
I I

(a) CHo-CsCH CHo-C-CH

Br Br

Addition of two mol Br2 to propyne gives 1,1,2,2-tetrabromopropane.

Br Br Br Br
Bfo I I Br2 I I

CHo-CsCH ^> CH3C=CH ^— CH3-C-CH3 3 3,1
Br Br

Br
I

(b) CH3-C=CH .- CH3-C-CH3

Br

Addition of two mol HBr occurs by electrophilic addition gives first 2-bromopropene and then
2,2-dibromopropane.

Br
_ HBr ' _ HBr

CH3—C=CH ^- CH3C—CH2

Br
I

- CH3-C-CH33
I

3

Br

;c) CH3C=CH -^- CH3 C~~'CH3

Acid-catalyzed hydration of the alkyne gives an enol which is in equilibrium, by keto-enol
tautomerism, with the isomeric ketone, in this case propanone (acetone).

CHgCsCH + H2O
H2$04

HgSo7

OH
l_

CH3C—CH3 CH3C-CH3
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o
11

(d) CH3CSCH -CH3CH2-C—

H

Hydroboration with (sia)2BH or other hindered derivative of borane followed by oxidation

with alkaline hydrogen peroxide gives an enol which is in equilibrium, by keto-enol

tautomerism, with the isomeric aldehyde, in this case propanal.

1) (sla)2B H
CHoC^CH *-

2) NaOH/HgO'z

OH
I

CH3CH=CH

O
II^ CH3CHPH

Problem 10.22 Show reagents and experimental conditions you might use to convert each starting material into the

desired product. Some of these syntheses can be done in one step. Others require two or more steps.

CH3CH2CH2^ H
(a) CH3CH2CH2CSCCH3 ^ /P'^K

H CH3

Chemical reduction of the alkyne with sodium in liquid ammonia gives (E)-2-hexene.

2Na CH3CH2CH2 H
CH3CH2CH2C2CCH3 ^ >=a

NH3(I) H^ \h,

CH3CH2CH2. •^''3

(b) CH3CH2CH2C2CCH3 »- >~^\
H "^H

Hydroboration of the internal alkyne followed by reaction of the organoborane with acetic acid
gives (Z)-2-hexene.

1) BH3 CH3CH2CH2 CH3
CH3CH2CH2CSCCH3 ^—^ >=K

2) CH3CO2H H H

Alternatively, catalytic reduction with hydrogen in the presence of Lindlar catalyst gives the
(Z)-alkene.

Pri/Oarn CH3CH2CH2 >CH3
CH3CH2CH2CSCCH3 + H2

^Q^^^^^3
^C= C'^

^ ^ ^ ^ ^ Lindlar / \
catalyst " "

(c) CH3{CH2)4C=CH «- CH3(CH2)4C=C:" Na^

The anion can be formed using sodium amide, NaNH2, or sodium hydride, NaH.

CH3(CH2)4CsCH + NaNH2 ^ CH3(CH2)4CsC: " Na* + NH3
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(d) CH3CH2CSCH CH3CH2CSCD

Formation of the terminal acetylide anion followed by reaction with a deuterium donor such as

D2O gives 1-deutero-l-butyne.

CH3CH2CSCH
NaNHo _ . DoO^ CH3CH2CSC: Na* ^ * CH3CH2CSCD

(e) CH3CH2CSCH
CH3CH2\ /H

H D

Hydroboration with this disubstituted derivative of diborane followed by reaction of the

organoborane with deuteroacetic acid gives the desired 1-deutero-l-butene.

CH3CH2C=CH ^- <^'^)2BH,

2. CH3CO2D

CH3CH2, H

H D

(f) CH3CH2C=CH
CH3CH2 H

D H

Hydroboration of the terminal alkyne with deuteroborane adds deuterium to the more
substituted carbon of the alkyne. Reaction of the deuterated organoborane with acetic acid

gives the 2-deutero-l-butene.

Cri3Cn2C—CH
1. (sia)2BD CH3CH2^ \\

^C=C
2. CH3CO2H p/ \^

(g)

HOCH2. H
*- HOCH2CH2CH2CH2OH

CH2OH

Catalytic reduction of the carbon-carbon double bond with one mol of hydrogen in the

presence of a transition metal catalyst gives 1,4-butanediol.

HOCH2. H
;C=C( + H,

H CH2OH

Nl
HOCH2CH2CH2CH2OH

HO. C=CH

(h)

HO O-CH3

Acid-catalyzed hydration of the carbon-carbon triple bond followed by keto-enol tautomerism
of the resulting enol gives the desired ketone. Note that the tertiary alcohol in the starting

material is unaffected by these conditions.
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CsCH

+ H2O
H2SO4

HgSO^

HO. .C-CH3

Problem 10.23 Rimantadine is effective in preventing naturally occurring infections caused by the influenza A
virus and in treating established illnesses. It is thought to exert its antiviral effect by blocking a late stage in the

assembly of the virus. Rimantadine is synthesized from adamantane by the following sequence. We will discuss

the chemistry of Step 5 in Chapter 15. See the Merck Index, 12Ed., # 8390.

Bn

(1)

( I CH2=CHBr, AlBra

/XT''-
Adamantane 1-Bromoadamantane

(2)
CH2CHBr2

OCH

Rimantadine
(an antiviral agent)

(a) Describe experimental conditions to bring about Step 1. By what type of mechanism does this reaction occur?

Account for the regioselectivity of bromination in Step 1.

This reaction occurs via a radical bromination, with the bromine ending up on the tertiary

carbon atom.

(b) Propose a mechanism for Step 2. Hint: As we shall see in Chapter 20, reaction of a bromoalkane such as 1-

bromoadamantane with aluminum bromide (a Lewis acid, Section 3.4) results in formation of a carbocation and

AlBr4". Assume that adamantyl cation is formed in Step 2 and proceed from there to describe a mechanism.

The bromoethene pi electrons attack the admantyl cation, to create a new cation that captures a

bromide from AIBr4- to yield dibromoethyl-adamantane.

Step 1:

+ A! Br/
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Step 2:

CH2=CHBr

CHjCHBr

Step 3:

(Br—AIBrg)"

CHjCHBr

AlBra

CHjCHBrj

(c) Account for the regioselectivity of carbon-carbon bond formation in Step 2.

The carbon atom without the halogen ends up attached to the adamantane group, because this

allows formation of the more stable intermediate with the cation adjacent to the halogen atom.
The formation of this cation has a lower activation energy because of resonance stabilization

of the cation provided by the halogen.

(d) Describe experimental conditions to bring about Step 3.

This reaction occurs via double dehydrohalogenation using a strong base such as NaNH2.

(e) Describe experimental conditions to bring about Step 4.

This transformation occurs via an acid-catalyzed hydration of the alkyne using H2O, H2SO4,
and HgS04. The initially formed enol equilibrates to the more stable keto form.

Problem 10.24 Show reagents and experimental conditions required to bring about the following transformations.

CH3CH2CH3

CI CI
I I

OH^pHCHp
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(I) Br2 with hv or heat (2) (CH3)3CO-K+ (E2)

(3) Cl2 (4) 2 NaNH2
(5) HCI (6) HCl
(7) 1. NaNHz; 2. CH3I (8) HgSOa, H2SO4, H2O
(9) Br2 (10) Li or Na in liquid NH3
(II) H2, Pd, CaC03 (Lindlar catalyst)

Problem 10.25 Show reagents to bring about each conversion.

CH3{CH2)5C=C" Na^ ^ ^ * CH3(CH2)5C=CCH2CH3

O(a).

(d)
CH3(CH2)5C=CH ' CH3(CH2)5CH2CH CH3(CH2)5,

(c)

i\ /CH2CH3

s(e) /^""^N
O H H

CH3(CH2)5CCH3

(a) NaNH2 (b) CH3CH2Br
(c) H2, Pd, CaC03 (Lindlar catalyst) (d) 1. (sia)2BH; 2. H2O2, NaOH
ie) HgS04, H2SO4, H2O

Problem 10.26 Which of these alkynes can be prepared in good yield by monoalkylation or dialkylation of

acetylene? For each that cannot, explain why not.

(a)3-Methyl-l-butyne (b)4,4-Dimethyl-l-pentyne (c) 2-Octyne

The acetylide anion is a strong base as well as a good nucleophile, so good yields can only be
obtained when acetylide anions react with methyl or primary alkyl halides. Secondary or
tertiary alkyl halides give large amounts of elimination via the E2 mechanism. The preparation
of (a) could therefore not be carried out in high yield, because preparation of 3-methyl-l-
butyne would require reaction of an acetylide anion with a 2-halopropane, a secondary alkyl

halide. On the other hand, (b) could be made in high yield from the acetylide anion reacting
with 2,2-dimethyl-l-halopropane, a primary alkyl halide that cannot undergo £2 elimination,

since there are no hydrogens beta to the halogen atom. The molecule in (c) could also be made
in high yield, since sequential reactions with a methyl and a primary alkyl halide, halomethane
and 1-halopentane, respectively, are required.

Problem 10.27 Propose a synthesis for (Z)-9-tricosene (muscalure), the sex pheromone for the common house
fly (Musca domestica) starting with acetylene and alkyl halides as sources of carbon atoms. See the Merck Index,

12th Ed., # 6388.

CH3(CH2)7v AOV\^^2^H2

C=C/ \
H H

Muscalure

Alkylation of acetylene with the two alkyl halides followed by reduction using H2 and the
Lindlar catalyst gives muscalure.

1. NaNHj
HC=CH ^ ^.. ^^ *- CH3(CH2)7C=CH

2. CH3 CH2)6CH2Br ^^ ^'^
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1. NaNHo ^^2^ CH3(CH2)7C=(CH2)i2CH3 p^//-^oor>
^

2. CH3(CH2)iiCH2Br ^' ^'^ ^'^^ ^ Pd/CaCOa
(Lindiar catalyst)

CH3(CH2)7. A^^2l^2^^z
C=C

H H

Muscalure

Problem 10.28 Propose an efficient synthesis of each compound starting from acetylene and any necessary

organic and inorganic reagents,

(a) 4-octyne

1. NaNH2 1. NaNH2
HCsCH ^ HCSCCH2CH2CH3

2. CH3CH2CH2Br ' ' " 2. CH3CH2CH2Br

CH3CH2Cn2C^CCH2Cn2Cri3

(b) 4-Octanone

O
_ H2O, H2SO4 " ^ ^CH3CH2CH2C=CCH2CH2CH3 ^- CH3CH2CH2CH2CCH2Cn2CH3

(From (a)) ^ *

(c) cz5-4-Octene

H2 CH3CH2CH2 ^CH2CH2CH3
CH3CH2CH2C=CCH2CH2CH3

pd/CaCOa
*" /^^^\

(From (a)) (Lindiar catalyst)
^ ^

(d) rraAW-4-Octene

LI or Na
CH3CH2CH2 H

CH3CH2CH2C=CCH2CH2CH3 - /C=C
(From (a))

"^"3 I') H CH2CH2CH3

(e) 4-Octanol

CH3CH2CH2. CH2CH2CH3

H H

(From (c)) q^
1. Hg(0Ac)2, H2O I

o r = ^—*^ CH3CH2CH2CH2CHCH2CH2CH3
2. NaBH4 3 2 2 2 2 2 3

CnoCHoCHo, H

c=c
n Cri2di2Cn3

(From (d))
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(f) meso-4,5-Octanediol

CHgCHjCHg^ /CH2CH2CH3 osO^
C=C

H H HoO2^2

HO OH
CH3CH2CH2"..c—C-"CH2CH2CH3

H^ ""h

(From (c))

Note that only the cis isomer gives the meso product, the trans isomer gives a pair of R,R and
S,S enantiomers.

Problem 10.29 Show how to prepare each compound from ethylene,

(a) 1,2-Dichloroethane

C=C/ \
H H

CCI4
CH2CICH2CI

(b) Chloroethylene (vinyl chloride)

NaNH2
CH2CICH2CI

(From (a))

(c) 1,1-Dichloroethane

H H

l\ /" HCI (1 eq.)

C=C^ ^ CHCI2CH3
H H

(From (b))

Problem 10.30 Show how to bring about this conversion.

The alkene is first converted to the dibromide, which is converted to the alkyne. The alkyne
is reacted with base and the resulting acetylide anion treated with methyl iodide to give the

alkyne with the proper number of carbon atoms. Metal reduction is used to give the desired
trans final product.

2. CH3I
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CHAPTER 11: ETHERS AND EPOXIDES

SUMMARY OF REACTIONS
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Alcohols llA
11.4D"

IIB
11.7

Alcohols
Alkenes

lie
11.4C

Alcohols
Chlorosilanes

IID
11.7

Alkenes HE
11.9B

Alkyl Halides IIF
11.5

IIG
11.5

Alkyl Halides

Alkoxides
IIH
n.4A

Alkoxides
Epoxides

lU
ll.lOB

Alkyne Anions

Epoxides
IIJ
U.IOB

Amines
Epoxides

UK
n.iOB

Epoxides IIL
ll.lOE

IIM
11.108

UN
11. 10/*

no
ll.lOB

Epoxides
Gilman Reag.

IIP
ll.lOB

Ethers llQ
U.6A

IIR
11.6B

Halohydrins lis
11.9B

Sulfoxides IIT
11. 6C

Thioethers IIU
11.6C

IIV
11.6C *Section in

book that describes reaction.

REACTION 11A: ACID-CATALYZED DEHYDRATION OF ALCOHOLS (Section 11.4B)

C-OH
H2SO,

I I—c-o-c

—

HpO

- Ethers can be produced via acid-catalyzed dehydration of primary alcohols. In this reaction, the -OH group

is protonated to give a good leaving group (H2O) that is displaced in an Sn2 process by another alcohol

molecule. *
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REACTION IIB: TETRAHYDROPYRANYL ETHER FORMATION AND CLEAVAGE
(Section 11.7)

I rr"^ H^
I JL J H30^ I—C-OH + \\ 1 ^ —C-O^^O^ -^ —C-OH

- Dihydropyran reacts with primary alcohols in acid to give tetrahydropyranyl ethers. These ethers

are stable to neutral and basic solutions, but the original alcohol is regenerated by treatment with aqueous

acid. Thus, tetrahydropyranyl ethers are useful protecting groups for hydroxyl groups. ^

REACTION IIC: ACID-CATALYZED ADDITION OF ALCOHOLS TO ALKENES (Section

11.4C)

Acid

I \ / Catalyst | | |—C-OH + >=C" —C-0-C'-G"-H
I

/ \ III
- Ethers can also be prepared through an acid-catalyzed addition of alcohols to alkenes. In these

reactions, the acid reacts with the alkene to create a carbocation that is attacked by the nucleophilic oxygen
atom of the alcohol. *

- Since a carbocation is involved, the reaction gives good yields only with alkenes such as isobutylene in

which a tertiary carbocation is produced upon protonation, and when the alcohol is primary and thus

resistant to dehydration.

REACTION IID: PREPARATION AND HYDROLYSIS OF SILYL ETHER PROTECTING
GROUPS (Section 11.7)

I I I I F- I—C—OH + —Si-CI —C-O—Si * C—OH
I I I I

°^"
I

- Alcohols react with chlorotrialkylsilanes to give silyl ethers. Silyl ethers react with F- or
aqueous acid to give back the original alcohol. Thus, this system can be used as a protecting group
for hydroxyl groups. *

REACTION HE: OXIDATION OF ALKENES WITH PEROXYCARBOXYLIC ACIDS
(PERACIDS) (Section 11.9B)

\ / RCO3H P\>\ " -?-?-
- The most common laboratory synthesis of epoxides is from alkenes, using peroxyacids as

oxidizing agents. Commonly used reagents include 3-chloroperoxybenzoic acid and the magnesium salt of

monoperoxyphthalic acid. The mechanism of this reaction is thought to be concerted, * [This is a very
interesting mechanism that is worth a close look because it can be trickier than it mightfirst appear.]

REACTION IIF: PREPARATION OF SULFIDES FROM ALKYL HALIDES (Section 11.5)

—c-s- + —C'-X — —c—s—c—
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- Thioethers can be prepared from an Sn2 reaction between thiolate anions and alkyl halides.

- Symmetrical thioethers can be prepared fix)m 2 equivalents of primary alkyl halides and one equivalent of

sulfide ion (NaiS).
- The same reaction can be used to prepare cyclic thioethers when an alkyl dihalide such as 1 ,5-

dichloropentane or 1 ,4-dichlorobutane is used.

REACTION IIG: PREPARATION OF THIOLS FROM ALKYL HALIDES (Section 11.5)

—C—X ^ —C—SH
I I

- Certain thiols can be prepared using an Sn2 reaction between an alkyl halide and the hydrosulfide

ion. Elimination is a concern here since die hydrosulfide ion is basic, so primary alkyl halides give the

highest yields. Yields are lower with secondary halides, and elimination predominates with tertiary alkyl

halides. *

REACTION IIH: THE WILLIAMSON ETHER SYNTHESIS (Section 11.4A)

I I II—c-0- + —C'-X — —c—o-c—
I I II

- The most common method used to synthesize ethers is the Williamson ether synthesis, which is

nothing more than an Sn2 reaction between a metal alkoxide and alkyl haUde. *
- Because the metal alkoxide is basic, an E2 reaction is always a concem with a Williamson ether synthesis.

As a result, it is important to choose carefully which piece will be the alkyl halide. In other words, a

primary alkyl halide is used if possible. Secondary alkyl hahdes give lower yields of ethers and tertiary

alkyl halides give abnost exclusively the elimination product.

- Alkyl tosylates may be used in place of alkyl halides.

REACTION 111: NUCLEOPHILIC RING OPENING OF EPOXIDES WITH ALKOXIDES
(Section ll.lOB)

I Ps II?"—C—O" + —C'-C"— —C—O-C'-C"—
I II III

- Strong nucleophiles such as alkoxides can add directly to epoxides via an Sn2 mechanism. *
- Epoxide reactions are versatile because of the large number of different nucleophiles that can be used

including alkyne anions, amines, hydride reagents, cyanide anion, and thiolates. These reactions are

described as reactions 111, 11 J, UK, IIM, and 110, respectively. *
- As expected for an Sn2 reaction, in each case, the nucleophile adds preferentially to the less

hindered epoxide carbon atom. *

REACTION llj: NUCLEOPHILIC RING OPENING OF EPOXIDES WITH ALKYNE
ANIONS (Section ll.lOB)

O
I

OH

—C=C'- + —C"-C"'— —C=C'-C"-C"'—
II II

- Alkyne anions react with epoxides via an 5^2 mechanism to produce hydroxy alkynes. *

I
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REACTION IIK: NUCLEOPHILIC RING OPENING OF EPOXIDES WITH AMINES
(Section ll.lOB)

I A II ?"—N: + —C-C— —N—C-C—
^ I I II

- Amines react with epoxides via an Sn2 mechanism to produce p-aminoalcohols. *

REACTION IIL: REDUCTION OF EPOXIDES TO CREATE ALCOHOLS (Section ll.lOB)

P\ 1) LiAIH4
I

?^—C—C— H—C—C

—

II 2)H,0 II
- Hydride reagents such as LiAlH4 react with epoxides to produce alcohols. *
- The hydrogen ends up on the less hindered carbon atom, consistent with an Sn2 mechanism.

REACTION IIM: NUCLEOPHILIC RING OPENING OF EPOXIDES WITH CYANIDE
(Section ll.lOB)

P\ 1)N.C"-
I

?"—C—C— " NsC"-C—C—
II 2)H20 II

- The cyanide anion reacts with epoxides via an Sn2 mechanism to produce p-hydroxy-nitriles. ^

REACTION UN: ACID-CATALYZED RING OPENING OF EPOXIDES (Section ll.lOA)

O H^
I

OH

—C—C— + HjO ^ HO-C—C—
II II

- In the presence of an acid catalyst (usually perchloric acid), the oxygen of the epoxide is protonated to

form an oxonium ion intermediate, that is then susceptible to nucleophihc attack to generate the product. *^

- The oxonium ion intermediate is analogous to the positively-charged halonium and mercurinium ion

intermediates discussed in previous chapters. As a result, the nucleophile attacks the epoxide carbon atom
that corresponds to the more stable carbocation, usually the more substituted epoxide carbon atom. Note
that this is in distinct contrast to simple nucleophilic attack of epoxides by an Sn2 mechanism (reactions

IIH, 111, llj, 1 IK, 1 IM, and 110) in which the nucleophile preferentially attacks the less-substituted

epoxide carbon atom.
- The nucleophile attacks anti and coplanar to the oxygen atom of the oxonium atom. For epoxides derived
from cycloalkenes, this means the addition results in formation of a trans diol product

REACTION 110: NUCLEOPHILIC RING OPENING OF EPOXIDES WITH
HYDROSULFIDE ION (Section ll.lOB)

O .
I

OH
/ \ HS I I—0—C— HS—0—C—
II II

- The HS" ion reacts with epoxides via an Sn2 mechanism to produce P-hydroxythiols. *
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REACTION IIP: NUCLEOPHILIC RING OPENING OF EPOXIDES WITH GILMAN
REAGENTS (Section ll.lOB)

—C—C— + —C'HCuLi — —C"-C—C—
II V 1/2 2.H3O

I I I

- Giiman reagents, (R)2CuLi, react with epoxides to give alcohols. The reaction is important because a

carbon-carbon bond is formed. *

REACTION IIQ: ACID-CATALYZED CLEAVAGE OF ETHERS WITH H-X (Section 11.6A)

I I
2 H-X

I I—C—O—C— " —C—X + —C'-XII II
- Ethers are very robust functional groups, failing to react with reagents such as oxidizing agents or

strong bases. On the other hand, ethers can be cleaved by concentrated aqueous HI or HBr. The
mechanism of this reaction involves protonation of the ether oxygen atom to create a positively-charged

oxonium ion intermediate. If both of the attached alkyl groups are primary, then cleavage occurs by an Sn2
mechanism with the halide ion acting as the nucleophile. If one of the alkyl groups is tertiary, then cleavage

is by an SnI mechanism to create a carbocation that can react with halide, rearrange, or undergo elimination

depending on the details of the reaction. *

REACTION IIR: FORMATION OF HYDROPEROXIDES FROM ETHERS (Section 11.6B)

/OH

I I
O2

I I—c-o-c— —c-o-c—II II
- Two hazards exist when working with low-molecular-weight ethers. First, they are extremely flammable
and care should be taken to avoid flames and sparks when working with them. Second, ethers react

slowly with molecular oxygen to form explosive hydroperoxides via a radical process, so they

must be stored carefully and disposed of before a problem arises. *

REACTION US: INTERNAL NUCLEOPHILIC SUBSTITUTION IN HALOHYDRINS TO
CREATE EPOXIDES (Section 11.9C)

I V^ NaOH.HjO P\
X—C—C— —0—C—

II II
- Epoxides can also be produced by treatment of a halohydrin with base. The mechanism of the

reaction involves an intemal nucleophilic attack and loss of the halogen leaving group. This is a useful

reaction because halohydrins can be produced from reaction of an alkene with aqueous CI2 or Btz (Reaction

5K, described in Section 5.3F). *

REACTION IIT: OXIDATION OF SULFOXIDES TO SULFONES (Section 11.6C)

I II I
H2O2

I II I—c—s—c— ^ —c—s—c—
I

••

I 1^1
- Sulfoxides can be easily oxidized to sulfones. *
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REACTION IIU: OXIDATION OF THIOETHERS TO SULFONES (Section 11.6C)

I .. I
2molH202

I II I—C—S—C— —C—S—C—
I

••

I 1^1
- Thioethers can be easily oxidized to two higher oxidation states, sulfoxides, and sulfones. Several

oxidizing agents can be used to cany out these transformations including aqueous hydrogen peroxide

(H2O2), sodium metaperiodate (NaI04), and air oxidation in the presence of oxides of nitrogen. *
- The extent of oxidation depends on the amount of oxidizing agent added. Two mol of an oxidizing agent

such as H2O2 results in formation of a sulfone.

REACTION IIV: OXIDATION OF THIOETHERS TO SULFOXIDES (Section 11.6C)

I .. I
1molH202

I II I—c—s—c— —0—s—c—
I

••

I I

••

I

- Reaction of thioethers with one mol H2O2 results in formation of a sulfoxide. *

SUMMARY OF IMPORTANT CONCEPTS

11.1 STRUCTURE OF ETHERS
• The ether functional group is composed of an sp^ hybridized oxygen atom bonded to two carbon
atoms. There are two lone pairs of electrons on the oxygen atom, and these provide many of the reactivity

characteristics of ethers. *

11.2 NOMENCLATURE OF ETHERS
• In the lUPAC system, ethers are named by choosing the longest alkyl chain as the parent chain. The remaining

-OR group is named as an alkoxy substituent. For example, ethoxyethane and 3-methoxyheptane are

acceptable lUPAC names.

Ethoxyethane 3-Methoxyheptane
• Low-molecular-weight ethers have common names that are often used. The common names are constructed by

listing the two groups attached to oxygen in alphabetical order followed by the word ether. For example,
diethyl ether or methyl propyl ether are acceptable common names.

• Some important ethers are cyclic, and they are given special names such as tetrahydrofuran or 1,4-dioxane.
• Several low molecular weight ethers are useful solvents, such as diethyl ether, 2-methoxyethanol, 2-

ethoxyethanol, and diethylene glycol dimethyl ether

• Sulfur analogs of ethers are referred to as thioethers or sulfides, and are named in common nomenclature by
using the word sulfide in place of ether. For example diethyl sulfide is the sulfur analog of diethyl ether.

11.3 PHYSICAL PROPERTIES OF ETHERS
• Ethers are polar molecules since the oxygen atom possesses a partial negative charge and each attached carbon
atom possesses a partial positive charge. However, there is only limited dipole-dipole interaction between
molecules because there is too much steric hindrance around the carbon atoms widi the partial positive charges.

As a result, the boiling points of ethers are not that much higher than those of similar hydrocarbons. On the

other hand, the oxygen atom of ethers can accept hydrogen bonds, so ethers have higher solubilities in water

than the corresponding hydrocarbons. *

11.7 ETHERS AS PROTECTING GROUPS
• Sometimes the acidity or nucleophilicity of alcohols is undesirable in a given reaction. In this case a so-called

protecting group is used to block temporarily the reactivity of the hydroxyl group. The protecting group
must be stable to the conditions of the reactions to be used, but easily cleaved ^ter the reaction. Useful ether

protecting groups for alcohols include the tert-buty\ ether, silyl ethers, and tetrahydropyranyl ethers. *
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11.8 EPOXIDES
• An epoxide is a cyclic ether in which oxygen is one atom in a three-membered ring. Epoxides can be named in

a number of ways.
- In the lUPAC system, the epoxide is named by Hsting the substituents on the ring as prefixes to the parent

name oxirane. For example, ethyloxirane is an acceptable lUPAC name.
- Two different systems are used to assign common names. In the first, the two atoms of the parent chain

attached to the oxygen atoms of the epoxide are listed along with the prefix epoxy. For example, 1 ,2-

epoxybutane is an acceptable common name. In another system, the alkene from which the epoxide could

have been derived is named followed by the word oxide. For example, 1-butene oxide is an acceptable

common name.

11.10 REACTIONS OF EPOXIDES
• Epoxides are more reactive than normal ethers because of the strain present in the three-membered ring.

In particular, an epoxide is susceptible to nucleophilic attack with the oxygen atom acting as a leaving group

(Sn2 mechanism; reactions 1 IH, 1 II, 1 IJ, 1 IK, 1 IM, and 1 lO), or via an oxonium intermediate with acid

catalysis (reaction UN). *

11.11 CROWN ETHERS
• Crown ethers are cyclic polyethers derived from ethylene glycol, or a related glycol, that have four or more

ether linkages and twelve or more total atoms in the ring. *
- Crown ethers are usually named by a short-hand nomenclature utilizing crown as the parent name. This is

preceded by the total number of atoms in the ring and followed by the number of oxygen atoms in the ring.

For example, 18-crown-6 is a common crown ether.

- The cavity of certain crown ethers is the correct size to place an alkali metal inside. Since there are lone pairs

of electrons on the oxygen atoms, there is a strong electrostatic attraction between the positively-charged ion

and the crown ether. In general, the better the fit between crown ether interior size and ionic radius of the

ion, the tighter the binding. For example, 18-crown-6 binds K+ very tightly, but larger or smaller cations

bind less tightly.

Because the exteriors of crown ethers, such as 18-crown-6, are relatively hydrophobic, they can solubilize

ions in organic solvents. The bound ion remains in the interior cavity of the crown ether molecule, away
from the hydrophobic solvent. This is useful because crown ethers can be used to increase dramatically the

solubility of ionic compounds in organic solvents.
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CHAPTER 11
Solutions to the Problems

Problem 11.1 Write lUPAC and common names for these ethers.

CHo
I

^

(a) CH3CHCH2OCH2CH3 (b) CH3OCH2CH2OCH3

l-Ethoxy-2-methylpropane 1,2-Dimethoxyethane
(Ethyl isobutyl ether) (Ethylene glycol dimethyl ether)

(c) rr
PCH2CH3

^^^^^OCH2CH3
ci5-l,2-Diethoxycyclohexane

Problem 11.2 Arrange these compounds in order of increasing boiling point.

CH30Cn2CH20CH3 HCX^H2CH20H CH3OCH2CH2OH

Boiling point increases with an increasing number of hydrogen bonding groups. In order of
increasing boiling point, they are:

CH3OCH2CH2OCH3 CH3OCH2CH2OH HOCH2CH2OH

840C 1250c 1980C

Problem 11.3 Show how you might use the Williamson ether synthesis to prepare these ethers:

/^ CH3

(a) ( )-CH2-0-(:-CH3

CH

There is only one combination of alkyl halide and metal alkoxide that gives the desired ether in

good yield.

/ V 9^3 / ^ 9'^3

2 «. T CH3-C-OK' ^( >-CH2-0-C-CH3 + K'Br

CH3 CH3

If this synthesis were attempted with the alkoxide derived from methylcyclohexyl alcohol and
a tert-h\ity\ halide, the reaction would produce an alkene by an E2 pathway.

J K Cn3 / V CH3

^ VcHj-O'Na* + CH3-C-Br —*- / VcHj-OH + CH2=C--CH3

CH3 + Na*Br+ « -—
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(b) (CH3CH2CH2CH2)20

Treatment of 1-bromobutane with sodium butoxide gives dibutyl ether.

(Cn3Cn2CH2Cn2)20
CH3CH2CH2CH20"Na* + CH3CH2CH2CH2Br—

^

+ Na^Br'

Problem 11.4 Show how ethyl hexyl ether might be prepared by a Williamson ether synthesis.

Using the Williamson ether synthesis, ethyl hexyl ether could be synthesized by either of the
two following routes:

CH3CH2Br + CH3(CH2)4CH20"Na*

or y ^CH3CH20CH2(CH2)4CH3

CH3(CH2)4CH2Br + CH3CH20"Na*

Problem 11.5 Account for the fact that treatment of tert-huty\ methyl ether with a limited amount of concentrated

HI gives methanol and tert-butyl iodide rather than methyl iodide and tert-huty\ alcohol.

The first step in the reaction involves protonation of the ether oxygen to give an oxonium ion

intermediate. Cleavage of the oxonium ion intermediate on one side gives methanol and the
t€rt-buty\ cation. Cleavage on the other side gives a methyl cation and tert-buty\ alcohol.

Because of the greater stability of the tertiary carbocation, cleavage to give methanol and tert-

butyl cation is favored. Reaction of the tertiary cation with the iodide completes the reaction.

cleavage to form a CH3 _ CH3
tertiary carbocation X^ -i-JlCH,—O: + +C—CH, I—C—CH11'

I

H CH3 CH3
more stable

CH3

3

:0-C-CH3 + ^CHg
cleavage to form a |

| ^^^^ ,^^^
primary carbocation H CH3 stable

There is an alternative pathway for formation of product, namely reaction of the oxonium ion

with iodide ion by an Sn2 pathway on the less-hindered methyl carbon to give iodomethane
and the 2-methyl-2-propanol (/erf-butyl alcohol). The fact is that the SnI pathway by way of
a tertiary carbocation has a lower activation energy (a faster rate) than reaction of the oxonium
ion with iodide ion by an Sn2 pathway so the SnI reaction predominates.

Problem 11.6 Draw structural formulas for the major products of these reactions:

CHo CHo
I I

(a) H3C—0—O—CH3 + HBr ^ H3C—C—Br + CH3Br + H2O
I (excess) I

CHo CHo
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o-(b)
I

I + HBr BrCHjCHjCHzCHjCHjBr + HjO
-r>y^ (excess)

Problem 11.7 Why is the use of the rerr-butyl protecting group Umited to protection of primary alcohols?

The rerr-butyl ether is prepared from the primary alcohol and isobutylene in the presence of

acid catalysis. If a secondary or tertiary alcohol were used in this reaction, dehydration of the

alcohol to give an alkene would be a major side reaction, preventing a high yield.

Problem 11.8 Consider the possibilities for stereoisomerism in the halohydrin and epoxide formed in Example
11.8.

H, vH CI,. H,0
^

H CI internal S,2
^ CH3ILJICH3

^^^^~^>V (stereoselective) CH3^C=C-..,/,h (stereoselecUve) NT/-Hr CH3 HO^ >CH3 -0=

(A chlorohydrin) (An epoxide)

(a) How many stereoisomers are possible for the chlorohydrin? Which of the possible chlorohydrins are formed
by reaction of c/5-2-butene with HOCl?

This chlorohydrin has two stereocenters and, by the 2" rule, there are four possible

stereoisomers - two pairs of enantiomers.
* *

CH3-CH-CH-CH3^11 ^

01 OH
However, given the stereoselectivity (anti) of halohydrin formation, only one pair of these
enantiomers is formed from m-2-butene.

H,, ,xH CI„H,0 H304__ /^' ^ "\-d>C"
"3^ ^"3 HO ^CH3 W^G CI

(b) How many stereoisomers are possible for this epoxide? Which of the possible stereoisomers is/are formed in

Uiis reaction sequence?

There are three stereoisomers possible for this epoxide; a pair of enantiomers and a meso
compound. However, because of the stereoselectivity (requirement for anti, planar geometry)
of the (^-elimination reaction, there is only one stereoisomer produced; the meso compound.

H3C4_ /<='

"° CH3 base P.

I^M»'v^ v^^ meso compound
H,C^ CI

3
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Problem 1 1 .9 Show how to prepare each Gilman reagent in Example 1 1.7 from an appropriate alkyl halide.

CH3di2B r
2Li

-•- CHgCHzLi + LIBr

2 CHaCHjLi
Cul

[(CH3CH2)2Cu]Li + Lil

or alternatively,

CgHgCHjBr—?-tl_^ CfiHsCHgLi + LiBr

2 CgrigCri2L.I
Cul ^ [(C6H5CH2)2Cu]Li + Lil

Structure and Nomenclature
Problem 11.10 Write names for these compounds. Where possible, write both lUPAC and common names.

(b) ( \—OCH3

Cyclopentoxycyclopentane 1-Methoxycyclohexene
Dicyclopentyl ether 1-Cyclohexenyl methyl ether

(a) rVo^~i

(C) CH3CH2OCH2CH2OH

2-Ethoxyethanol

(e)

(g)

o
Tetrahydrofuran

CH3CH(CH2)5CH3

SCH2CH3
2-(Thioethoxy)octane

(d) CH3CH2OCH2CH2OCH2CH3

1,2-Dithoxyethoxyethane
Ethylene glycol diethyl ether

(f)
I I :o

2,3-Epoxycyclohexanone

(h) [CH3(CH2)4]20

Pentoxypentane
Dipentyl ether

Problem 11.11 Draw structural formulas for these compounds.
(a) Diisopropyl ether

Cno CHo
I

^
I

^

CH3CH-O-CHCH3

(b) rram'-2,3-Diethyloxirane

H .CH2CH3
CH3CH2^Q_Qlb' O

(c) rra«j-2-Ethoxycyclopentanol

OH

'6.
"OCH2CH3

I

(d) Divinyl ether

CH2=CH-0-CH=CH2
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(e) Cyclohexene oxide

(g) (R)-2-Methyloxirane

CH3

o

(f) AUyl cyclopropyl ether

r^CH-0-CH2-CH=CH2
HjC

H,C

(h) 1,1-Dimethoxycyclohexane

OCH,

OCH,

Physical Properties

Problem 11.12 Each compound given in this problem is a common organic solvent. From each pair of

compounds, select the solvent with the greater solubility in water.

In each case select the molecule that can make better hydrogen bonds with water or is more
polar.

(a) CH2CI2 and CH3CH2OH CH3CH2OH

(b) CH3CH2OCH2CH3 and CH3CH2OH CH3CH2OH

(c) CH3CCH3 and CH3CH2OCH2CH3

O
I!

CH3CCH3

(d) CH3CH2OCH2CH3 and CH3(CH2)3CH3 CH3Cri20Cn2di3

Problem 11.13 Following are structural formulas, boiling points, and solubilities in water for diethyl ether and
tetrahydrofuran (THF). Account for the fact that tetrahydrofuran is much more soluble in water than diethyl ether.

CH3CH2~~0"~CH2CH3

Diethyl ether

bp 350c
8 g/100 mL water

HoC CH9
1 \

^

Tetrahydrofuran

bp 670c
very soluble in water

There are two factors to be considered:
(1) The shape of the hydrocarbon is important in determining water solubility. For example,
2-methyl-2-propanol (r^rf-butyl alcohol) is considerably more soluble in water than 1-butanoI.
A tert-hniyX group is much more compact than a butyl group and, consequently, there is less

disruption of water hydrogen bonding when tert-huiyX alcohol is dissolved in water than when
1-butanol is dissolved in water. Similarly, the hydrocarbon portion of tetrahydrofuran (THF)
is more compact than that of diethyl ether which increases the solubility of THF in water
compared to diethyl ether.

(2) The oxygen atom of THF is more accessible for hydrogen bonding and solvation by water
than the oxygen atom of diethyl ether. This greater accessibility arises because the
hydrocarbon chains bonded to oxygen in THF are "tied back" whereas those on the oxygen
atom of diethyl ether have more degrees of freedom and consequently present more steric

hindrance to solvation.
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Problem 11.14 Because of the Lewis base properties of ether oxygen atoms, crown ethers are excellent

complexing agents for Na"*", K"*", and NH4''". What kind of molecule might serve as a complexing agent for CI" or

Br?

I

0-
f

:0'

18-crown-6 with a generic metal M"*"

To build an analogous system for complexation of Ci" it is necessary to first realize that the

chloride ion is a Lewis base. Instead of a cavity with electron pair donors (as in crown
ethers) we need a system with electron pair acceptors (or Lewis acid sites), such as the

hydrogen atoms of protonated amines.

HHN* H +NH

HN* H +NHH

;nh

The size of the cavity will determine which anions will be complexed preferentially.

Preparation of Ethers
Problem 11.15 Write equations to show a combination of reactants to prepare each ether. Which ethers can be

prepared in good yield by a Williamson ether synthesis? If there are any that cannot be prepared by the

Williamson method, explain why not

In each case, choose reagents that utilize a methyl halide (best), primary alkyl halide (2nd

best), or a secondary alkyl halide (3rd best).

CHo
I

^

(a) CH3CH2OCHCH3

CH3

Na*"0CHCH3 + CH3CH2Br

CH3

CH3CH2OCHCH3 + Na*Br'

CHo
I

^

(b) CH3COCH2CH2CH3

CH-,

CH3

CH3C0"K* + CHaCHjCHzBr

CH,

CH3

CH3COCH2CH2CH3 + K*Br"

CH3
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(C) / \-CH-CH3

y V
O'K* . . OCH3

/ VCH-CH3 + CH3I / VCH-CH3 + K*r"

a":
.CH

(d) '

'0-CH2o
Oo-K-- --"^^— CXo-'cH.^ •

"'

(e) oOCH2CH3

i»—1^ + aOK" ^^\^OCH2CH3
+ CH3CH2Br [

I
+ K*Br+ -» _—

^-v^^OC(CH3}3

(f) u
I .,^-^^\^OC(CH3)3

+ KOC(CH3)3 *

Some elimination will be observed, since a seconday alkyl iodide is being used.

Problem 11.16 Propose a mechanism for this reaction.

A \ / \
OCH3

/ \-CH=CH2 +CH3OH H2S04^ / \_QH_QH3
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The following mechanism is in three steps: (1) protonation of the alkene to form a resonance-

stabilized carbocation, (2) reaction of the carbocation with methanol to give an oxonium ion,

and (3) loss of a proton to give the ether.

Step 1:

r
( y-CH=CHj

H-O-S—OH

Step 2:

H-p-CHg

/ VcH-CHg

/ V^CH-CHg + HSO4"

H

CH,

Step 3: H

*OCH

^^c„- ' s rvr
\=/ \

CH,

OCH3

CH3

Reactions of Ethers
Problem 11.17 Draw structural formulas for the products formed when each compound is refluxed in

concentrated HI.

Since an excess of HI is used, you can assume that the alcohol products initially produced will

be converted to alkyl iodides under these conditions.

(a) CH3CH2OCH2CH2CH3 Jii^ CH3CH2CH2i + CH3CH2I

., r>CH2OCH2CH3 ^iU- / /-CH2I + CH3CH2I

(c) HI

(d)
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Problem 11.18 Following is an equation for the reaction of diisoprdpyl ether and oxygen to form a

hydroperoxide.

OOH
I

CH3CH-O--CHCH3 + O2 ^ CH3CH-O-CCH3

Cn3 dH3 el's el's

Diisopropyl ether (A hydroperoxide)

Formation of an ether hydroperoxide can be written as a radical chain reaction.

(a) Write a pair of chain propagation steps that accounts for the formation of this ether hydroperoxide. Assume
that initiation is by an unknown radical, R».

Initiation:

CH3CH-O-CHCH3 H
D. . ^ f^u f^u-r\-CCH3 + H-R). K* —^ y^n^K^n-U

CH3 CH3 CH3 CH3

Propagation;
0-0-

1

CH3CH-O-CCH3 + f^ ^ ou /^u -CCH3U2 ^ Un3Un"U

CH3 CH3 CH3 CH3

OOH
1

0-0-
1

CH3CH-O-CCH3

CH3CH-O-CCH3 + CH3CH-O-CHCH3 -
CH3 CH3

CH3 CH3 CH3 CH3 CH3CH-O-CCH3
^ 1

^

CH3 CH3

(b) Account for the fact that hydroperoxidation of ethers is regioselective, that it is occurs preferentially at a
carbon adjacent to the ether oxygen.

The radical formed is secondary rather than primary and it is stabilized by resonance
interaction with the oxygen atom.

Synthesis and Reactions of Epoxides
Problem 11.19 Triethanolamine (TEA) is a widely used biological buffer, with maximum buffering capacity at

pH 7.8. Propose a synthesis of this compound from ethylene oxide and ammonia. The structural formula of
triethanolamine is (HOCH2CH2)3N.

Triethanolamine can be prepared from ammonia by three successive reactions with ethylene
oxide.

NH3 + HgC—CH2 *- HOCH2CH2NH2

O
HOCH2CH2NH2 + H2C—CH2 ^ (HOCH2CH2)2NH

O

(HOCH2CH2)2NH + H2C-CH2 ^ (HOCH2CH2)3N

O Triethanolamine
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Problem 11.20 Ethylene oxide is the starting material for the synthesis of both methyl cellosolve and cellosolve,

two important industrial solvents. Propose a mechanism for these reactions.

• H2C-CH2 +CH3OH ^^2^04
^ CH3OCH2CH2OH

O
Oxirane 2-Methoxyethanol

(Ethylene oxide) (Methyl Cellosolve)

• H2C—CH2+CH3CH2OH "^2304^ CH3CH2OCH2CH2OH

O
2-Ethoxyethanol

(Ethyl Cellosolve)

For each reaction, protonation of the epoxide gives a cyclic oxonium ion. Reaction of this

oxonium ion with the alcohol opens the epoxide ring. Loss of a proton completes the

reaction.

Step 1:

H2C-CH2 H2C-CH2

H

Step 2: H^prR ^J^._^
/ I

HoC—CHo to^ CH2 CH2

H

H-O:

Step 3:

CH2-CH2 RqCH2CH2pH

H-p:

Problem 11.21 Ethylene oxide is the starting material for the synthesis of 1,4-dioxane. Propose a mechanism for

each step in this synthesis.

H2C—CH2 + HOCH2CH2CH » HOCH2CH2OCH2CH2OH

o
1 ,4-dioxane

The mechanism for this reaction involves an acid-catalyzed attack of the diol on the epoxide

followed by protonation of one of the terminal hydroxyl groups, and displacement of water by

the other alcohol.
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Step 2: .1 :0H
•0+y ..

I
..+

/Y + HpCHaCHjOH ^ CHjCHjOCHjCHjOH
H2C-CH2 2 2. 2 2..

H

Step 3:

T .. .. (-H*)
CH2CH20CH2CH2PH ^ HOCH2CH2PCH2CH2PH

H

Step 4: H

r^H^ H-?
Hp CH2CH2PCH2 CH2PH

Step 5:

H
I

^CH2 CH2

H2C^,^i .^CH2

H H H

H"'-^^CH2' ^CH2 (-HzO) H2C'^"^CH2
I I

'^2^\*-/CH2

Step 6:

H

+
'

H2C^"^CH2 (""^) HjC^'^CH
I I

^
I I

H2C\-./CH2 H2C^..^CH

Problem 11.22 Propose a synthesis for each ether starting with ethylene oxide and any readily available alcohols,

(a) CH3OCH2CH2OCH3

/\ H*/ 2 CH3OH
Lj f*__f*Li ^ Cn30CH2Cn20Cn3

( b) CH3OCH2CH2OCH2CH2OCH3

hAh,^ CH30-Na* -^1^221 CH30CH2CH20'Na

O
/ \

H2C CH2

^ H*/CH30H
CH30CH2CH20CH2CH20Na* CH3OCH2CH2OCH2CH2OCH3
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Problem 11.23 Propose a synthesis for 18-crown-6. If a base is used in your synthesis, does it make a difference

if it is lithium hydroxide or potassium hydroxide ?

c:

CI HO

KOH-CO^o o

18-Crown-6

Since 18-crown-6 binds K+ the best, KOH should be used so that the crown ether can form

around the K+ ion. This type of strategy is called the template approach and is used in a

variety of similar situations.

The above two pieces can be synthesized as follows:

HOCH2CH2OCH2CH2OH

(From Problem 11.21)

O
/ \

ri2C~~Cn2
H*

HO HO

HO HO

SOCI2
r^

CI CI

Problem 11.24 Propose a mechanism for the reaction of a primary alcohol, RCH2OH, with dihydropyran to give

a tetrahydropyranyl ether.

RCH2OH
H"

OCH2R

The first step in the mechanism involves protonation of the dihydropyran to give a

carbocation. Note how the positive charge is located on the carbon next to the O atom,

because the lone pairs on O can stabilize an adjacent positive charge through resonance. The
nucleophilic alcohol attacks the carbocation, and the product tetrahydropyranyl ether is

obtained following the loss of a proton.

H H
Step 1:

resonance stabilized
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Step 2:

Step 3:

HOCHsR

("H")

O rOCHoR

H

OCHjR

Problem 11.25 Predict the structural formula of the major product of the reaction of 2,2,3-trimethyloxirane with

each set of reagents.

Nucleophiles in the absence of acid catalysis react via an S\2 mechanism, so the nucleophile
ends up on the less hindered, that is less substituted, carbon atom of the epoxide. The acid-

catalyzed reaction of epoxides occurs in an S^l-like fashion, so substitution occurs at the site

of the more stable cation, namely the more substituted carbon atom of the epoxide. In both
cases, the stereochemistry of addition is trans to the epoxide oxygen atom. Note that because
2,2,3-trimethyloxirane is actually a pair of enantiomers, the products of each reaction are a
pair of enantiomers as well.

H3C,

H3C-
CH. H3C, H
-H HgC^ir -CH,

o o
2,2,3-Trimethyloxirane (a pair of enantiomers)

(a) CHaOH/CHaO' Na"

"'^ OCH,'srii

Ho^ ^:i^"3

"3Q, 0CH3

HO "cH,

(b) CHaOH/H""

H3Q
yOH

CH3O H ^

H3Q. OH

Problem 11.26 The following equation shows the reaction of fraAW-2,3-diphenyloxirane with hydrogen chloride in

benzene to form 2-chloro- 1 ,2-diphenylethanol.

H

—H +

O
:ra/w-2,3-Diphenyloxirane

HCI
HO CI

2-Chloro- 1 ,2-diphenylethanol
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(a) How many stereoisomers are possible for 2-chloro-l,2-diphenylethanol?

There are two stereocenters in the molecule so there are 2^ or 4 possible stereoisomers.

H c\

C6H5-;b-c"
HO ^H

/" V"C6H5

CI .t^

^^"^H OH

A pair of enantiomers
(from addition of HCI to /ra/is-2,3-diphenyloxirane)

H., /CI
I

Cl^ ^.H

A pair of enantiomers
(from addition of HCI to m-2,3-diphenyloxirane)

(b) Given that opening of the epoxide ring in this reaction is stereoselective, predict which of the possible

stereoisomers of 2-chloro- 1 ,2-diphenylethanol is/are formed in the reaction.

Only the upper pair of enantiomers is formed.

Problem 11.27 Propose a mechanism to account for this rearrangement.

HoC CHq _ O CHq
^ I

^ BF3 II I

^

H3C-C-C—CH3 H3C-C-C-CH3
O CH3

Reaction between boron trifluoride, a Lewis acid, and the epoxide oxygen, a Lewis base,

forms an oxonium ion. The ring then opens followed by rearrangement of the resulting

secondary carbocation and subsequent loss of boron trifluoride to give the observed ketone.

Step 1: HoC CH, H3C CH,
^ I

^ BF3 '11^
H3C-C—C—CH3 ^ H3C—C—C—CH3

\ /
:0: \/

+ :0
I

-BF,

S^ep 2- H3C CH3 H3C CH3
^ I

^ ^ I
^

H3C-C-C-CH3 ^ H3C-C-C-CH3
\6

:(!):

^

:0

- BF, - BF3
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Step 3: HoC CH,

HoC^C C~~CHo
^

I + ^

:0:
I

CHo
+ I

^

:0: CHo
I

^

- BF,

Step 4: CHo
+ I

^

H3C-C-C-CH.

G
I I

:0: CH3

CH,
I

^

H3C-C-C-CH3 +
^

II I

^

:0: CH3

BF.

-BF,

Problem 1 1 .28 Following is the structural formula for an epoxide derived from 9-metliyldecalin. Acid-catalyzed

hydrolysis of this epoxide gives a fran^-diol. Of the two possible trans-^iols, only one is formed. How do you
accoimt for this stereoselectivity? Hint: Begin by drawing fra/w-decalin with each six-membered ring in the more
stable chair conformation (Section 2.7B), and then determine whether each substituent in the isomeric glycols is

axial or equatorial.

+ HpO H?SO,

Only this glycol

is formed
This glycol is

not formed

The key to this problem is that opening of the epoxide is stereospecific; the incoming
nucleophile and the leaving protonated epoxide oxygen must be anti coplanar. In a
cyclohexane ring, anti coplanar corresponds to trans and diaxial. An accurate model of the
glycol formed will show that in it, the two -OH groups are diaxial and, therefore, trans and
coplanar. In the alternative glycol, the -OH groups are also trans, but because they are
diequatorial, they are not coplanar.

-OH groups
are trans

and coplanar

HO/
-OH groups
are trans but
not coplanar
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Problem 11.29 Following are two reaction sequences for converting 1,2-diphenylethylene into 2,3-

diphenyloxirane.

ArCOgHPh-CH=CH-Ph

1 ,2-Diphenylethylene

Ph-CH=CH-Ph

1 ,2-Diphenylethylene

1) Clg, H2O

2) CHaO'Na*

Ph-CH-CH-Ph

V
2,3-Diphenyloxirane

Ph-CH-CH-Ph

2,3-Diphenyloxirane

Suppose that the starting alkene is fmAW- 1,2-diphenylethylene.

(a) What is the configuration of the oxirane formed in each sequence?

In each case, the oxirane has the trans configuration.

(b) Does the oxirane formed in either sequence rotate the plane of polarized light? Explain.

Neither product will rotate the plane of polarized light. The trans isomer can exist as a pair of
enantiomers. In each reaction, the product formed is a racemic mixture and will not be
optically active.

Problem 11.30 Complete these reactions. Hint: each reaction shows a stereoselectivity typical of nucleophilic

opening of the epoxide ring.

A racemic mixture is observed in both cases.

O

1. (CH3)2CuLi

2. H2O, HCI a:""'OH v.r.3

(A pair of enantiomers with trans sterochemistry)

^^\CH2CH=CH2

1 (CH2=CHCH2)2CuLi

2. H2O. HCI

OH

a:
OH

CHXH=CH,

(A pair of enantiomers with

trans stereochemistry)
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Problem 11.31 One of the most useful organic reactions discovered in the last 20 years is the titanium- catalyzed

asymmetric epoxidation of allylic alcohols developed by Professor Barry Sharpless and coworkers (see K. B.

Sharpless et al., Pure and Appl. Chem., 55, 589 (1983)). The reagent combination consists of

Ti[(OCH(CH3)2]4, a hydroperoxide, and a chiral molecule such as (+)-diethyl tartrate.

Sharpless

epoxidation

R.

O delivered from
bottom face with

(+)-diethyl tartrate

R3_H^-CH,OH

O

Two new stereocenters are created in the product. If (+)-diethyl tartrate is used in the reaction, the product arises

by delivery ofO from the hydroperoxide to the bottom face of the molecule, and the product epoxide is the

stereoisomer shown. If (-)-diethyl tartrate is used, the product is the enantiomer of the stereoisomer shown.
Draw the expected products of Sharpless epoxidation of the following allylic alcohols using (+)-diethyl tartrate.

(a) cr^ (b) (c)

CH2OH

OCH.

OCH,

CHoOH
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Problem 11.32 The following chiral epoxide is an intermediate in the synthesis of the insect pheromone frontalin.

How can this epoxide be prepared from an allylic alcohol precursor, using the Sharpless epoxidation reaction

described in Problem 11.31?

A close inspection indicates that this epoxide has the oxygen atom on the opposite face

compared to the ones in problem 11.31 that utilized the (+)-diethyl tartrate. Thus the desired

product is produced from the appropriate alkene using (-)-diethyl tartrate along with the rest

of the Sharpless epoxidation reagents.

Sharpless
Epoxidation

(-)-Diethyi tartrate

H
H3C

CH2OH CHjOH

Problem 1 1 .33 Human white cells produce an enzyme called myeloperoxidase. This enzyme catalyzes the

reaction between hydrogen peroxide and chloride ion to produce hypochlorous acid, HOCl, which reacts as if it is

C1"*'0H'. When attacked by white cells, cholesterol reacts to give the chlorohydrin shown below as the major

product.

CH
CH.

HO

R

White blood

cells

Cholesterol

Propose a mechanism for this reaction. Account for both the regioselectivity and the stereoselectivity.

(a)

The mechanism involves reaction of the double bond of cholesterol with HOCl to produce a

chloronium ion intermediate, that is attacked by HO" to produce the chlorohydrin.

CH
CH.

^ HO

cr
CI-OH HO
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^ HO

The trans stereochemistry of the chlorohydrin product is the result of the backside attack that

is required by the chloronium ion intermediate. The fact that the chlorine atom ends up on the

bottom face of the molecule is because this is the less-hindered face of the double bond. The
axial methyl group adjacent to the double bond provides a steric barrier to reaction on the top

face.

"Top face"

"Bottom face"

Less hindered (bottom)
face of cholesterol double bond

The HO- nucleophile attacks the secondary carbon atom of the chloronium ion, as opposed to

the tertiary carbon atom, again because of steric hindrance caused by the axial methyl group
preventing access to the tertiary carbon atom. Note that attack by HO* must be from the top
face of the molecule, anti to the chlorine atom.

^ ^^ ^ ^ 'OH

CH3^ T'\R
HO _ ^

CV

More accessible site for

HO* attack

(b) On standing or (much more rapidly) on treatment with base, the chlorohydrin is converted to an epoxide.

Show the structure of the epoxide and a mechanism for its formation.

The OH group of the chlorohydrin is deprotonated by the base, allowing for epoxide formation
as chloride anion departs. The backside attack of the oxygen atom dictates that the epoxide
product will have the oxygen atom on what we are calling the top face of the molecule.

Base
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Step 2:
CH

CH,

— HO

Problem 1 1 .34 Propose a mechanism for the following acid-catalyzed rearrangement

O-

r^o ^ H2SO4, THF

The mechanism of this rearrangement involves initial protonation of the epoxide oxygen atom,
making the epoxide electrophilic enough to react with the weakly nucleophilic pi bond of the
adjacent triple bond. The triple bond reacts at the more reactive, more highly substituted

tertiary side of the protonated epoxide to give the six-membered ring intermediate.

Step 1:

Step 2:

Attack of the alcohol upon the carbocation of this intermediate followed by loss of a proton
completes the reaction.

H

Steps: -OHY^ : O
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Step 4: :0 (H*)

Synthesis
Problem 11.35 Show reagents and experimental conditions to syndiesize the following compounds from 1-

propanol. Any derivative of 1-propanol prepared in an earlier part of this problem may then be used for a later

synthesis,

(a) Propanal

CH3CH2CH2OH + PCC

(b) Propanoic acid

H2Cr04

O
11

Cn3CH2CH

CH3CH2CH2OH

(c) Propene

CH3CH2CH2OH

(d) 2-Propanol

H3PO4

heat

CH3CH2COH

CH3CH=CH2

OH
HoO

CH3CH=CH2 ., Ur. * CH3CHCH3^ ^ H2SO4 ^ ^

From (c) ^ *

(e) 2-Bromopropane

OH
I

CH3CHCH3 or H2C=CHCH3 + HBr

From (d) From (c)

heat

Br
I

*- CH3CHCH3

(f) l-Chloropropane

SOCI
CH3CH2CH2OH p .^j^^* CH3CH2CH2CI + SO2 + HCI

(g) 1,2-Dibromopropane

Br2
CH3CH—CH2

From (c)
CCL

Br
I

CH3CHCH2Br

(h) Propyne

Br
I 2NaNH2

CHaCHCHjBr ^ HC=CCH3
From (g)
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(i) 2-Propanone

OH O

CH3CHCH3
^^OrO^

CHgCCHj

From (d)

(j) l-Chloro-2-propanol

CI2 / H2O
CH3CH^Cn2

(k) Methyloxirane

OH
I NaOH

CHoCHCHXI

OH
I

CH3CHCH2CI

O
y v

From (j)

CH3CH=CH2
From (c)

or

RCO3H

*- H2C—CHCH3

O
/\

H2C"'~CHCH3

(1) Dipropyl ether

CH3CH2CH2CI + CH3CH2CH20"Na*

From (f)
P*"om 1-propanol

and Na

(m) Isopropyl propyl ether

O" Na*

CH3CH2CH2CI + CH3CHCH3
From (d)

and Na

"^ CH3CH2CH2OCH2CH2CH3

OCH2CH2CH3

»- CH3CHCH3

From (f)

(n) l-Mercapto-2-propanol

HS" Na*
O
/ \

H,C—CHCH,
HoOFrom (k)

(o) 1 -Amino-2-propanol

NH3

From (k)

O
/ \

H2C'~"CHCH3

OH
I

CH3CHCH2SH

OH
I

*- CH3CHCH2NH2
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(p) l,2-Propane(iiol

HO OH
OSO4 I I

CH3CH=CH2 —TTZ ^ CH3CH-CH2

From (c) ^ ^

or

O HO OH
/ \ HO" or I I

H2C-CHCH3 ^—^ CH3CH-CH2
From (k) H3O*

Note that the products in g, j, k, n, 0, and p will be racemic mixtures.

Problem 1 1 .36 Starting with cw-3-hexene, show how to prepare the following:

(a) Meso 3,4-hexanediol

The syn geometry of addition observed with OSO4 leads to meso 3,4-hexanediol.

CH3CH2»..'c_c-—CH2CH3

CH3CH2/ CH2CH3 ' ' ^^_,HO, OH„

CH3CH2 CH2CH3

(b) Racemic 3,4-hexanediol

The anti geometry produced via epoxidation followed by hydrolysis gives a racemic mixture of
enantiomers.

H H RCO3H
c=c^ —

CH3CH2 CH2CH3

CH3CH2^fc_C<„„(SJ

CH2CH3

H

^H»'J^C-C^CH2CH3

CH^cnf oh(rj

Problem 11.37 Show reagents and experimental conditions to convert cycloheptene to the following. Any
compound made in an earlier part of this problem may be used as an intermediate in any following conversion.

(a)

Oxidation of cycloheptene with a peroxyacid such as trifluoroperacetic acid.
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O
II

R-C-O-OH

As an alternative, addition of HOCI to cycloheptene to form a chlorohydrin followed by
treatment of the chlorohydrin with strong base.

CI2, H2O
/^

>v ^OH

VJ..„

base

intramolecular
CI Siv2 reaction

(b) cc
Oxidation of cycloheptene with osmium tetroxide in the presence of hydrogen peroxide.

. _kOH
OSO4, H2O2

(c)

Acid-catalyzed hydrolysis of the epoxide from part (a).

.OH

O + H2O
H*

(d)

OH

''*/,

OCH,

Treatment of the epoxide from part (a) with methanol in the presence of an acid catalyst, or
alternatively, treatment with methanol in the presence of sodium methoxide.

O + CH3OH H*
OH

''OCH,
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Oxidation of the secondary alcohol of part (d) using chromium trioxide in pyridine or as

pyridinium chlorochromate or H2Cr04.

OH as pyridinium / \^^0
Qj,Q chlorochromate (PCC)_ / ^^

'OCH. ^-^OCH,

(f)

Treatment of the epoxide from part (a) with ammonia.

"OH

(g)

a»\SCH2CH3

•oh

Treatment of the epoxide from part (a) with either ethanethiol or with the sodium salt of
ethanethiol.

O + CH3CH2SH
O.^SCHjCHa
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(h)

Allylic bromination of cycloheptene with A^-bromosuccinimide (NBS) or with bromine at high

temperature. In each case, reaction is by a radical chain mechanism.

(i)

Dehydrohalogenation of product (h) with a strong base such.

I

+ (CH3)3CO"K* + (CH3)3COH + NaBr

(J)a
This compound can be prepared using CI2 in H2O.

CI2/H2O / >^

U.,
(k)

SH

As a first step, hydration of cycloheptene to cycloheptanol. Hydration can be accomplished
by (1) acid-catalyzed hydration, (2) oxymercuration followed by reduction with sodium
borohydride, or (3) hydroboration followed by oxidation of the organoborane intermediate
with alkaline hydrogen peroxide. Treatment of cycloheptanol with thionyl chloride and then

sodium hydrosulfide gives the product.
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1) Hg(0Ac)2, HgO

2) NaBH4

OH
SOCI2

CI

NaSH /\^SH

(I)

Treatment of the epoxide from part (a) with aqueous sodium cyanide.

O + Na*CN" "2^1

^—^'"'CN

(m)

i"""^^ JDH

U..CSCCH3
Treatment of the epoxide from part (a) with the sodium salt of propyne followed by treatment
with H2O.

O + CH3C=CNa*
H,0 ccCsCCH,

O O
II II

(n) HC(CH2)5CH

Oxidation of the glycol from part (b) or (c) with periodic acid

f \X0H O O

IglOg HC(CH2)5CH + HIO3

'OH

Alternatively, oxidation of cycloheptene with ozone followed by treatment of the ozonide with
dimethyl sulfide.

V^^OH*
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o o
1)03

2) CH3SCH3
*-HC(CH2)5CH

Problem 11.38 Show reagents to bring about each reaction:

Br ^^^V^OH
OH

"*C3CH

.OH v/,

^OH CH2CH2CH2CH3

(a) Potassium r^r/-Butoxide (E2)

(b) NBS, light or heat (allylic halogenation)
(c) Potassium tert-Buto\\de (E2)

(d) OSO4 / H2O2
(e) RCO3H
(0 H3O+ or HO-
(g) 1. HC=C-Na+ 2. H2O
(h) CHaO-Na^ / CH3OH
(i) PCC
a) 1. [(CH3CH2CH2CH2)2Cu]Li 2. H2O

Problem 11.39 Propose a synthesis of the following alcohol from styrene and 1 -chloro-3-meihyl-2-butene.

u r- ,

,

several ^ OH
'^3'^^ / \ steps "^s^x I

^C=CHCH2CI + CH2=CH-^ ^ ^ ^C=CHCHpCH2CH-^ ;

^
Styrene

^

The l-chIoro-3-methyl-2-butene is converted to the alcohol in base then the alkoxide by
reaction with Na metal. The styrene is converted to the epoxide, then reacted with the

alkoxide followed by an aqueous workup to give the flnal product. Notice that the last step

requires reaction of the nucleophile at the less-hindered carbon of the epoxide, so an acid-

catalyzed step could not be used.

^3^^ 1. HO" "^3^^
C=CHCH2CI ^ „ > C=CHCH20 Na*

"3C H3C
V L. .^ OH
Sn2 "3^^ . . _. 1

'3

C=CHCHpCHpH^~),

RCO3H / \
CH2=CH-^ y HjC-CH-^ .
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Problem 1 1 .40 Starting with acetylene and ethylene oxide as the only sources of carbon atoms, show how to

prepare these compounds.
(a) 3-Butyn-l-ol

O
/ \

NaNHo - .I- HgC—CH2
HC=CH ^-^ HC=C Na* -t-ttt: ^"^ HC=CCH2CH20H

NH3 (/) 2. H2O 2 2

(b) 3-Hexyn-l,6-diol

Because the acidity of the -OH group will interfere with formation of the acetylide anion in

base, it must be protected by a group such as the tetrahydropyranyl group shown below.

O
2OH — " '

From (a)

HC=CCH2CH20H ^ HC=CCH2CH20 O -777 ,^^ ^ H* NH3 (/)

O
/ \

1. H2C—CH2
Na C=CCH2CH20 O 2. H O

H3O*
HOCH2CH2C=CCH2CH20' "O" HOCH2CH2C=CCH2CH20H

(c) 1 ,6-Hexanediol

Transition metal

^ .. catalyst
HOCH2CH2C=CCH2CH20H + 2 H2 HOCH2(CH2)4CH20H

From (b)

(d) (Z)-3-hexen-l,6-diol

u H H
HOCH2CH2C=CCH2CH20H ^ /^=^\

From (b)
^, ^. :? .X

HOCH2CH2'^ CHjCHjOH
(Lmdiar catalyst) ^ ^ ^ ^

(e) (E)-3-Hexen-l,6-diol

Li or Na "v .CH2CH2OH
HOCH2CH2CSCCH2CH2OH ^ /^"^^N

From (b)
^"3 ^^ HOCH2CH2'^ H

(f) Hexanedial

O O
PCC II 11

HOCH2(CH2)4CH20H ^ HC(CH2)4CH
From (c)
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Problem 11.41 Following are the steps in the industrial synthesis of glycerin. Provide structures for all

intermediates and describe the type of mechanism by which each is formed.

CU NaOH,H20
CH2=CHCH3 CH2=CHCH2CI

heat
Propene A (C3H5CI)

(Allylic halogenation)

OH
CI2. H2O I _^ Ca(0H)2— CICH2CHCH2OH

C (C3H7CIO2)

(Hydrohalogenation)

heat

-^ CH2=CHCH20H

B (CsHeO)

(Sn2)

P\ H2O, HCI
HgC—CHCH2OH

D (C3H6O2)

(Internal displacement
by an alkoxide)

OH
I

H0CH^HCH20H
1,2,3-Propanetriol

(glycerol, glycerin)

(Acid-catalyzed
epoxide hydrolysis)

Problem 11.42 The following is a retrosynthetic scheme for the preparation of fraAts-2-allylcyclohexanol. Show
reagents to bring about the synthesis of this compound from cyclohexane.

0„
1. [(CH2=CHCH2)Cu]Li

CHoCH=CH'>

O ^RCO3H

tert-BuOK* Br

hv or light

Problem 1 1 .43 Gossyplure, the sex pheromone of the pink bollworm, is the acetic ester of 7,11-hexadecadien-l-

ol. The active pheromone has the Z configuration at the C7-C8 double bond and is a mixture of E,Z isomers at the

CI 1 -CI 2 double bond. Shown here is the Z,E isomer.

12 8*7
(7Z,1 1E)-7,1 1-hexadecadienyl acetate

Following is a retrosynthetic analysis for (7Z,1 1E)-7,1 1-hexadecadien-l-ol, which then led to a successful

synthesis of gossyplure.
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HX'

HoC

HoC

j
H3O*

H2

Pd/CaCOg
(Lindlar catalyst)

HCsCH

(a) Suggest reagents and experimental conditions for each step in this synthesis.

(b) Why is it necessary to protect the -OH group of 6-bromohexanol?

A hydroxyl group is considerably more acidic than an alkyne. Thus, left unprotected, the
hydroxy! group would be deprotonated by NaNH2, creating anucleophilic alkoxide anion that
would displace bromine to give an ether.

(c) How might you modify this synthesis to prepare the 7Z,1 IZ isomer of gossyplure?

Lindlar's catalyst would be used in place of the Li or Na in NH3 for the reduction of the 3-

octyn-2-ol.
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CHAPTER 12: MASS SPECTROMETRY

12.0 OVERVIEW
• Today, instrumental methods are used to determine molecular structure. Mass spectrometry is an important

instrumental method used routinely by organic chemists. *
• In a mass si)ectrometer, electrons are removed from atoms or molecules to produce a stream of positive

ions, which is accelerated in an electric field then passed through a magnetic field. The extent of curvature of

the path of individual ions depends on the ratio of mass-to-charge {m/z) of the ion. Differences in

curvature are measured. These measurements are then used to determine the mass of the ions, thereby

providing important structural information. *

12.1 A MASS SPECTROMETER
• In a mass spectrometer:

- The neutral atoms or molecules are converted to a beam of positively-charged ions in the ionization

chamber. The atoms or molecules are bombarded with a stream of high energy electrons, and the

resulting colhsions result in loss of electrons from the sample atoms or molecules to produce the positive

ions.

The species formed by removal of a single electron from a molecule are called molecular ions. These
sj)ecies are actually radical cations, since they contain both an odd number of electrons and a positive

charge.
- Once molecular ions are formed, they are transformed into a rapidly travehng ion beam by a positively-

charged repeller plate and negatively-charged accelerator plates.

- The ion beam is focused by focusing slits and passed into the mass analyzer. The mass analyzer has a

magnetic field, so the accelerated ions are deflected along a circular path. Ions with larger mass are deflected

less than those with smaller mass. By varying the accelerating voltage or the strength of the magnetic field,

ions can be focused on a detector where the ion current is detected and counted.
• A mass spectrum is a scan of relative ion abundance versus mass-to-charge ratio, and is normally plotted as a

bar graph. The tallest peak in the mass spectrum is called the base peak.

12.2 FEATURES OF A MASS SPECTRUM
• Resolution is an important operating characteristic of a mass spectrometer that refers to how well it separates

ions of differing mass. Low resolution mass spectrometers are capable of separating ions differing by
nominal mass (ions that differ by one or more mass unit), and high resolution mass spectrometers are

capable of separating ions differing in mass by as little as 0.0001 atomic mass units (amu).
• Most common elements found in organic molecules (H, C, N, O, S, CI, and Br) are found as a mixture of

isotopes, which occur in characteristic ratios. Of particular interest are chlorine and bromine because they

each have two predominant isotopes. Chlorine is found in nature as ^^Cl and ^^Cl in a 75.77 to 24.23 ratio,

and bromine is found as ^^Br and ^^Br in a 50.69 to 49.31 ratio. Common elements that occur in nature only

as single isotopes include F, P, and I.

• The electrons used in the ionization chamber are of such high energy that additional reactions can occur with the

molecular ion that is initially formed. A common type of reaction is fragmentation, that is breaking up of the

molecular ion into smaller fragments. Some of these fragments can break up further into even smaller pieces.^
- Cation radicals usually break into a cation fragment and a radical fragment. Only the cation is observed in the

mass spectrum, because a charge is required for the fragment to be accelerated into the mass analyzer.

Uncharged radical fragments are not detected in the mass spectrum. [This would be a good time to review

the definitions ofa cation, a radical, and a cation radical.]

- When it comes to ion fragmentation, more stable cations are formed in preference to less stable cations.

Thus, the probability of fragmentation to form a new carbocation increases in the order

CH3<l°<2°<3°=allylic.

12.3 INTERPRETING MASS SPECTRA
• When a chemist interprets a mass spectrum, identification of the compounds comes primarily from the mass of

the molecular ion, and on the appearance of (M+l) and (M+2) peaks as evidence for the presence of

heteroatoms such as Br and CI. Important structural information can be obtained by analysis of the

fragmentation patterns in mass spectra, even though they can be quite complicated (many peaks). Chemists
rarely attempt a total analysis of a complicated mass spectrum, only certain key peaks are analyzed. This is in

contrast to NMR spectra described in the next chapter, in which every peak is usually scrutinized. *
• Different types of molecules give characteristic fragmentation patterns, and these will be discussed in turn.
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• Alkanes
- Straight chain hydrocarbons fragment by breaking carbon-carbon bonds to form a homologous series of

cations differing by 14 amu (a CH2 group). Fragmentation tends to occur in the middle of unbranched
chains and the most stable carbocation tends to be formed in preference to the more stable radical. Recall

that the initially formed molecular ion fragments to give a cation and a radical, but only the cation is detected

in the mass spectrum.
- Branched hydrocarbons fragment to form secondary and tertiary cations.

- Cycloalkanes fragment by losing side chains and also ethylene via fragmentation of the ring.

• Alkenes
- Alkenes show a strong molecular ion peak due to removal of one electron from the pi bond.
- Alkenes also fragment readily to form stable allylic cations.

- Cyclohexenes fragment in a characteristic pattern that is a reverse Diels-Alder reaction.

• Alkynes
- Alkynes show a strong molecular ion peak due to removal of one electron from a pi bond.
- In general, alkynes fragment in ways that are analogous to alkenes.

- The propargyl cation or substituted propargyl cations are usually prominent peaks in the mass spectra of

alkynes.

• Alcohols
- The molecular ion peak for primary and secondary alcohols is usually small, and usually not detectable for

tertiary alcohols.

- A common fragmentation pattern for alcohols is the loss of water to give a peak corresponding to the

molecular ion minus 18.

- Another common pattern is loss of an alkyl group from the carbon bearing the -OH group to from an
oxonium ion and an alkyl radical. The oxonium ion is resonance stabilized.

• Ethers
- Ethers can fragment via cleavage of the carbon-carbon bond adjacent to the ether oxygen atom to give an
oxonium ion.

-The oxonium ion can fragment further by migration of a hydrogen atom beta to the oxygen, resulting in

elimination of an alkene.
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1

CHAPTER 12
Solutions to the Problems

Problem 12.1 Calculate the nominal mass of each ion. Unless otherwise indicated, use the mass of the most

abundant isotope of each element.

(a)[CH3Br]^ (b) [cHg^^Br] ' (c) [^^CHaBr]

'

94 96 95

Problem 12.2 Propose a strucmral formula for the cation of m/z 41 observed in the mass spectrum of

methylcyclopentane.

The cation of m/z 41 must have a molecular formula of C3H5. This corresponds to the stable

allyl cation:

Cn2^CH~~Cpl2

Problem 12.3 The low-resolution mass spectrum of 2-pentanol shows 15 peaks. Account for the formation of

the peaks at mJz 73, 70, 55, 45, 43, and, 41. (Hint: Consider (1) the loss of water to form an alkene and then

fragmentations that the resulting alkene might undergo, and (2) the fragmentation of bonds to the carbon bearing

the -OH group.

2-Pentanol has a molecular formula of C5H12O and thus a nominal mass of 88.

OH
I

CH3-CH2"CH2 CH~CH2

2-Pentanol

Loss of a methyl radical would leave a fragment of mass 73:

+0H
II

Cno-CH2"Cn2~Crl

Loss of water results in a fragment of mass 70:

[CH3-CH2-CH2-CH=CH2]t [ CH3-CH2-CH=CH-CH3f

The above alkene cation radicals could then lose a methyl radical to give the following

fragments of mass 55:

[
CH2-CH2-CH=CH2]''

[ CH2-CH=CH-CH3]"'

An alkyl radical could break off from the alcohol to give a fragment of mass 45:

+ 0H
II

CH-CH3
The original alcohol cation radical could have fragmented in such as way as to generate the

following cation with mass 43:

CH3-Cn2"CH2
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The allyl cation has a mass of 41:

CH2=CH—CHj*

Problem 12.4 Draw acceptable Lewis structures for the molecular ion (radical cation) formed from the following

molecules when each is bombarded by high-energy electrons in a mass spectrometer.

H H
I

I

(a) II I II I

I i

H H

H H H H
/ \ .. ^^ \

(,) H-C^ P^H -^ H>C
_
^C-H

C-C /C-C^

H H H H

:b H -9: "

(c) C-n: C-N^.

H H H H

(d) H~CSC-H «- H-C=C-H

Problem 12.5 Some organic molecules can add a single electron to form unstable species called radical anions. A
radical anion possesses both a negative charge and an unpaired electron. For example:

:0: :b:"
II + e" ^ '

H H H • H
A radical anion

Draw an acceptable Lewis structure for a radical anion formed from the following molecules:

H X "v X
(a) ^C=N N + e" >-N: H

H H

I + /^ . I + >^
(b) H-C-N + e ^ H-C-N-

I >o." I >o.'
n ..

'
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Problem 12.6 The molecular ion for compounds containing only C, H, and O is always at an even mass-to-

charge value. Why is this so? What can you say about mass-to-charge ratio of ions that arise from fragmentation

of one bond in the molecular ion? From fragmentation of two bonds in the molecular ion?

Stable organic molecules composed of C, H, and O with filled valences will always have an

even number of hydrogen atoms because carbon and oxygen make an even number of bonds (4

and 2, respectively). Try making some molecular formulas for yourself to verify this. This

fact, combined with the even-numbered atomic weights of carbon and oxygen, gaurantee an
even mass-to-charge ratio of molecular ions. If one bond is broken in the molecular ion, then

a cation and a radical are formed. The cation is the only species observed in the mass
spectrum, and this will have an odd mass-to-charge ratio. If the molecular ion fragments so

that two bonds are broken, then a new radical cation is formed, and the new radical cation will

have an even mass-to-charge ratio.

Problem 12.7 For which compounds containing a heteroatom (an atom other than carbon or hydrogen) does a

molecular ion have an even-numbered mass and for which does it have an odd-numbered mass?

(a) A chloroalkane of molecular formula CnH2n+iCl

The molecular ion has an even-numbered mass. The C and H atoms will add up to an odd-

numbered mass, since there will be an odd number of hydrogen atoms. The chlorine provides

an additional odd-numbered mass as either of the two most abundant isotopes (35 and 37,

respectively).

(b) A bromoalkane of molecular formula CnH2n+iBr

The molecular ion has an even-numbered mass. Again, the C and H atoms add up to an odd-

numbered mass, and bromine provides an additional odd-numbered mass as either of the two
most abundant isotopes (79 and 81, respectively).

(c) An alcohol of molecular formula CnH2n+iOH

The molecular ion has an even-numbered mass. There is an even number of hydrogen atoms,

so the C and H atoms add up to an even-numbered mass. The most abundant isotope of

oxygen (16) is also even, so the entire molecular ion has an even-numbered mass.

(d) A primary amine of molecular formula CnH2n+iNH2.

The molecular ion has an odd-numbered mass. These compounds have an odd number of

hydrogens, so the C and H atoms add up to an odd-numbered mass. The nitrogen contributes

an even-numbered mass (14) so the molecular ion will have an odd-numbered mass.

(e) A thiol of molecular formula CnH2n+iSH.

The molecular ion has an even-numbered mass. These compounds have an even number of

hydrogens, so the C and H atoms add up to an even-numbered mass. The sulfur contributes

an even-numbered mass (32 or 34) so the entire molecular ion has an even-numbered mass.

Problem 12.8 The so-called nitrogen rule states that if a compound has an odd number of niu-ogen atoms, the

value of miz for its molecular ion will be an odd number. Why is this so?

Nitrogen atoms have an even-numbered mass, but one lone pair of electrons in the neutral

state. Thus, they make an odd number of bonds, namely three, to other atoms. As a result,

compounds with with an odd number of nitrogens in the neutral state will have an odd-
numbered mIz ratio for the molecular ion.



334 Solutions Chapter 12: Mass Spectrometry

Problem 12.9 Both CgHigO and C7H14 have the same nominal mass, namely 98. Show how these compounds
can be distinguished by the miz ratio of their molecular ions in high resolution mass spectrometry.

The values in Table 12.1 can be used to calculate precise masses for each molecular ion.

C6H10O: 6(12.0000) + 10(1.00783) + 15.9949 = 98.0732
C7H14: 7(12.0000) + 14(1.00783) = 98.1096

A high resolution mass spectrum will distinguish these compounds based on this small
difference in the expected mIz ratio of the molecular ions.

Problem 12.10 Show how the compounds of molecular formula C6H9N and C5H5NO can be distinguished by

the mIz ratio of their molecular ions in high resolution mass spectrometry.

The values in Table 12.1 can be used to calculate precise masses for each molecular ion.

C6H9N: 6(12.0000) + 9(1.00783) + 14.0031 = 95.0736
C5H5NO: 5(12.0000) + 5(1.00783) + 14.0031 + 15.9949= 95.0372

A high resolution mass spectrum will distinguish these compounds based on this small
difference in the expected mIz ratio of the molecular ions.

Problem 12.11 What rule would you expect for the mIz values of fragment ions resulting from the cleavage of

one bond in a compound with an odd number of nitrogen atoms?

As stated in Problem 12.8, molecules having an odd number of nitrogen atoms have an odd-
numbered mIz ratio for the molecular ion. Cleavage of one bond of a molecular ion would
generate a cation and a radical, only the cation of which would be observed in the mass
spectrum. If the cation fragment retained an odd number of nitrogen atoms, then the fragment
would have an even mIz ratio. If the cation fragment contained an even number of nitrogen
atoms (or zero), then the fragment would have an odd mIz ratio.

Problem 12.12 In a natural sample of ethane, what is the probability that:

(a) One carbon in an ethane molecule is ^^c?

The relative abundance of i^C listed in Table 12.1 is 1.11 atoms of i^C for every 100 atoms
of i^c. This corresponds to a probability that any one atom is a i^C atom of 1.11/(100 +
1.11) = 0.0110. There are two ways to have this situation since either of the carbon atoms
could be the i^c so the final answer is 2(0.0110) = 0.0220 . Converting to percent by
multiplying by 100 means that there is a 2.20% chance that one of the carbon atoms in ethane
is 13C

.

(b) Both carbons in an ethane molecule are '^C?

The probability that both of the two carbon atoms in ethane is ^^c is (0.01 10)^ = 1.21 x 10^^.

Converting to percent by multiplying by 100 means that there is a 0.012% chance that both of

the carbon atoms in ethane is ^^C.

(c) Two hydrogens in an ethane molecule are replaced by deuterium atoms?

The relative abundance of ^H listed in Table 12.1 is 0.016 atoms of ^H for every 100 atoms of
iH. This corresponds to a probability of 0.016/(100 + 0.016) = 1.6 x 10-4 that any given H
atom is a ^h atom. The probability for having two ^H (1.6 x 10-^)2 = 2.56 x 10-*.

Converting to percent by multiplying by 100 means that there is a 2.56 x 10=^% chance that

two of the hydrogen atoms in ethane are ^H.

Problem 12.13 The molecular ions of both C5H10S and C6HJ4O appear at mIz 102 in low-resolution mass
spectrometry. Show how determination of the correct molecular formula can be made from the appearance and
relative intensity of the (M + 2) peak of each compound.

As shown in Table 12.1, i<*0 occurs in greater than 99.7% abundance, so no (M + 2) peak will

be observable for the case of C6H14O. On the other hand, sulfur has one isotope, ^^^S, that is

95% abundant and another isotope 2 amu higher, namely ^^S, that has an abundance of 4.2%.
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Thus, if the low-resolution mass spectrum has an (M + 2) peak that is 4.2% the height of the

molecular ion peak, the compound must be C5H10S.

Problem 12.14 In Section 12.3, we saw several examples of fragmentation of molecular ions to give resonance-

stabilized cations. Make a list of these resonance-stabilized cations and write important contributing structures of

each. Estimate the relative importance of the contributing structures in each set.

H2C=CH-5h2 Hjd"—CH=CH2
Equal Contributor Equal Contributor

Allyl cation

HC=C— (JHj ^ H(?=C=CH2
Major Contributor Minor Contributor

Propargyl cation

The major contributor of the propargyl cation has the positive charge on the less-

electronegative sp2 hybridized carbon atom.

C=0+ -* *" C— 6:

^ H / H

Major Contributor Minor Contributor

Oxonium ion

The more stable contributor of the oxonium ion is predicted to be the one that has the positive

charge on oxygen due to having filled valence shells on both carbon and oxygen.

Problem 12.15 Carboxylic acids often give strong fragment ions at mJz (M - 17). What is the likely structure of

these cations, and how might they be formed? Show by drawing contributing structures that these cations are

stabiUzed by resonance.

Loss of 17 results from losing the -OH group of the carboxylic acid. This produces an
acylium ion:

+ ^. +
R—C=0 ^—^ R—C=0:

These ions are probably derived from fragmentation of the molecular ion as follows:

R—C(.. + e' R— C^. . ^ R—C=0 + OH
p-H <iD-H

molecular ion

Problem 12.16 For primary amines with no branching on the carbon bearing the nitrogen, the base peak occurs at

fnJz 30. What cation does this peak represent and how is it formed? Show by drawing contributing structures that

this cation is stabihzed by resonance.

H

—C—C—NHo

' H

H H H^ H

—C- + ,C=N+ ^ >—N,
H H H H

A radical ^^'^ resonance stabilized

cation has nt/z = 30
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Problem 12.17 The base peak in the mass spectrum of propanone (acetone) occurs at mJz 43. What cation does

this peak represent?

n +

H3C'

o
II

*CH.

H
I

H—C-
I

H
A methyl
radical

iir

c
H3C

/
H3C

:o:
II

This resonance stabilized

cation has miz = 43

Problem 12.18 A characteristic peak in the mass spectrum of most aldehydes occurs at m/z 29. What cation does

this peak represent? (No, it is not an ethyl cation, CH3CH2'''.)

T +

—

c

o
II

•c.
H

—C-

I

A methyl
radical

:oy

cs

II

H H

This resonance stabilized

cation has m/z = 29

Interpretation of Mass Spectra
Problem 12.19 Predict the relative intensities of the M and M + 2 peaks for

The following are based on the values in Table 12.1.

(a) CH3CH2CI (b) CH3CH2Br

100 : 32.5 100 : 98

(c) BrCH2CH2Br

We will assume that the M + 2 peak is due to the ^^Br isotope. To get a mass of M + 2 there

must be only one ^^Br present. Using the formula given in the text: %(M + 2) = (98)(2) =

196. Thus 100 : 196 are the expected relative intensities.

(d) CH3CH2SH

100 : 4.40

Problem 12.20 The mass spectrum of Compound B shows the molecular ion at m/z 85, an M + 1 peak at m/z 86
of approximately 6% abundance relative to M, and an M + 2 peak at m/z 87 of less than 0.1% abundance relative

toM.
(a) Propose a molecular formula for Compound B. Hint: Remember the nitrogen rule.

The odd mass indicates an odd number of nitrogen atoms. Assuming only C, H, and N atoms,
the 6% abundance of an M + 1 peak is primarily due to i^C. Therefore guess 5 carbon atoms
and 1 nitrogen atom giving a molecular formula of C5H11N. Just as a check, we can estimate
the relative abundance of the M + 1 peak as %(M + 1) = (1.11)(5) + (0.016)(11) + (0.38)(1) =
6.1%.

(b) Draw at least 10 possible structural formulas for this molecular formula.

This molecular formula contains either one pi bond or one ring. The following structures are
representative examples out of the large number of possible stable molecules that are
consistent with this formula.
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I

H

H3C//,.

Had

..«x^H

NH.

A
\.

NH,

H3C ^CH3
)c=c

H ^—NH,

H2C=c;
/

>CH.

NH,

CH3

NK
CH3

H3C-CH
C=NH

I

H

Problem 12.21 The mass spectrum of Compound E, a colorless liquid, shows these peaks in its mass spectrum.

The base peak is at miz 43. Other peaks are given in relative abundance to the base peak. Determine the molecular

formula of Compound E and propose a structural formula for it. Hint: Calculate the ratio of the M to M + 2 peak.

Relative

m/z Abundance

43 100 (base)

78 23.6 (M)

79 1.00

80 7.55

81 0.25

The ratio of the M to M + 2 peaks is 23.6/7.55 = 3.13 to 1. This is approximately the same
ratio as seen with ^sci to ^'^Cl, so there must be a chlorine atom in the molecule. The base

peak at 43 corresponds to either a propyl cation or isopropyl cation. Therefore, the molecular

formula for compound E must be C3H7CI. The two structures consistent with this formula
are:

CH3CH2CH2d
CI

I

CH3CHCH3

Problem 12.22 Write molecular formulas for the five possible molecular ions of mIz 88 containing the elements

C, H, N, and O. {Note: Because the value of the mass of this set of molecular ions is an even number, members
of the set must have either no nitrogen atoms or an even number of nitrogen atoms.)

C3H4O3 = 36 + 4 + 48 = 88
C3H8N2O = 36 + 8 + 28 + 16 = 88
C4H8O2 = 48 + 8 + 32 = 88
C4H12N2 = 48 + 12 + 28 = 88
C5H12O = 60 + 12 + 16 = 88

Problem 12.23 Write molecular formulas for the five possible molecular ions of mIz 100 containing only the

elements C, H, N, and O.

Because of the nitrogen rule, there must be an even number of nitrogen atoms or no nitrogen

atoms in the molecular formulas.
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C4H8N2O = 48 + 8 + 28 + 16 = 100

CsH802 = 60 + 8 + 32 = 100
C5H12N2 = 60 + 12 + 28 = 100
C6H12O = 72 + 12 + 16 = 88
C7H16 = 84 + 16 = 100

Problem 12.24 The molecular ion in the mass spectrum of 2-methyl-l-pentene appears at miz 84, Propose

structural formulas for the prominent peaks at mIz 69, 55, 41, and 29.

CH3

Clin—C-CH^'Crlo'CHo

2-MethyI-l-pentene

The peak at mIz 69 results from loss of a methyl radical:

Crl2^^C"Cri2"Cri2"CM»: or

CH3

CH2—C-Crl2"CH2"CH2

The peak at mIz 55 results from loss of an ethyl group to generate an allylic cation:

CHo

Cn2—C*Cn2

The peak at mIz 41 corresponds to the allyl cation:

CH2^^Cn-CH2

The peak at mIz 29 corresponds to the ethyl cation:

C H3-CH2

Problem 12.25 Following is the mass spectrum of 1 ,2-dichloroethane.

(a) Account for the appearance of an (M + 2) peak with approximately two-thirds the intensity of the molecular

ion peak.

The relative abundance of ^^Cl is 32.5 (Table 12.1) so it makes sense that the M + 2 peak
observed in 1,2-dichloroethane is 2(32.5) = 65%.

(b) Predict the intensity of the (M + 4) peak.

The probability of having a ^''Cl at both CI atoms is (32.5/100)^ = 0.105, which corresponds
to 10.5% of the molecular ion peak.

(c) Propose structural formulas for the cations of mIz 64, 63, 62, 51, 49, 27, and 26.

100

S80-

60

.>40-

oi 20-

27

26

10

rr-rr-r

20

49

rr-prr

30 40

62
CI CI

I I

H2C-CH2

MW = 98

64

M(98) 100

60 70
m/z

n-p-r

80

"I""!'
90

"

100 110 120
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CH2CI-CH2CI

1,2-DichIoroethane

The peaks at miz 64, 63, and 62 correspond to the following structures:

CI—^^cH^CHj]' or [ CI~CH=^3cH2 ]
[
37ci—CH=CH2]

'

mIz - 64 mIz - 63
,+

35CI—CH=CHj
mIz - 62

The peaks at mIz 51 and 49 correspond to the following structures:

37CI—CH2* ^^Cl-CH2*

mIz = 51 m/z = 49

The peaks at m/z 27 and 26 correspond to the following structures:

*CH= CH;

m/z = 27

[hc^ch]*

m/z = 26

Problem 12.26 Following is the mass spectrum of 1-bromobutane.

(a) Account for the appearance of the (M + 2) peak of approximately 95% of the intensity of the molecular ion

peak.

As detailed in Table 12.1, the most abundant isotope of bromine has a mass of 79 amu.
Bromine has another isotope with a mass of 81 amu that has a natural abundance of 49.31%.
The (M+ 2) peak results from the presence of a *iBr atom in the 1-bromobutane molecule.

(b) Propose structural formulas for the cations of m/z 57, 41 , and 29.

100

e80

60

> 40-

a: 20

Br
I

H2CCH2CH2CH3

MW=136

41

29

10 20 30 40

TjTTrrrm

50

57

M(136) 138

"l""l""l" "
l ""l"" l

""
l

""
l

""
l''

"
l

""
l ""l"" l

""
l

""
l

'

/

60 70 80 90
m/z

100 110 120 130

"I""!""!""!'

140 150 160

The peak at m/z 57 results from loss of a bromine atom:

Cn2"CH2"CH2"Cn3

The peak at m/z 41 corresponds to the allyl cation:

Cn2—Cn-Cn2
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The peak at miz 29 corresponds to the ethyl cation:

CH3-CH2

Problem 12.27 Following is the mass spectrum of bromocyclopentane. The molecular ion mIz 148 is of such

low intensity that it does not appear in this spectrum. Assign structural formulas for the cations of mIz 69 and 41

.

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
m/z

The peak at mIz 69 corresponds to the loss of the bromine atom to give the cyclopentyl cation:

+O
The peak at mIz 41 corresponds to the allyl cation:

CH2=CH-CH2

Problem 12.28 Following is the mass spectrum of 3-methyl-2-butanol. The molecular ion mIz 88 does not

appear in this spectrum. Propose structural formulas for the cations of w/z 45, 43, and 41.
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The peak at miz 45 corresponds to the following resonance stabilized cation:

+ 0H
II

CH3—CH

The peak at mIz 43 corresponds to the isopropyl cation:

CH-CH,
I

^

CH3

The peak at mIz 41 corresponds to the allyl cation:

CHo—CH-CH2
-(-

Problem 12.29 The following is the mass spectrum of a compound A, CsHgO. Compound A is infmitely soluble

in water, undergoes reaction with sodium metal with the evolution of a gas, and undergoes reaction with thionyl

chloride to give a water-insoluble chloroalkane. Propose a structural formula for compound A, and write

equations for each of its reactions.

IKJKJ

31
u

|80.
-0
c
^60-
<
u
.S40-
S

a: 20-

Ill, »|ll

M(60)

10 20 30 40
m/z

50 60 70 80

Compound A is 1-propanol.

CH3-CH2-CH2OH

Compound A

In the mass spectrum, the peak at mIz 31 could only have come from 1-propanol due to the

following fragmentation.

OH
!

CH3-CH2~~Cn2
*0H^ CH3CH2- +

I

CH2

mIz 3 1

The reaction with sodium liberates molecular hydrogen:

2 CH3-CH2-CH2OH + 2Na 2CH3-CH2-0" Na* + H2

The reaction with thionyl chloride produces 1-chloropropane, SO2, and H-CI.

CH3-CH2-CH2OH + SOCI2 CH3-CH2-CH2CI + SO2 + H-CI
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Problem 12.30 Following are mass spectra for the constitutional isomers 2-pentanol and 2-methyl-2-butanol.

Assign each isomer its correct spectrum.

55

50

73
M(88)

/

80

-r-pn

90
m/z

60 70 100

mJz

OH
I

CH3-CH-CH2-CH2-CH3

2-Pentanol

OH
I

CH3-C-CH2-CH3

CH3

2-Methyl-2-butanol

The main difference in the above spectra is the base peak at 45 in the first spectrum that is

only about 10% of the base peak in the second spectrum. This peak corresponds to the
following resonance stabilized cation:

*t?"
CH3—CH -*- CH,

:0H
I

-CH
+

This species can be readily produced by loss of the propyl group from 2-pentanol. It is

unlikely that 2-methyl-2-butanol could produce such a cation, thus the upper mass spectrum is

that of 2-pentanol and the lower mass spectrum is that of 2-methyl-2-butanol. Also, the base
peak in the second spectrum has a miz of 59 that corresponds to the following fragmentation.

OH
I

CH3""C-CH2"CH3

CH,

"OH
II

^ CH3-C

CH,

CH2C H3
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Problem 12.31 Water-^^O, in which enrichment is 10 atom % ^^O, is available commercially. Also available, at a

considerably higher price, is water-^^O in which enrichment is 97 atom % ^^O. The oxygen-18 label can be

transferred from water to acetone by estabUshing the following acid-catalyzed equilibrium. (We discuss the

chemistry of this equiUbration in Chapter 15).

H"

CH2'~~"C"~"CH2 h;«o

180

II

CHq^~"C CHr HoO

Suppose 5.00 g of water-^^O, 97 atom % i^O, is mixed with 1 1.6 g of acetone-*^ in the presence of an acid

catalyst until equilibrium is established. Assume for the purposes of this problem that the value of K^q, the

equilibrium constant for this reaction, is 1 .00.

(a) Calculate the percent atom enrichment in acetone recovered after equiUbration.

5.00 gm
= 0.28 mol H2O

11.6 gm
= 0.20 mol acetone

18 gm/mol
"* "^^ 58 gm/mol

After equilibrium has been established, the following amounts of material will be present,

written in terms of the amount of i*0-containing acetone (as "X").

H,^^0 = (0.28)(0.97) - X HoO = (0.28)(0.03) + X

Cn<» C CHr
= 0.2 - X

I80

II

CH,—C—CH,
= X

Keq = 1.00 =

18/

CH3—C-CH. HoO

CHo C^CH<; H,^'o

SO at equilibrium
CH3 C CHj H,^»0

18/

CHo"""C ""CH3 HoO

Substituting the values into the equation gives:

(0.20 - X)(0.27 - X) = (X)(0.01 + X)
0.054 - 0.47 X + X2 = 0.01 X + X2

The X2 terms cancel, so we are left with:

0.054 - 0.47 X = 0.08 X
0.054 = 0.48 X
0.113 mol = X

Thus, the atom percent (%) enrichment is (0.113 mol) / (0.20 mol)

= 57 atom %

(b) Show how the ratio of (M + 2)/M can be used to verify the atom percent enrichment.

A 57 atom percent enrichment means that the ratio of (M+ + 2)/M+ will be (0.57 / 0.43). This

ratio measured in the mass spectrum would thus verify the atom percent enrichment.
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Problem 12.32 Because of the sensitivity of mass spectrometry, it is often used to detect the presence of drugs in

blood, urine, or other biological fluids. Tetrahydrocannabinol (nominal mass 314), a component of marijuana,

exhibits two strong fragment ions at miz 246 and 231 (the base peak). What is the likely structure of each ion?

CH3

CH3

Tetrahydrocannibinol

(C21H30O)

CM,

The peak at m/z 246 is probably the result of a reverse Diels-Alder reaction as described in

section 12.4B. In this case, the cyclohexene ring in the top left of the structure is split from
the rest of the molecule to leave the radical cation shown below. The peak at m/z 231 results

from loss of a methyl group from the m/z 246 radical cation to give a tertiary cation as shown.

^s^^n CgH^i

m/z 246 m/z 231

Problem 12.33 Electrospray mass spectrometry is a recently developed technique for looking at large molecules

with a mass spectrometer. In this technique, molecular ions, each associated with one or more H+ ions, are

prepared under mild conditions in the mass spectrometer. As an example, a protein (P) with a molecular weight

of 1 1 ,8 12 gives clusters of the type (P + 8H)8+, (P + 7H)^+, and (P + 6H)6+. At what mass-to-charge values do
these three clusters appear in the mass spectrum? (See B. Ganem, Y.-T. Li and J. D. Henion, J. Am. Chem.
Soc, 113, 6294 (1991)).

The key to this question is to notice that these ions have multiple charges. Since ions are
recorded in a mass spectrum according to their mass divided by their total charge, the mass-to-
charge values for these ions are calculated by dividing their total mass (11,812 + the number
of protons) by their total charge (8, 7, and 6, respectively). The final answers are thus
(11,812 + 8)/8 = 1477.5 m/z .. (11,812 + 7)/7 = 1688.4 m/z .. and (11,812 + 6)/6 = 1969.7
m/z .
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Problem 12.34 Occasionally, weak, broad peaks are observed in a mass spectrum. These often have fractional

mass-lo-charge values, for example 46.3 or 30.2. These are called metastable ion peaks and arise when an ion

fragments after exiting the ionization chamber and while it is passing into the analyzer region of the mass
spectrometer. The observed mass m* of a metastable ion depends on the mass of the precursor ion (mi) and the

product ion (m2) according to the following equation.

An ion of mass 59, for example, that fragments into an ion of mass 41 while passing into the analyzing chamber

gives a metastable peak at (41)2/(59) or miz 28.49. Metastable ions link two peaks together, as for example the

peaks at mlz 59 and 41 and thus are useful in analyzing proposed fragmentation patterns. What is the mIz ratio of

the metastable ion resulting from the fragmentation of (C02CH3)+ to (OCHs)^?

In this case, the ion with mass 45 (C02CH3)-^ fragments to the ion with mass 29 (OCH3)-*-.

As a result, the metastable ion shows up in the mass spectrum as (29)^/45 = 16.3 m/z.
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CHAPTER 13: NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY

OVERVIEW
• Nuclear magnetic resonance (NMR) spectroscopy was developed in the early 1960's, and is now the

most important technique for the determination of molecular structure. [NMR is a very complicated type of
spectroscopy, because there are so many difficult concepts involved. The best way to learn aboutNMR is to

read through the concepts, then work through as many spectra as possible.] *

13.1 ELECTROMAGNETIC RADIATION
• Electromagnetic radiation can be described like a wave, in terms of its wavelength and frequency. *

- Wavelength is the distance between any two identical points on a wave and is given the symbol X

(lambda) and usually expressed in meters (m).
- Frequency is the number of full cycles of a wave that pass a given point in a fixed period of time.

Frequency is given the symbol v (nu) and is usually expressed in hertz (Hz) and given the units sec^.

For example, 1 Hz corresponds to one cycle per second and 1 MHz corresponds to 10^ Hz.
- Wavelength and frequency are related to each other, and one can be calculated from the other using the

expression v = c/X. Here c is the speed of light, equal to 3.00 x 10* m/sec.

• Electromagnetic radiation can also be described as a particle, and the particle is called a photon. *
- The energy (E) measured in kcal of one mol of photons is related to wavelength and frequency according

to the following relationships: E=hv=hc/?i. Here h is Planck's constant and is equal to 9.537 x lO**^

kcal-sec-mol-i.

13.2 MOLECULAR SPECTROSCOPY
• In general, an atom or molecule can be made to undergo a transition from energy state Ei to a higher energy

state E2 by irradiating it with electromagnetic radiation corresponding to the energy difference between states Ei
and E2. During this process, the atom or molecule absorbs the energy of the electromagnetic radiation.

When the atom or molecule returns to the ground state Ei, an equivalent amount of energy is

emitted.*
• Molecular spectroscopy involves measuring the frequencies of electromagnetic radiation that are absorbed
or emitted by a molecule, then correlating the observed patterns with the details of molecular structure.

- Certain regions of the electromagnetic spectrum are particularly interesting to the chemist because they

represent the energies involved in transitions between important types of molecular energy levels. In

particular, radiofrequency electromagnetic radiation corresponds to transitions between nuclear
spin energy levels, infrared electromagnetic radiation corresponds to transitions between
vibrational levels of chemical bonds and ultraviolet-visible electromagnetic radiation
corresponds to electronic energy levels of pi and nonbonding electrons. [It may prove helpful to review

how these different regions ofelectromagnetic radiation fit into the entire spectrum shown in Table 13.1.]

- The nuclear spin d-ansitions caused by absorbed radiofrequency electromagnetic radiation form the basis for

nuclear magnetic resonance (NMR) spectroscopy. *

13.3 NUCLEAR SPIN STATES
• Like electrons, certain nuclei have spin. That is, they behave as if they are spinning on an axis and thus have an
associated magnetic moment. This is only true for nuclei that have spin quantum numbers that are not
zero. [It might help to review the concept ofspin quantum numbers in a General Chemistry text.]

- Both ^H and ^^C nuclei have spin quantum numbers of 1/2, so they have two allowed spin slates with

values of + 1/2 and -1/2. These are the nuclei that are most often studied by NMR spectroscopy, but other

nuclei, such as ^^P and ^^N, can also be used because they too have spin quantum numbers that are not

zero. *
- Some common nuclei such as ^^C and ^^ have a spin quantum number of zero, so they are not observed by
NMR.

13.4 ORIENTATION OF NUCLEAR MAGNETIC SPINS IN AN APPLIED MAGNETIC
FIELD

• Ordinarily, nuclear spins are oriented in a completely random fashion. However, in an applied magnetic
field (Bo), nuclei with non-zero spin interact with the applied field. Recall that the nuclear spin

produces it own magnetic moment, so this interaction is between the magnetic moments of the nuclei widi the



Chapter 13: NMR Spectroscopy Overview 347

applied magnetic field. For ^H and ^^c nuclei, there are two allowed orientations in the field. By convention,

nuclei that have spin +1/2 are aligned with the applied field and are in the lower energy state, and

nuclei with spin -1/2 are aligned against the applied field and are in the higher energy state. *
• The difference in energy between the nuclear spin states increases with increasing applied field

strength. ^ Nevertheless, these energy differences are small compared to other types of energy levels such as

vibrational and electronic energy levels in molecules.

13.5 NUCLEAR MAGNETIC "RESONANCE"
• When the nuclei are placed in an applied magnetic field, a majority of spins are aligned with the field and are

thus in the lower spin state. Electromagnetic radiation can cause a transition from the lower spin

state to the higher spin state. An NMR spectrum is a plot of how much and of which energies are

absorbed by a molecule as its atoms undergo these u^ansitions from the lower to the higher nuclear spin state in

an applied magnetic field. *
- The amount of energy required depends on the strength of the applied field and the type of nuclei being used,

but this energy corresponds to electromagnetic radiation somewhere in the radiofrequency range. For

example, in an applied magnetic field of strength 7.05 Tesla (T), the energy between the spin states of ^H is

around 0.0286 cal/mol, corresponding to electromagnetic energy of approximately 300 MHz (300,000,000
Hz).

- The electromagnetic energy is absorbed because the nuclei precess in the applied magnetic field. That is,

the nuclei that are lined up with or against the applied magnetic field precess just like a spinning top or

gyroscope precesses and traces out a cone in the earth's gravitational field. The rate of precession can be
expressed as a frequency in Hertz. When the precessing nuclei are irradiated with
electromagnetic radiation of the same frequency as the rate of precession, then the two
frequencies couple, energy is absorbed, and the nuclear spin flips from +1/2 to -1/2. *

- Resonance is the term used to describe the absorption of electromagnetic radiation when the precession

frequency and the electromagnetic radiation frequencies couple. That is why the entire process is called

nuclear magnetic resonance. The absorption of energy by a molecule is measured and plotted to give the

NMR spectrum.

• The different types of atomic nuclei in a molecule, for example ^^c or^H, do not absorb energy at the same
frequency. If they did, NMR would not be a useful probe of molecular structure. The fact is that there are

usually different local chemical environments in a molecule that change the resonance frequencies of the

different nuclei. By looking at the different resonance frequencies measured in the NMR
spectrum, information is obtained about the different chemical environments in the molecule,

leading to an understanding of the molecular structure. ^
- Atomic nuclei from different elements resonate at different frequencies in the same applied field. For

example, in the presence of an applied field of 7.05 T, ^H nuclei resonate at about 300 MHz, while ^^C

nuclei resonate at about 75 MHz.
- The different nuclei in a molecule are in different chemical environments, if they are surrounded by electrons

to varying degrees. The electrons themselves have spin and thereby create their own local magnetic
fields. These local magnetic fields shield the nucleus from the applied magnetic fields. The greater

the electron density around a nucleus, the greater the shielding. This means that at constant

magnetic field strength, the greater the shielding of a nucleus, the lower the frequency of

electromagnetic radiation required to bring about a spin flip. Another way to look at it is from
the point of view of constant elecu-omagnetic radiation frequency. At constant frequency of electromagnetic

radiation, the greater the shielding of a nucleus, the higher the magnetic field strength

required to bring the nucleus into resonance. * /// is important to be able to think about shielding

and spin flipping from the point of view of constant frequency ofelectromagnetic radiation as well as at

constant magnetic field strength.]

- The local magnetic fields are small compared to the applied magnetic fields. The differences in resonance

frequencies for different nuclei caused by the local magnetic fields are usually on the order of 1 x 10"^ times

as large as the original resonance frequencies. In other words, different 'H nuclei in the same molecule have
resonance frequencies that are different by an amount on the order of parts per million (ppm). Thus,
ppm is a convenient measurement unit for NMR spectroscopy. For example, a difference of 100 Hz is 1

ppm of 100 MHz, and a difference of 300 Hz is 1 ppm of 300 MHz.
- In order to increase the precision of resonance frequency measurements, a reference compound is used. By
convention, the 'H resonance in tetramethylsilane (TMS) is used as the reference against which the

frequency of oiher ^H resonances are measured. Similarly, the '^C resonance in TMS is used as the

reference against which the frequency of other '^c resonances are measured.
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- A unit called chemical shift is used to standardize reporting of NMR data. Chemical shift (5) is the

frequency shift from TMS divided by the operating radiofrequency of the spectrometer. Chemical shift

is reported in the units ppm.

~ _ shift in frequency from TMS (Hz)

frequency of spectrometer (Hz)

13.6 AN NMR SPECTROMETER
• The essential features of an NMR spectrometer are a powerful magnet, a radiofrequency generator, a

radiofrequency detector, and a sample tube.

- Newer machines are called Fourier transform NMR (FT-NMR) spectrometers. In FT-NMR
machines, the magnetic field strength is held constant, and the sample is irradiated with a short pulse of

radiofrequency energy that flips all of the spins at once. The NMR spectrum is determined as the spins

return to their equilibrium stales. A mathematical process called Fourier transformation is used to convert

the intensity versus time information produced in the experiment into the intensity versus frequency

information that is actually plotted. Two advantages ofFT-NMR are that it takes much less time to run a
scan, and multiple scans can be averaged to produce more intense signals from a dilute sample.

13.7 EQUIVALENT HYDROGENS
• Equivalent hydrogens have the same chemical environment within a molecule and have identical

chemical shifts. For example, all of the hydrogens in dimethyl ether (CH3-O-CH3) are equivalent, so there

is only one signal in the ^H-NMR spectrum of this compoimd.
• Hydrogens that are not equivalent give rise to different signals with different chemical shifts. For example,

there are two signals in the ^H-NMR spectrum of ethyl bromide (CH3-CH2-Br).

13.8 SIGNAL AREAS
• The area under each signal is proportional to the number of hydrogens giving rise to that signal in

an 'H-NMR spectrum. All modem NMR spectrometers can integrate the area under each signal. Please note

that '^C signals cannot be integrated accurately (Section 13.13) in ^^C-NMR spectra.

13.9 CHEMICAL SHIFT
• Each type of equivalent hydrogen within a molecule has only a limited range of 5 values, and thus the

value of the chemical shift for a signal in a ^H-NMR spectrum gives valuable information about the type of

hydrogen giving rise to that absorption. For example, the three hydrogens on methyl groups bonded to sp^

hybridized carbons resonate near 6 1.0 ppm, while the three hydrogens on methyl groups bonded to an sp2

hybridized carbonyl carbon atom resonate near 5 2.0 ppm. *
• A signal is considered downfield if it is shifted toward the left (weaker applied field) on the chart paper, and it

is upfield if it is shifted to the right (stronger applied field).

• The chemical shift of a particular hydrogen depends primarily on the following three factors, but the influence

of these factors on chemical shift falls off very quickly with distance.

- Electronegativity of adjacent atoms. The greater the electronegativity of atoms near a particular

hydrogen, the greater the chemical shift because the hydrogen is deshielded.

- Hybridization of adjacent atoms. Hydrogens attached to an sp^ hybridized carbon typically resonate at

5 0.8 to 1.7 ppm, hydrogens attached to an sp^ hybridized carbon typically resonate at 5 4.6 to 5.7 ppm, and
hydrogens attached to an sp hybridized carbon typically resonate at 5 2.0 to 3.0 ppm. These shifts are

caused by a combination of the percent s character of the carbon orbital taking part in the C-H bond, and
magnetic induction through the pi system.

- Magnetic induction in a pi system. Pi electrons induce a magnetic field that can either increase or

decrease the chemical shift of adjacent hydrogens in alkenes and alkynes, respectively. Carbonyl group pi

electrons increase the chemical shift of aldehyde hydrogens all the way to near 5 10 ppm.

13.10 SIGNAL SPILITTING AND THE (n+1) RULE
• Signals can be split into several peaks and this phenomenon is called spin-spin or signal splitting. In

signal splitting, the ^H-NMR signal from one set of equivalent hydrogens is split by the influence of

neighboring nonequivalent hydrogens. ^
- If a hydrogen has a set of n nonequivalent hydrogens on the same or adjacent atoms, its NMR signal will be

split into (n+1) peaks. The nuclei of all adjacent hydrogens couple, but it is only between nonequivalent
hydrogens that the coupling results in signal splitting. For example, in ethyl bromide (CH3-CH2-Br) the

CH3- signal is split into three peaks by the two hydrogens on the adjacent -CH2- group, and the -CH2-
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signal is split into four peaks by the three hydrogens on the adjacent CH3- group. [Understanding signal

splitting is absolutely essentialfor the interpretation of^H-NMR spectra, so it is critical that these ideas are

understood before going on.]

13.11 THE ORIGINS OF SIGNAL SPLITTING
• The chemical shift of a given hydrogen is influenced by the magnetic field derived from the spin of an adjacent

nonequivalent nucleus. When this happens, the nuclei are said to be coupled. For coupling to be important,

the nuclei must usually be no more than three bonds away from each other. In other words, hydrogens on
adjacent carbon atoms can show significant coupling.

- The magnetic field derived from the nuclear spin of one nucleus is what influences the adjacent nucleus. For
example, if there are two coupled hydrogens that we call Ha and Hb, then Ha has an equal probabiUty of

fmding the nucleus of Hb in the +1/2 or the -1/2 spin state. Because the magnetic fields of the two different

spin Slates are different, Ha could feel either of two total magnetic fields. (The total magnetic field felt by a

given nucleus such as that in Ha is a sum of the applied field plus contributions from electrons and nearby

nuclear spin magnetic fields such as that from Hb.) The bottom line is that Ha is split into two ^H-NMR
peaks because the spin state of Hb could be either +1/2 or -1/2. *

- Hb is also coupled to Ha to the same extent, so it is also split into two peaks.
- When a hydrogen nucleus is coupled to three equivalent hydrogens such as those in a methyl group, the

nucleus can feel (n+1) or 4 different magnetic fields. This is because each of the three hydrogen nuclei in

the methyl group can be in the +1/2 or -1/2 spin state, and these can add up in four different ways
(+1/2,+ 1/2,+ 1/2; +1/2,+ 1/2,- 1/2, etc.), in a 1:2:2:1 ratio.

13.12 COUPLING CONSTANTS (J)
• A coupling constant (J) is the distance, in ppm, between adjacent peaks in a multiplet. In other words,

coupling constants are a quantitative measure of the shielding/deshielding influence of induced magnetic

fields from adjacent nuclei. *
- Coupling constants are usually in the range of a few Hz. Because they are a property of the molecule, they

are independent of applied field strength. For this reason, spectra recorded at higher field strength are easier

to interpret because the signals (many of which are multiplets due to signal splitting) are separated by more
Hz and the individual peaks are less likely to overlap. [This is a very important yet complicated idea, and it is

worth understanding this before going on.]

- When two nuclei couple, the coupling constant is the same for both of their signals. Using the same example
discussed in Section 13.11, both Ha and Hb will be doublets. Furthermore, the distance between the two
peaks in each of these two doublets will be the same number of Hz, and this is the coupling constant for this

interaction. *
- When a single signal is coupled to two or more different sets of nuclei, then both sets of interactions lead to

splitting according to the (n+1) rule. This can lead to some very complex multiplets. For example, in a

molecule with a hydrogen that is coupled to two nonequivalent adjacent hydrogen atoms, the signal is split

into 2 X 2 or 4 peaks. Such a signal is referred to as a doublet of doublets.

13.13 13c.NMR
• Carbon- 12 (}Kl) is the most abundant natural isotope of carbon (98.89%), but it is not seen in an NMR
spectrum because its nucleus has only one allowed spin state. On the other hand, carbon-13 (i-'C) (natural

abundance of 1.11%) has two allowed nuclear spin states and it can be detected by NMR. ^
• The NMR signals from ^^c are only about 10'^ times as strong as those from 'H-NMR. This is because of the

relatively low abundance of '^C and the relatively small magnetic moment of the '^C nuclei. For this reason,

only the modem FT-NMR machines are able to measure routinely i^C-NMR spectra.

• ^H nuclei couple to the ^^C nuclei. Unfortunately, this can make the spectra very difficult to interpret. As a

result, i^c specu^a are usually measured in the hydrogen-decoupled mode in which the sample is irradiated

such that all hydrogens are in the same spin state and thus signal splitting is prevented. The '^c spectra can

then be measured without interference from complex signals due to 'H-'^C signal splitting.

• As staled above, '^c nuclei are very rare, so ordinarily only '^c carbon atoms are adjacent to a given '^C

nucleus in a molecule. Thus, i3C-i3c coupling and/or signal splitting are usually not observed.

• Because of the way '^c nuclei return to equilibrium states, '^C signals cannot be integrated accurately in i^C-

NMR spectra.

• '^C-NMR spectra provide important structural information, because each different carbon atom in a molecule

gives rise to a different signal. Thus, by simply looking at a i^C-NMR spectra, a chemist can tell how many
different types of carbon atoms are in a molecule.
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• Most important, the observed chemical shift of a ^^-NMR signal provides important information. For

example; sp^ alkyl carbon atoms, sp^ atoms in an alkene, or sp2 carbonyl carbon atoms all have characteristic

chemical shifts. Please see table 13.10 for a detailed list of ^^C chemical shifts. *

13.14 THE DEPT METHOD
• Distortionless enhancement by jiolarization transfer (DEPT) is an advanced i^C NMR
technique that provides information about the number of hydrogen atoms attached to a given

carbon atom. TTiis information is useful in determining structure and assigning spectra. *
• DEPT spectra are obtained using a complex set of pulse sequences in both the ^H and ^^C ranges with the result

that the ^^C signal for CH3, CH2, and CH groups have different phases. One type of pulse sequence records

only CH3 signals (as positive peaks), another pulse sequence records only CH2 signals, but as negative peaks,

and a third pulse sequence records only CH signals, but as positive peaks. Still another pulse sequence records

all three t5T)es of signals, but the phasing of the CH3 and CH signals are positive while the phasing of the CH2
signals is negative. Carbon atoms that do not have any hydrogens attached do not give signals in DEPT
spectra.

13.15 INTERPRETATION OF NMR SPECTRA
• Different types of molecules have characteristic chemical shifts and splitting patterns in NMR
spectra. The following is a list of these characteristics for a number of important types of molecules.
- Alkanes: All hydrogens in alkanes are in similar chemical environments and fall within a narrow range of

chemical shifts. ^H-NMR chemical shifts for alkanes fall in the range of 5 0.9-1.5. i^C-NMR chemical

shifts for alkanes fall in the range of 5 to 60.

- Alkenes: The chemical shifts of vinylic hydrogens fall in the range 5 4.6-5.7. ^^c-NMR chemical shifts for

the sp2 carbon atoms of alkenes fall in the range of 5 100-150. Coupling constants are generally larger for

trans vinylic hydrogens (-16 Hz) than for cis vinlyic hydrogens (~8 Hz) because the trans hydrogens are

more strongly coupled to each other. Notice how this usually allows a chemist to distinguish between cis

and trans alkenes.

- Alcohols: The hydrogen of the OH group is variable and appears ui the range 6 2.0-6.0. This hydrogen is

rarely split by signal splitting because of the phenomenon of fast exchange. The hydrogens attached to the

carbon adjacent to the OH group are deshielded by the inductive effect of the electron withdrawing nature of

the oxygen atom. These hydrogen signals appear at 5 3.5-4.5.

- Ethers: Hydrogens attached to carbon atoms adjacent to an ether oxygen atom usually fall in the range 5

3.3-4.0.

13.16 SOLVING NMR PROBLEMS
• Before analyzing the NMR spectrum of a given molecule, it is helpful to analyze the molecular formula. This

could be determined by elemental analysis or mass spectrometry. An important piece of information contained

in the molecular formula is the index of hydrogen deficiency. The index of hydrogen deficiency is

the number of rings and/or pi bonds in a molecule. This is determined by comparing the number of

hydrogens in the molecular formula of a compound of unknown structure with the number of hydrogens in a

reference compound, a compound with the same number of carbon atoms that contains no rings or pi

bonds. In particular, the index of hydrogen deficiency is defined according to the following formula: *
# of hydrogen atOmS(,eference)- ^ of hydrogens (molecule of interest)

index of hydrogen deficiency =

- For reference compounds that contain only C and H atoms, the molecular formula is CnH2n+2-
- For each atom of F, CI, Br, or I subtract one hydrogen.
- No correction is necessary for O, S, or Se.
- For each atom of N or P add one hydrogen.

• After the index of hydrogen deficiency has been determined, the following steps should be
followed when solving a spectral problem. [Practice is the best and possibly only way to become good at

this.] *
- Count the number of signals to determine how many different types of hydrogens are present.
- Examine the pattern of chemical shifts and correlate them with the known characteristic chemical

shifts for different types of hydrogen atoms.
- Analyze the integration of each signal, to see how many hydrogen atoms of each type are present.

- Analyze the signal splitting patterns. This is usually the most difficult task by far, but also the most
informative.

- Write the formula that is consistent with all of the above information.
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CHAPTER 13
Solutions to the Problems

Problem 13.1 Calculate the energy of red light (680 nm) in kilocalories per mol. Which form of radiation carries

more energy, infrared radiation of wavelength 2.50 |am or red light of wavelength 680 nm?

Combining the two equations given in the text gives:

Plugging in the appropriate values gives the desired answer:

(9.537 X 10-1^ kcal.sec-niol-^)(3.00 x 10* m-sec'^)
E= g

680 X 10-^ m
42.1 kcal-mor^

Notice how the units canceled to give the final answer in kcal-mol-i. As can be seen from the

equations, the longer the wavelength, the lower the energy, thus red light carries more energy.

Problem 13.2 Calculate the ratio of nuclei in the higher spin state to those in the lower spin state, Nj/N|, for ^^c

at 25°C in an apphed field strength of 7.05 T. The difference in energy between the higher and lower nuclear spin

states in this apphed field is approximately 0.00715 cal/mol.

The important equation relates the change in energy of two spin states to their equilibrium
concentrations:

AE = -2.303RTlog^^

Rearranging this expression in terms of Nj,/N, gives:

N_h -AE
^^^ N, " 2.303RT

Substituting in the appropriate values for R (1.987 cal»deg-i«mol-i), T (298 K) and aE
(0.00715 cal-mol-i) gives:

. „_Nh_ - 0.00715 cal»mol\
s idi y in**'"S

Ni ~ 2.303(1.987 cal»deg-"«mor")(298 deg)
"

Ni
0.9999879 =

10000000
1.0000121

Problem 13.3 Slate the number of sets of equivalent hydrogens in each compound and the number of hydrogens
in each set.

Numbers have been added to the carbon atoms of the structures to aid in referring to specific

hydrogens. Use the "test atom" approach if you have trouble understanding the answers.

4 ©
CH

1 © 2 ® 3 I ^5 ® 6 ®
(a) CH3-CH2-CH-CH2-CH3

There are four sets of equivalent hydrogens. Set a: 6 hydrogens from the methyl groups of
carbon atoms 1 and 6. Set h: 4 hydrogens from the -CHi- groups of carbon atoms 2 and 5.

Set c: 3 hydrogens from the methyl group of carbon atom 4. Set d: 1 hydrogen from the -CH-
group of carbon atom 3.
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3 ® 6 ®
CHo CHq

1 ® 2l 4 © 5l 8

(b) CHo—CH-CHp-C—CHo

CH3

©
There are four sets of equivalent hydrogens. Set a: 9 hydrogens from the methyl groups of
carbon atoms 6, 7, and 8. Set h: 6 hydrogens from the methyl groups of carbon atoms 1 and
3. Set c: 2 hydrogens from the -CH2- group of carbon atom 4. Set d: 1 hydrogen from the
-CH- group of carbon atom 2.

Problem 13.4 Each compound gives only one signal in its ^H-NMR spectrum. Propose a structural formula for
each compound.

In order for these molecules to give a single absorption peak, each of the hydrogen nuclei
must be in an identical environment. This will only occur in symmetrical molecules.

(a) C3H6O (b) C5H10 (c) C5H12

M H

II C C I

^C^ H" \ / -H CH3-C-CH3
cnr -CH3 „.c-c.„ I

H H

(d) C4H6CI4

Cn3-CCl2"CCl2"CH3

Problem 13.^ The line of integration of the two signals in the ^H-NMR spectrum of a ketone of molecular
formula C7H14O rises 62 and 10 chart divisions, respectively. Calculate the number of hydrogens giving rise to
each signal, and propose a structural formula for this ketone.

The ratio of signals is approximately 6:1, which corresponds to a 12:2 ratio of hydrogens.
Thus, the larger signal represents 12 hydrogens and the smaller signal represents 2
hydrogens. A structure consistent with this assignment is 2,4-dimethyl-3-pentanone as shown
below:

Larger Signal

/ \
^ O (CHj,

Smaller Signal—^ (h)-C—0—C-(h) -•— Smaller Signal

\ /
Larger Signal
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Problem 13.6 Following are two constitutional isomers of molecular formula C4Hg02.

O O
il II

CH3CH2CX)CH3 CH3CH2COCHg

(1) (2)

(a) Predict the number of signals in the ^H-NMR spectrum of each isomer.

Each isomer will have three signals.

(b) Predict the ratio of areas of the signals in each spectrum.

In each spectrum, the ratio of areas of the three signals will be 3:2:3.

(c) Show how to distinguish between these isomers on the basis of chemical shift.

The -CH3 singlet signals will be diagnostic. Isomer (1) is the only one with a -CH3 attached

to the carbonyl carbon atom, while isomer (2) is the only one with a -CH3 attached to an ester

oxygen atom. Therefore, the spectrum of isomer (1) will be the one with a -CH3 singlet at 6

2.1-2.3, and the spectrum of isomer (2) will be the one with a -CH3 singlet at 5 3.7-3.9.

Problem 13.7 Following are pairs of constitutional isomers. Predict the number of signals in the ^H-NMR
spectrum of each isomer and the splitting pattern of each signal.

O O
II II

(a) CH3OCH2CCH3 and CH3CH2COCH3

The molecule on the left will have three signals that are all singlets, and the molecule on the

right will have three signals with splitting patterns as indicated.

singlet singlet singlet triplet quartet singlet

\ L / \ /o /
a b II c a b II c

CH3OCH2CCH3 CH3CH2COCH3

CI
I

(b) CH3CCH3 and CICH2CH2CH2CI

CI

The molecule on the left will have one signal and the molecule on the right will have two
signals with splitting patterns as indicated.

'7'e'
triplet lu'ntet

a
I

a aba
CH3CCH3 CICH2CH2CH2CI

CI
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Problem 13.8 Explain how to distinguish between the members of each pair of constitutional isomers based on

the number of signals in the proton-decoupled i^C-NMR spectrum of each member.

(a) and

These molecules can be distinguished because they have different numbers of nonequivalent

carbon nuclei and thus will have different numbers of ^^C-NMR signals. Different signals are

indicated by different letters on the above structures. The molecule on the left has higher

symmetry and will have 5 signals corresponding to the carbon atoms labeled as a - e, while the

molecule on the right has less symmetry and will have 7 signals corresponding to the carbon
atoms labeled as a - g.

(b)

•^3C\b

H
/ <

d e f

CH2CH2CH3

H

and

HgCHgC^^
b a

C=C
H H

These molecules can also be distinguished because they have different numbers of

nonequivalent carbon nuclei and thus will have different numbers of i^C-NMR signals.

Different signals are indicated by different letters on the above structures. The molecule on the

right has higher symmetry and will only have 3 signals corresponding to the carbon atoms
labeled as a - c, while the molecule on the left has less symmetry and will have 6 signals

corresponding to the carbon atoms labeled as a - f.

Problem 13.9 Assign all signals in the ^^C-NMR spectrum of 4-methyl-2-pentanone.

_L

1/

(a)

250 20() 150 l(K) 50 ppm

0>)

CH
inMlM«MNWHMMI|M«M««W*VIIIVM

CH,

250 15(1 1(X) 50 DDm
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The appropriate peaks have been assigned using the DEPT spectra to distinguish the CH3,
CH2 and CH groups. The different CH3 groups were distinguished by the fact that the CH3
group adjacent to the carbonyl group is less shielded (higher chemical shift) than the other two

methyl groups, which are equivalent. The carbonyl group carbon atom has a partial positive

charge, thus explaining the relative lack of shielding observed for the adjacent carbon nuclei.

O
II 52 24 22

CHoCCHjCHCCHo),
30 208

4-Methyl-2-pentanone

Problem 13.10 Calculate the index of hydrogen deficiency of cyclohexene, CgHjo, and account for this

deficiency by reference to its structural formula.

The molecular formula for cyclohexene is C6H10. The molecular formula for the reference

compound with 6 carbon atoms is C6H14. Thus the index of hydrogen deficiency is (14-10)/2

or 2. This makes sense since cyclohexene has one ring and one pi bond.

Cyclohexene

Problem 13.11 The index of hydrogen deficiency of niacin is 5. Account for this index of hydrogen deficiency

by reference to the structural formula of niacin.

O

'NH.

Nicotinamide

(Niacin)

The index of hydrogen deficiency of niacin is 5 because there are four pi bonds and one ring

in the structure.

Index of Hydrogen Deficiency
Problem 13.12 Complete the following table:

Class of

Compound

General

Molecular

Formula

Index of

Hydrogen
Deficiency

Reason for Hydrogen
Deficiency

alkane CnH2n+2 (reference hydrocarbon)

alkene ^xMln 1 one pi bond

alkyne CnH2n-2 2 two pi bonds

alkadiene CnH2n-2 2 two pi bonds

cycloalkane CnH2n 1 one ring

cycloalkene CnH2n-2 2 one ring and one pi bond

bicycloalkane CnH2n-2 2 two rings
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Problem 13.13 Calculate the index of hydrogen deficiency of these compounds:

(a) Aspirin, C9H8O4 (b) Ascorbic acid (vitamin C), CeHgOe

(20-8)/2 = 6 (14-8)/2 = 3

(c) Pyridine, C5H5N (d) Urea, CH4N2O

(13-5)/2 = 4 (nitrogen correction) (6-4)/2 = 1 (nitrogen correction)

(e) Cholesterol, C27H46O (f) Dopamine, C8H11NO2

(56-46)/2 = 5 (19-1 1)/2 = 4 (nitrogen correction)

Interpretation of IH-NMR and l^C-NMR Spectra
Problem 13.14 Complete the following table. Which nucleus requires the least energy to flip its spin at this

applied field? Which nucleus requires the most energy?

Nucleus Applied field (T) Radiofrequency (MHz) Energy (calAnol)

*H 7.05

^^C 7.05

7.05

300 2.86 X 10-^

75.5 7.20 X 10-^

282 2.69 X 10-^

Based on the entries in the table, the ^^C requires the least energy to flip its spin and the ^H
requires the most.

Problem 13.15 The natural abundance of '^C is only 1.1%. Furthermore, its sensitivity in NMR spectroscopy (a

measure of the energy difference between a spin aligned with or against an external magnetic field) is only 1 .6%
that of ^H. What are the relative signal intensities expected for the ^H-NMR and ^^C-NMR spectra of the same
sample of Si(CH3)4?

A given ^^C signal is (0.011)(0.016) = 0.000176 as strong as a given iH signal. There are
three times as many H atoms as C atoms in Si(CH3)4, so overall the ratio of H to C signals is

1 : (0.000176/3) = 1 : 0.000059 . (Note that this is the same as 17,000 to 1)

Problem 13.16 Following are structural formulas for three constitutional isomers of molecular formula C7H16O

and three sets of ^^C-NMR spectral data. Assign each constitutional isomer its correct spectral data.

(a) CH3CH2CH2CH2CH2CH2CH2OH Spectrum 1

OH ^"^-^^
OH 30.54

(b) CH3CCH2CH2CH2CH3 ^-^^

CH3

OH
I

(c) CH3GH2CGH2CH3

CH2CH3

These constitutional isomers are most readily distinguished by the number of sets of

nonequivalent carbon atoms and thus different i^C signals. Using the following analysis, it

can be seen that compound (a) has 7 sets of nonequivalent carbon atoms corresponding to

Spectrum 3, compound (b) has 6 sets of nonequivalent carbon atoms corresponding to

Spectrum 2 Spectrum 3

70.97 62.93
43.74 32.79
29.21 31.86
26.60 29.14
23.27 25.75
14.09 22.63

14.08
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Spectrum 2, and compound (c) has 3 sets of nonequivalent carbon atoms corresponding to

Spectrum 1.

OHgfedcba ealbcdf
CH3CH2CH2CH2CH2CH2CH2OH CH3CCH2CH2CH2CH3

CH3
e

OH
c b a

I b c

CH3CH2CCH2CH3

CH2CH3
b c

Problem 13.17 Following are structural formulas for the cis isomers of 1,2-, 1,3-, and 1 ,4-dimethylcyclohexane

and three sets of l^C-NMR spectral data. Assign each constitutional isomer its correct spectral data.

(a)

Spectrum 1

31.35
30.67
20.85

Spectrum 2
34.20
31.30
23.56
15.97

Spectrum 3

44.60
35.14
32.88
26.54
23.01

These constitutional isomers are most readily distinguished by the number of sets of

nonequivalent carbon atoms and thus different ^^C signals. Using the analysis shown below,

it can be seen that compound (a) has 4 sets of nonequivalent carbon atoms corresponding to

Spectrum 2, compound (b) has 5 sets of nonequivalent carbon atoms corresponding to

Spectrum 3, and compound (c) has 3 sets of nonequivalent carbon atoms corresponding to

Spectrum 1. The different sets of equivalent carbon atoms are indicated by the letters.

Problem 13.18 Following are structural formulas, dipole moments, and ^H-NMR chemical shifts for

acetonitrile, fluoromethane, and chloromethane.

CH3—C^N CH3—

F

CH3— CI

Acetonitrile Fluoromethane Chloromethane

3.92 D 1.85 D 1.87 D

6 1.97 6 4.26 6 3.05

(a) How do you account for the fact that the dipole moments of fluoromethane and chloromethane are almost

identical even though fluorine is considerably more electronegative than chlorine?

Recall that dipole moment is proportional to the partial charge times the distance of that charge

separation. Fluorine is a much smaller atom than chlorine, so it makes shorter bonds leading

to relatively short charge separation distances. Thus, the differences in bond lengths almost
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lengths almost exactly offsets the differences in electronegativities between fluorine and
chlorine and the dipole moments come out almost the same.

(b) How do you account for the fact that the dipole moment of acetonitrile is considerably greater than that of

either fluoromethane or chloromethane?

Again, the key is distance. The acetonitrile has partial charge distributed over more atoms and
thus a larger distance than fluoromethane or chloromethane.

(c) How do you accoimt for the fact that the chemical shift of the methyl hydrogens in acetonitrile is considerably

less than that for either fluoromethane or chloromethane? {Hint: Consider the magnetic induction in the pi bonds

of acetonitrile.)

A magnetic field is induced in the pi system of the nitrile that is against the applied field, thus
decreasing the chemical shift.

Problem 13.19 Following are three compoimds of molecular formula C4H8O2, and three ^H-NMR spectra.

Assign each compound its correct spectrum and assign all signals to their corresponding hydrogens.

O
II II II

CH3COCH2CH3 rCOCH2CH2CH3 CH30CCH2CHg

(1) (2) (3)

For the spectral interpretations in the rest of this chapter the chemical shift (5) is shown on the

structure adjacent to the appropriate hydrogen atom.

Spectrum A corresponds to compound 2: ^H-NMR 5 8.1 (IH, singlet, H-C(O)-), 4.2 (2H,
triplet, -O-CH2-), 1.7 (2H, multiplet; a doublet of triplets, -CH2-), 1.0 (3H, triplet, -CH3).

8.1 II 4.2 1.7 1.0

HCO-CH2CH2CH3

(2)
Compound A

Spectrum B corresponds to compound 3: ^H-NMR 5 3.7 (3H, singlet, CH3-C(0)-), 2.3 (2H,
quartet, -C(0)-CH2-), 1.2 (3H, triplet, -CH3).

O
3.7 II 2.3 1.2

CH3-OCCH2CH3

(3)
Compound B

Spectrum C corresponds to compound 1: iR-NMR 5 4.1 (2H, quartet, -0-CH2-)» 2.0 (3H,
singlet, CH3-C-), 1.2 (3H, triplet, -CH3).

O
2.0 II 4.1 1.2

CH3C-O-CH2CH3

(1)
Compound C
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C4H8O2

Compound A

10

IH

6 5 4

Chemical Shift (6)

ppm

C4Hg02

Compound B

3H

6 5 4

Chemical Shift (5)

2H

3H

ppm

C4H8O2

Compound C

6 5 4

Chemical Shift (5)

I3H

1 ppm
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Problem 13.20 Following are ^H-NMR spectra for compounds A, B, and C, each of molecular formula C6H,2.
Each readily decolorizes a solution of Br2 in CCI4. Propose structural formulas for compounds A, B, and C, and
account for the observed patterns of signal splitting.

Each of the compounds has an index of hydrogen deficiency of 1, in the form of a double
bond as evidenced by the reaction with Br2. The rest of the detailed structures can be deduced
from the spectra.

Compound A:

J

10

Compound A

5 4

Chemical Shift (6)

ppm ij

CH3
0.9

I 1.9

ri2C^CH~CH2
5.0

H

H H
S.8 4.9S

iH-NMR 6 5.8 (IH, multiplet; this is more complex than expected because the adjacent vinylic
hydrogens are not equivalent, -CH=), 4.95-5.0 (2H, multiplet, =CH2; this is asymmetric
because these two vinylic hydrogens are not equivalent and the hydrogen trans to the hydrogen
on the other vinylogous carbon has the larger signal splitting so it is the signal at 5.0), 1.9
(2H, multiplet; doublet of doublets, -CH2-), 1.6 (IH, multiplet; a triplet of septets, -CH-), 0.9
(6H, one doublet, -CH3).
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Compound B:

6 5 4

Chemical Shift (6)

ppm

1.6,7

CH3
0.9 2.0 S.l I 1.6,7

Cn3-Cn2"CnsC ""Cn3

iH-NMR 5 5.1 (IH, triplet, -CH = ), 2.0 (2H, multiplet; a doublet of quartets, -CH2-), 1.6 and
1.7 (6H, two singlets, =C(CH3)2), 0.9 (3H, triplet, -CH3)

Compound C:

Compound C

10 5 4

Chemical Shift (5)

h Ol
ppm

1.0

CH3
o.« 1.3 I

H3C-CH2—CH^o
/

s.o

H

0=0
H H
S.7 4.95

^H-NMR 6 5.7 (IH, multiplet; this is more complex than expected because the adjacent vinylic

hydrogens are not equivalent, -CH=), 4.9-5.0 (2H, multiplet, =CH2; this is asymmetric
because these two vinylic hydrogens are not equivalent and the hydrogen trans to the hydrogen
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on the other vinylogous carbon has the larger signal splitting so it is the signal at 5.0), 2.0

(IH, multiplet; a doublet of a triplet of a quartet, -CH-), 1.3 (2H, multiplet; a doublet of a

quartet, -CH2-), 1.0 (3H, doublet,-CH-CH3), 0.8 (3H, triplet, -CH2-CH3)

Problem 13.21 Following are ^H-NMR spectra for compounds D, E, and F, each of molecular formula C5H,20.

Each is a liquid at room temperature, slightly soluble in water, and reacts with sodium metal with the evolution of

a gas. Propose structural formulas of compounds D, E, and F. (Hints: For compound D, the signal at 5 0.9

results from two overlapping doublets. The signal for compound E at 5 0.9 results from the overlapping of a

doublet and a triplet.)

The index of hydrogen deficiency is for these molecules, so there are no rings or double
bonds. The fact that the compounds are slightly soluble in water and react with sodium metal

indicates that each molecule has an -OH group. The chemical shifts associated with each set

of hydrogens are indicated on the structures.

Compound D:

5 4

Chemical Shift (6)

ppm

0.9

CH,

CHo CH CH CHo
•» 1.6 I

'»

OH
1.8S

iH-NMR 6 3.5 (IH, multiplet, -CH-OH-), 1.85 (IH, doublet, -OH), 1.6 (IH, multiplet, -CH
(CH3)2), 1.15 (3H, doublet, -C(0H)-CH3), 0.9 (6H, overlapping doublets, -CH-(CH3)2).

I
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Compound E:

5 4

Chemical Shift (5)

ppm

CH3
0.8-0.9 1.4-1.6 I 3.4-3.5

CH3CH2CHCH2OH
'» ^ 1.1 '^ 2.2

iH-NMR 5 3.4-3.5 (2H, multiplet; this is more complex than expected because it is adjacent to

a stereocenter, -CH2-OH), 2.2 (IH, broad triplet, -OH), 1.4-1.6 (2H, multiplet; this is more
complex than expected because it is adjacent to a stereocenter, CH3-CH2-), 1.1 (IH, multiplet,

-CH-), 0.8-0.9 (6H, broad multiplet, both -CH3 groups).

Compound F:

5 4

Chemical Shift (6)

ppm

CH3CH2CH2CH2CH2OH

iH-NMR 6 3.6 (2H, broad multiplet, -CH2-OH), 2.9 (IH, broad peak, -OH), 1.55 (2H,

multiplet; a triplet of triplets, -CH2-CH2-OH), 1.4 (4H, multiplet, CH3-CH2-CH2- and CH3-CH2-
CH2-), 0.9 (3H, triplet, -CH3)
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Problem 13.22 Propose a structural formula for compound G, molecular formula C3H5O, consistent with the

following ^H-NMR spectrum:

Compound G:

10 5 4

Chemical Shift (5)

From the molecular formula, there is an index of hydrogen deficiency of 1 indicating that there i

is one ring or pi bond.

2.75

H

H
2.4

>^^^
1.3

H
3.0

iH-NMR 6 3.0 (IH, multiplet, He), 2.4 and 2.75 (2H, multiplets; these hydrogens are not
equivalent because they cannot rotate freely), 1.3 (3H, doublet, -CH3)

Problem 13.23 Compound H, molecular formula C6H14O, readily undergoes acid-catalyzed dehydration when
warmed with phosphoric acid to give compound I, molecular formula C5HJ2 , as the major organic product. The
iR-NMR spectrum of compound H shows signals at 6 0.90 (t, 6H), 1.12 (s, 3H), 1.38 (s, IH), and 1.48 (q,

4H). The 13C-NMR spectrum of compound H shows signals at 72.98, 33.72, 25.85, and 8.16. Deduce the

structural formulas of compounds H and I.

From the molecular formula, there is a hydrogen deficiency index of 0, so there are no rings

or pi bonds in compound E. From the i^C-NMR peak at 72.98 there is a carbon bonded to an
-OH group. The rest of the structure can be deduced from the iH-NMR spectrum. The
chemical shifts associated with each set of hydrogens are indicated on the structure.

1.38

OH
0.90 1.48 I 1.48 0.90

CH2CH2CCn2Cn3
1 1.12

CH,

iH-NMR 6 1.48 (4H, quartet, -CH2), 1.38 (IH, singlet, -OH), 1.12 (3H, singlet, -C(OH)
CH3), 0.90 (6H, triplet, both -CH2-CH3 groups)
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Dehydration of compound H gives the following alkene as compound I:

CH,

H
^c=c^

/CH3

CH2CH3

Problem 13.24 Compound J, molecular formula C5H10O, readily decolorizes BT2 in CCI4, and is converted by

H2/Ni into compound K, molecular formula C5H12O. Following is the ^H-NMR specuiim of compound J. The
i^C-NMR spectnim of compound J shows signals at 146.12, 110.75, 71.05, and 29.38. Deduce the structural

formulas of compounds J and K.

Compound J:

C5H10O

Compound J

5 4

Chemical Shift (5)

ppm

From the reaction with Br2 and H2/Ni it is clear the compound J has a carbon-carbon double
bond. These conclusions are supported by the i^C-NMR signals corresponding to the sp^
carbons at 5 146.12 and 110.75. There is also a carbon bonded to an -OH group judging from
the signal at 5 71.05. The rest of the structure is deduced from the ^H-NMR spectrum.

1.9

H C^^"3
/C=C^ CH3

H H
S.O 60

1H-NMR 6 6.0 (IH, doublet of doublets), 4.9 and 5.2, (2H, two doublets; the vinylic

hydrogens are not equivalent and the hydrogen trans to the hydrogen on the other vinylogous
carbon has the larger signal splitting so it is the signal at 5.2), 1.9 (IH, singlet, -OH), 1.3

(6H, singlet, C-(CH3)2)

Upon hydrogenation, compound J is reduced to the alcohol shown below as compound K:

OH

CHo-CHo C CH3

CHo
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10

PrqlplQm 13.2g Following is the ^H-NMR spectrum of compound L, molecular formula C7H12. Compound L
reacts with bromine in carbon tetrachloride to give a compound of molecular formula C-j}ii2^T2. The i^C-NMR
spectrum of compound L shows signals at 150.12, 106.43, 35.44, 28.36, and 26.36. Deduce the structural
formula of compound L.

Compound L:

C7H12

Compound L

5 4

Chemical Shift (5)

ppm

The molecular formula indicates that there is an index of hydrogen deficiency of 2, so there
are two rings and/or pi bonds. The i^C-NMR indicates there is only one double bond because
there are only two resonances corresponding to sp2 carbon atoms (150.12 and 106.43)
Therefore, compound L must have one ring and one pi bond.

<[>=cH

peak^^h!-ee -CH^^"'rou ^s'f '

"^"'^' ^'^ ^'*"' *"'''^'* ^^^^' ^^"^ '^"'' ^''^"P^^' ^'^ (^"' ^^""^^

Problem 13-26 Treatment of compound M with BH3 followed by H202/NaOH gives compound N Following
are iH-NMR spectra for compounds M and N along with 13C-NMR spectral data. From this information deduce
structural formulas for compounds M and N

13
C-NMR

C7H12

(M)

1)BH3

2) H2O2. NaOH
- C7H14O

(N)

(M)

132.38
32.12
29.14
27.45

(N)

72.71

37.59
28.13
22.68
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Compound M:

C7H12

Compound M

^

4H

/

2H
/

V_,

10 6 5 4

Chemical Shift (5)

ppm

Compound N:

10

.:-:.::::,::,:,:,

^'^
CtHuO f

IH -

V-
.

13H i

i\
A i

i

' '
i

—^

—

A
\

— -i -' ^^-. —

'

1' V..;
'---.^

_^ __'-._

5 4

Chemical Shift (5)

ppm

The molecular formula for M indicates that it has an index of hydrogen deficiency of 2 so that

is has two rings and/or pi bonds. The i^C-NMR spectral data shows that there is an sp^

carbon atom (132.38). Since there must be two sp^ carbon atoms to make a pi bond, then the

molecule must be symmetric so that both sp^ carbon atoms are equivalent. This also explains

why there are so few other i^C-NMR signals. Since there is presumably only one pi bond,

then there must be one ring in the molecule. The rest of the structure can be deduced from the

^H-NMR spectrum.

iH-NMR 5 5.8 (2H, triplet, both =CH-), 2.1 (4H, multiplet; doublet of triplets, two -CH2-
groups), 1.7 (2H, quintet, the unique -CH2- group), 1.5 (4H, multiplet; triplet of triplets, two

-CH2- groups).
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Given the structural formula for M, it is clear that compound N would be the hydroboration
product, namely the alcohol shown below. This structure is consistent with the "C-NMR
spectral data provided as well as the iR-NMR spectrum.

hrnfj^ u- . * ^"J.'^^J^^"*
P^.^*^' -C(OH)H-), 2.0 (IH, sharp singlet, -OH), 1.4-1.9 (12H,

n^HprnT"^''''^'''.^"K*'^
rema.nmg hydrogens on the ring. The peaks are so broad and the

great dealofTelibim^^^^^ ' ""^ "*"'' ""' ''''' ' ^""^'^ ^'^"^ *" *^«'^ '^ "8'^' ^« '^ ^as a

ProNem 13.27 Compound O is known to contain only C, H, and O. Its mass spectrum shows a weak molecular

'm fS^witTlni ;;\'2'}
P^°";^^"tP^s ^1 '"/^ 87, 45, and 43. Its IR-NMR spectrum consists of two signals- 6

Mo^a^m ^'"^ ^ '" ' ''''° ^^^- ^°P°'' ' '^'^"'"^ ^°"""^^ for compound O consistent wTt^d;is

LT ;!J^n
^

^?k'
'*^'*"'^^ ^ molecular formula of C6H14O. There is a hydrogen deficiencyindex of 0, so there are no rmgs or pi bonds in compound O. The simplicity of the iH NMR

.ff.iiT*'"'*''^^!' ^ ^'^^^^ '"^"' «'' sy»"»"etry in the molecule, with each methyl group beineattached to a carbon with a single hydrogen atom. The only structure conTisten wi?h all ofthis information is the following ether. The chemical shifts associated Tth each^et ofhydrogens are indicated on the structure.
^"'-•dieu wiin eacn set ot

1.1 1.1

H3C CHo
I I

^

3 6HC—O—CH3 6

1.1 I I 1.1

H3C CH3
Compound O

Problem 13.28 Following are eight structural formulas along with the 13C-NMR and DEFT spectral data Giventhis data, assign each carbon in each compound its correct i3c chemical shift.

Br 22.47
22 24

13.40 43.22 I 21.00 CHo nU
(a) CHjCHjCH^HCHg „.» I ,?..„ „„. „„ V^f"" -" C) CH3CH^C=CH, (c)CH2=CHCH2CHCH3

^^C DEPT 13

51.55 "CH
43.22 CH

137.81 28.12

C_ DEPT 13c DEPT
147.70 - 137.81 "cH-

o^ ^^ ^ 2 108.33 CH2 115 26 CH
26.46 CH2 30 56 Qif 40

^
1340 Ch'

'^•^' ^"'
28.12 Ch'

" ^"3 12.23 CH3 22.26 CH,



Chapter 13: NMR Spectroscopy Solutions 369

28.72

CH3
28.72 1 49.02

(d) CHoCCHpBr

CHo
28.72

"^

"C DEPT
49.02 CH2
33.15

28.72 CH,

O
33.94 II 51.50

(g) CH3CHCOCH3
*' 19.01 '^

I 177.48
^

CH
19.01

3

u»n3Vyn2V-»v->n2V-»n3
7.5 207.8 7.5

207.8

DtPT

35.1 CH2
7.5 CH3

21.02

CH3
24.45 II 63.12 1 21.02

CH3COCH2CH^HCH3
171.17 37.21 25.05

171.17

DEPT

63.12 CH2
37.21 CH2
25.05 CH
24.45 CH3
21.02 CH3

37.6 II 30.1

(f) CH3CH2CCH3
9.2 208.7

13c

208.7

DEPT

37.6 CH2
30.1 CH3
9.2 CH3

^^C DEPT

177.48

51.50 CH3
33.94 CH
19.01 CH3

Problem 13.29 Write structural formulas for the following compounds:
(a) C2H4Br2: 5 2.5 (d, 3H) and 5.9 (q, IH)

2.5 5.9

CH3~CH Br2

(b) C4H8CI2: 6 1.60 (d, 3H), 2.15 (m, 2H), 3.72 (t, 2H). and 4.27 (m, IH)

1.6 4.27 2.15 3.72

CH3-CHCI-CH2-CH2CI

(c) C5H8Br4: 6 3.6 (s, 8H)

3.6

CHgBr
3.6 I 3.6

CHoBr—0—CHjBr
1 3.6

CHJBr

(d) C4H8O: 6 1.0 (t, 3H), 2.1 (s, 3H), and 2.4 (q, 2H)

O
1.0 2.4 II 2.1

CH3CH2—C--CH3

(e) C4H8O2: 5 1.2 (t, 3H), 2.1 (s, 3H) and 4.1 (quartet, 2H); contains an ester group

O
2.1 II 4.1 1.2

CHo—C-0—CH,-CH,
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(0 C4H802:6 1.2 (t, 3H), 2.3 (quartet, 2H) and 3.6 (s, 3H); contains an ester group

O
1.2 2.3 II 3.6

CH3-CH2—C—O—CH3

(g) C4H9Br: 5 1.1 (d, 6H), 1.9 (m, IH), and 3.4 (d, 2H)

1.1

CH3
1.1 I 3.4

CH3—CH-CHjBr

(h) C6H12O2: 6 1.5 (s, 9H) and 2.0 (s, 3H)

1.5

O CH3
2.0 II I 1.5

CH3—C-0—C-CH3
I 1.5

CH,

(i) C7H14O: 5 0.9 (t, 6H), 1.6 (sextet, 4H), and 2.4 (t, 4H)

O
0.9 1.6 2.4 II 2.4 1.6 0.9

CH3-CH2"CH2 C CH2"CH2"CH3

0) C5H10O2: 5 1.2 (d, 6H), 2.0 (s, 3H) and 5.0 (septet, IH)

5.0

O H
2.0 II I 1.2

CH3—C-O—C-CH3'
1 1.2

CH3

(k) CsHiiBr: 6 1.1 (s, 9H) and 3.2 (s, 2H)

I

3

1.1

CH,

CH3—C—CH2Br
1 1.1

CH,

(1) C7H15CI: 5 1.1 (s, 9H) and 1.6 (s, 6H)
1.1 1.6

CH, CH,
M I ' I '

CH3—C C-CI
I 1.1 I 1.6

CH3 CH3
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Problem 13.30 The percent s character of carbon participating in a C-H bond can be established by measuring the

i^C-^H coupling constant and using the relationship

percent s character = 0.2 J(i3C-iH)

The ^^C-^H coupling constant observed for methane, for example, is 125 Hz, which gives 25% s character, the

value expected for an sp^ hybridized carbon atom.

(a) Calculate the expected ^^C-iH coupling constant in ethylene and acetylene.

For ethylene and acetylene the carbon atoms are sp^ and sp hybridized and thus 33% and 50%
s character, respectively. Using the above equation gives coupling constants of 165 Hz and
250 Hz, respectively.

(b) In cyclopropane, the ^^C-^H coupUng constant is 160 Hz. What is the hybridization of carbon in

cyclopropane?

The carbon atoms in cyclopropane are (0.2)(160) = 32% s character. This corresponds
roughly to an sp^ hybridized carbon atom.
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CHAPTER 14; TNFRARED AND UTTRAVTOLET-VTSTRT E SPECTROSrOPV

14.0 OVERVIEW
• Infrared and ultraviolet-visible spectroscopy give information about functional groups. Infrared
spectroscopy provides information about molecular vibrations, while ultraviolet-visible
spectroscopy provides information about electronic transitions of pi and non-bonding
electrons. *
- The main use of infrared spectroscopy is to determine the presence or absence of certain functional groups in
a molecule.

- The main use of ultraviolet-visible spectroscopy is to study molecules with double bonds, especially
conjugated double bonds. Ultraviolet-visible spectroscopy is also used to analyze aromatic molecules and
molecules with non-bonding electrons.

14.1 INFRARED SPECTROSCOPY
• The vibrational infrared region of electromagnetic radiation has wavelengths that extend from 2 5 urn to 25
^im. For the purposes of infrared spectroscopy (IR spectroscopy) it is useful to describe infrared
radiauon in terms of a unit called the wavenumber that is defined by the following:

wavenumber =
^^'^^^ where X is wavelength

X measured in micrometers

Wavenumbers are reported in the units of cm-i.
• Atoms joined by covalent bonds can vibrate in a quantized fashion, that is only specific vibrational
energy levels are allowed. The energy of these vibrations corresponds to that of the vibrational
mtrared region. Therefore, absorption of infrared radiation of the appropriate wavelength results in a
vibrationally excited state. *

• Infrared radiation is absorbed if the frequency of radiation matches that of an allowed vibrational
transition. Furthermore, the bond(s) undergoing the vibrational transition must have a dipole momentand absorption of radiation must result in a change of that dipole moment. The greater this change in'
dipole moment, the more intense the absorption. Infrared active vibrations meet the above criteriaNote that symmetncal bonds such as those in homonuclear diatomics (Br2, O2, etc.) do not absorb infrared

'

radiation, because they do not have a dipole moment. *
• Nonlinear molecules (molecules with branches, etc.) that have n atoms will have 3n-6 allowedfundamental vibrations. The simplest vibrations are stretching and bending. Stretching vibrations canbe symmeunc or asymmetnc. Bending vibrations can be relatively comphcated motions such as scissoring
rocking, wagging, or twisting. * *'

• Useftil information may be obtained from a simplified calculation that is based upon analyzing one bond at a

sTrinrsoTS^rokysTa^^^^^^^^^

frequency of vibration = J^ [^ ^ = ^li^ ^ ,,,„^^, ^^^^
(in cm"^) 27CC y ^1 mj + mj

Here c is the speed of light (2.998 x lO^o cm/sec), N is Avogadro's number (6.022 x 1023 atoms/moDK IS the force constant of the bond in dynes/cm, and n is the reduced mass calculated as show^ aboveusmg the mass of each atom calculated as grams per atom. The mass in grams per atom is cLulaVd bydividing the mass of the element m grams per mol by Avogadro's number
• "ed'by aK^'ampr'"''

'' "^^ '"''^"''"' "^"^ ""'''"'"' ^^^'' frequencies of infrared radiation are

• The output is recorded in the form of a chart called an infrared spectrum. The horizontal axis of the chart
IS in wavelength plotted as wavenumbers (cm-i). The vertical axis of the chart is percent
transmittance, with 100% transmittance at the top and 0% transmittance at the bottomRemember that 100% transmittance corresponds to no absorption. Thus, absorption peaks areactually recorded as inverted signals that start at the top, come down to a point corresponding to maximmnabsorption, then go back to the top. [Understanding this now mil save a lot ofconfi^on whenUcoZ7?o
interpretation ofIR spectra.] * '^

"

wid?KB? i?mey arefohds"'
'^^^^' ^^^ ^"^ "'"^"^ "^^^ '^ ^^^ ^^ "^"''^' ""' ^°"»P^^^d wafers mixed
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- Most IR spectra are very complex. This is because besides the fundamental vibration absorptions

discussed above, there are overtones and coupling peaks. Overtones are higher frequency

harmonic vibrations of fundamental vibrations that occur at integral multiples. For example, an

absorption at 600 cm-i can have weaker overtone peaks at 1200 cm-i, 1800 cm-^ and 2400 cm-i.

Coupling peaks result from the coupling of two vibrations by addition or subtraction in certam

allowed combinations.
- Characteristic absorptions for different functional groups are recorded in correlation tables, ine

intensity of a particular absorption is referred to as being strong (s), medium (m), or weak (w).

- In general, most attention is paid to the region from 3500 cm-i to 1000 cm-i of an infrared spectrum, because

most functional groups have characteristic absorptions in this area. Absorptions in the 1000 cm-
1
to

400 cm-i are much more complex and difficult to analyze, so this area is referred to as the fingerprmt

region.

14.2 INTERPRETING INFRARED SPECTRA
. Alkanes have C-H stretching vibrations near 2850-3000 cm-i and methylene bendmg at 1450 cm-*.

. Alkenes have a vinylic C-H stretch near 3000 cm-i. The C=C stretching near 1600-1680 cm-i is

often weak and may not be visible. .

. Alkynes with a hydrogen on the triple bonded carbon have a C-H stretchmg vibration near 3300

cm-i that is usually sharp and strong. The C=C stretching occurs at 2150 cm-i

. Alcohols have an OH stretch that depends on the amount of hydrogen bondmg present m the

sample Normally, alcohol samples show extensive hydrogen bonding and a broad absorption near

3200-3650 cm-i. The C-0 stretch occurs at 1050 cm-i, 1100 cmS and 1150 cm-i for primary,

secondary, and tertiary alcohols, respectively.

• Ethers have a strong C-O stretch near 1000 to 1150 cm-i.
.

. Carbonyl-containing species such as aldehydes, ketones, carboxylic acids, and carboxylic acid denvatives

also have very strong and characteristic IR absorptions in 1630 cm-i to 1810 cm-i region. As a

result, infrared spectroscopy is especially useful for characterizing these species.

14.3 ULTRAVIOLET-VISIBLE SPECTROSCOPY
. . w-

• Absorption of ultraviolet-visible region electromagnetic radiation corresponds to transitions in

molecules between electronic energy levels of pi and nonbonding electrons. As a result,

ultraviolet-visible spectroscopy is most useful for only those molecules with pi or nonbondmg electrons. *
. The vacuum ultraviolet region refers to wavelengths below 200 nm and this region is not general y used. The

near ultraviolet extends from 200 to 400 nm, and the visible region extends from 400 nm (violet light) to 700

. Ultraviolet and visible spectra are recorded as a chart of wavelength along the horizorital axis and

absorbance (A) on the vertical axis. Absorbance is a surprisingly complicated measure, and is detined as:

In
Absorbance (A) = log

Here I© is the intensity of radiation incident on the sample, and I is die intensity of radiation

leaving the sample. * ^ . i u d
• The relationship between absorbance, concentration, and length of sample is known as die Beer-

Lambert law:

Absorbance (A) = eel

Here e is a proportionality constant called die molar absorptivity, c is die concentration of the solute in

mol/liter and I is die length of the cell in cm.
- This relationship means diat absorbance is linearly dependent on concentration.

- The value of e ranges from to 10^ for different molecules, and absorpdons widi e greater dian 10^ are

considered high-intensity absorptions. ,-.•*• p i „*^^„o
• Absorption of radiaUon in die near ultraviolet-visible spectrum results m a transition ot electrons

from a lower energy occupied molecular orbital to a higher energy unoccupied molecular

orbital The energy of diis radiation can cause n-^n* transitions and n^Tt* transitions, involving

interactions widi pi and nonbonding electrons, respecUvely. Important examples of diese mclude die excitation

of pi electrons in molecules widi conjugated pi systems, and excimuon of die nonbonding electrons on me

oxygen atom of carbonyl groups. On die other hand, ultraviolet-visible radiation is not of sufTicient

energy to affect electrons in sigma bonding molecular orbitals.

I
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between the various vibrations and rotations are superposed on the electronic absorptions.

These are so closely spaced, that they are not resolved but appear as a broad band. This phenomenon
emphasizes that ultraviolet-visible radiation is of higher energy than infrared radiation, and the corresponding

absorption of ultraviolet-visible radiation involves higher energy transitions as well.

The more double bonds that are conjugated to each odier, the smaller the energy spacing between the

highest occupied n orbital, and the lowest unoccupied n* orbital. Thus, the greater the number
of the conjugated double bonds, the lower the wavelength (more toward the visible region) of

the observed absorption.
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CHAPTER 14
Solutions to the Problems

Problem 14.1 Which is higher in energy?

(a) Infrared radiation of wavelength 1715 cm-^ or 2800 cm-^?

The higher the wavenumber, the higher the energy. As a result, 2800 cm-i is higher energy

than 1705 cm-i.

(b) Microwave radiation of frequency 300 MHz or 60 Hz?

Energy is directly proportional to frequency, so 300 MHz is higher energy than 60 Hz.

Problem 14.2 Without doing the calculation, which member of each pair do you expect to occur at the higher

wavenumber?
(a) C=0 or C=C stretching?

We must assume that C=0 and C=C have similar force constants, since no actual values were
provided. Using this assumption, the C=C bond vibrational absorption is predicted to occur

at a higher wavenumber. The atomic weight of C is lower than O, and the frequency of

vibration is predicted to be higher for bonds with atoms of lower atomic weight.

(b) C=0 or C-0 stretching?

Double bonds have higher force constants than single bonds, so the C=0 bond will have a

stretching frequency that occurs at a higher wavenumber than C-0.

(c) C^ and C=C stretching?

Triple bonds have higher force constants than double bonds, so the C=C bond will have a

stretching frequency that occurs at a higher wavenumber than C=C.

(d) C-H or C-Cl stretching?

Assuming that C-H and C-Cl have similar force constants, then the C-H will have an
absorbance at a higher wavenumber because the atomic weight of H is much smaller than CI.

Problem 14.3 A compound shows strong, very broad IR absorption in the region 3300-3600 cm-i and strong

absorption at 1715 cm-^ What functional groups account for these absorptions?

The very broad IR absorption centered at 3300-3600 cm-i corresponds to C-H stretching and

the strong absorption at 1715 cm-i corresponds to a carbonyl C=0 stretch.

Problem 14.4 Propanoic acid and methyl ethanoate are constitutional isomers. Show how to distinguish between

them by IR spectroscopy.

CH3CH2(!:OH CH3COCH3

Propanoic acid Methyl ethanoate

(Methyl acetate)

The key difference between these constitutional isomers is the OH group of propanoic acid

that is not present in methyl ethanoate. The -OH group will show a strong, broad O-H stretch

near 3300-3650 cm-i in the IR spectrum of propanoic acid that will be absent in the spectrum
of methyl ethanoate. Note that both spectra will have C-H stretching absorptions near 3000
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cm-1, C-O stretching absorptions at 1100 cm-^, and a strong C=0 stretching absorption near
1715 cm-i.

Problem 14.5 Wavelengths in ultraviolet-visible spectroscopy are commonly expressed in nanometers;
wavelengths in infrared spectroscopy are commonly expressed in micrometers. Carry out the following

conversions:

(a) 2.5 |Jjn to nanometers. 2.5 \xm is equal to 2500 nm.
(b) 200 nm to micrometers. 200 nm is equal to 0.2 jim.

Problem 14.6 The visible spectrum of the tetraterpene P-carotene (C40H56, MW 536.89, the orange pigment in

carrots) dissolved in hexane shows intense absorption maxima at 463 nm and 494 nm, both in the blue-green
region. Because light of these wavelengths is absorbed by p-carotene, we perceive the color of this compound as
that of the complement to blue-green, namely, red-orange.

P-Carotene

X^ax 463 (log e 5.10): 494 (log e 4.77)

Calculate the concentration in miUigrams per milliliter of P-carotene that gives an absorbance of 1.8 at X^^^ 463.

c = 1.8/(1.00 cm)(105 10) = 1.43 x 10-5 mol/liter

The molecular weight of p-carotene, C40H56, is (12 x 40) + (1 x 56) = 536 g/mol.
Concentration in units of milligrams per milliliter is equal to the value of concentration of
grams per liter, so:

c = (1.43 X 10-5 mol/liter)(536 g/mol) = 7.7 x 10-3 g/liter

I
= 7.7 x 10-3 milligram / milliliter.

Problem 14.7 In molecular mechanics calculations, the energy requked to stretch or compress a bond is given by
Eb = ^b (r - fo)^ where k^ is a constant for a given type of bond, Tq is the equihbrium bond length, and r is the
length of the bond in the stretched or compressed state. Values of these parameters for some common types of
bonds are shown in the table:

''5% ''10% Ego/^ stretch ^^0% stret
Bond type (kcal/molnm^) (nm) (nm) (nm) kcal/mol

ch

kcal/mol

C=0 58.0x10^ 0.123 0.0062 0.0123 2.23

C(spVC(sp^) 20.0x10^ 0.153 0.0077 0.015 1.19

C(spVh 30.0x10^ 0.108 0.0054 0.010 0.875

O-H 45.0 xlO^ 0.096 0.0048 0.010 1.04

8.78

4.68

3.50

4.15

How much energy is required to stretch each type of bond by 5% of its length? By 10% of its length?

The answers in the table were calculated using the equation given in the question.
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Problem 14.8 In molecular mechanics calculations, the energy required to bend a bond is given by E^ = kq (q -

qo)^ where kq is a constant for a given type of bond, qo is the equilibrium bond angle, and q is the angle of the

bond in its bent state. Values of these parameters for some common types of bonds are shown in the table.

'^q ^o ^5% bend ^^o% bend

Bond type (kcal/mol-radians^) (degrees) (radians) kcal/mol kcal/mol

C(spO-C=0 86 121.6 2.12 0.966 3.86

C(sp3)-C(sp^)-C(sp^) 70 109.5 1.91 0.638 2.55

H-C(sp^)-H 40 109.5 1.91 0.365 1.46

C(sp3)-C(sp3)-0 50 109.5 1.91 0.456 1.82

How much energy is required to bend each type of bond by 5% ? By 10% ?

The answers are included in the table. The angle must be converted from degrees to radians

(radians = degrees x 0.01745), since the bending constant is given in radians.

Problem 14.9 Given your answers to the two previous problems, is it easier to bend bonds or to stretch bonds?

As can be seen in the tables, it is easier (takes less energy) to bend bonds than to stretch

them.

Infrared Spectra
Problem 14.10 Following are infrared spectra of methylenecyclopentane and 2,3-dimethyl-2-butene. Assign each

compound its correct spectrum.

Micrometers

6 7

4000 3600 3200 2800 2000 1800 1600 1400 1200

Wavenumber (cm-')

800 600 400
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Micrometers

3600 2000 1800 1600 1400 1200

Wavenumber (cm-')

800 600

Both molecules have several C-H bonds and thus both spectra have C-H stretches and C-H
bending vibrations at 2900 cm-i and 1450 cm-i, respectively. The alkene in
methylenecyclopentane is unsymmetrical and therefore has a permanent dipole, so the C=C
stretching will have a prominent band at 1654 cm-i as seen in the first spectrum. On the other
hand, 2,3-dimethyl-2-butene has a symmetrically substituted carbon-carbon double bond with
no permanent dipole, so no C=C stretching should be prominent. In addition, the four methyl
groups of 2,3-dimethyl-2-butene should give a prominent CH3 bending band at 1375 cm-i as
IS seen in the second spectrum.

Ihus, the first spectrum corresponds to methylenecyclopentane and the second spectrum
corresponds to 2,3-dimethyl-2-butene.

Problem 14.11 Following are infrared spectra of nonane and 1-hexanol. Assign each comDound its correct
spectrum.

o t-

Micrometers

4000 3600 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm-')

600

i
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Micrometers

3600 1800 1600 1400 1200

Wavenumber (cm-')

Both compounds have C-H bonds, so both spectra have C-H stretches and bends at 2900 cm-i

and 1450 cm-i, respectively. Furthermore, both compounds have methyl groups so both

spectra have methyl bending vibrations at 1375 cm-i. On the other hand, the 1-hexanol has an

OH group, that will give rise to an 0-H and C-0 stretching vibrations at 3340 cm-i and 1050

cm-i, respectively.

These two features are in the second spectra, so the second spectra must correspond to

the 1-hexanol and the first spectra must correspond to nonane.

Problem 14.12 Following are infrared spectra of 2-methyl-l-butanol and tert-butyl methyl ether. Assign each

compound its correct spectra.

Micrometers

2000 1800 1600 1400 1200 1000

Wavenumber (cm-')

400

I
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Micrometers

1800 1600 1400 1200

Wavenumber (cm-')

The molecules are extremely similar except for the -OH group present in the 2-methvl-l.
butanol. The characteristic O-H stretch is present at 3625 cm-i in the second s^^trum

!hJVT^'^^ }^^^ ^^^ ^^^^"^ spectrum corresponds to 2-methyl.l.butanoi. Thereforethe first spectrum corresponds to rgrz-butyl methyl ether.
mererore,

Problem 14,n The IR C=C stretching absorption in symmetrical alkynes is usuaUy absent. Why is this so?

m^fcf^ho®"^
Vibration to have a corresponding absorption of high intensity in the IR that bondmust have a dipole moment, and absorption of energy must result in a larae chflnap 'in tha?

brJ'.'lirr'- ""^f
^^'^'V^trical alkynes, there is Z dipole moment a socLLdlkhth

?R^'anristua?ly ablent''"^^
'" '"^^'^ "«"^^"' ^^^^^''^^^ -^'^ »>-^ stmch1nl'%ts,''tfe

IJtfravinlPl.VUihlp Kp^n^f^

ct'ScopJ."
^""^ ""^ '° ^'"^"^''^ '^'""^" 1,3-cyclohexadiene and 1,4-cyclohexadiene by ultraviolet

1 ,3-CycIohexadiene
1 ,4-Cyclohexadiene

-h H"

Pyridine Pyridinium ion
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1

When the pyridium ion is protonated, the lone pair of electrons on nitrogen is tied up in a

bond to hydrogen. As a result, it is lower in energy compared with the unprotonated form, so

it takes more energy to promote one of these electrons into the n* orbital. Therefore,

protonation shifts the absorbance peak to lower wavelength (higher energy).

Prohlem 14.16 The weight of proteins or nucleic acids in solution is commonly determined by UV spectroscopy

using the Beer-Lambert law. For example, the e of double-stranded DNA at 260 nm is 6670 M^cm-i. The

formula weight of the repeating unit in DNA (650) can be used as the molecular weight. What is the weight of

DNA in 2.0 mL of aqueous buffer if the absorbance, measured in a 1-cm cuvette, is 0.75?

According to the Beer-Lambert law:

0.75 = (6670)(l)(x)

where x equals the unknown concentration of DNA in mol per liter. Rearranging gives:

X = 0.75/(6670)(l) = L12 x lO'^ mol/liter

The molecular weight used is that of a single base pair of DNA, namely 650 grams/mol.

Furthermore, there is a total of 2.0 mL of solution, so the total weight of double stranded

DNA in the sample is:

(1.12 X 10-4 mol/liter)(650 grams/mol)(2.0 x 10-3 liter) =

1.46 X 10-^ gram
|

Problem 14.17 A sample of adenosine triphosphate (ATP) (MW 507, e = 14,700 M-^cm-i at 257 nm) is

dissolved in 5.0 mL of buffer. A 250-hL aliquot is removed and placed in a 1-cm cuvette with sufficient buffer to

give a total volume of 2.0 mL. The absorbance of the sample at 257 nm is 1.15. Calculate the weight of ATP m
die original 5.0-mL sample.

The concentration of sample in the cuvette can be determined by using the Beer-Lambert law

as follows:

1.15 = (14,700)(1.0 cm)(x mol/liter)

X = 1.15/14,700 = 7.82 x 10-5 mol/liter

The sample measured in the cuvette is actually diluted 0.250 in 2.0 or 1 in 8 compared to the

original unknown sample, so the concentration of ATP in the original unknown sample is:

(8)(7.82 X 10-5) = 6.26 x 10"^ mol/liter

Since there is a total of 5.0 mL or 5 x 10-3 nter and ATP has a MW = 507 grams/mol then the

weight of ATP in the original sample can be calculated as:

6.26 X 10-4 mol/liter = (x grams)/(506 grams/mol)(5 x 10-3 nters)

X = (6.26 X 10-4)(5 X 10-3 liters)(506) =

1.59 X 10-3 grams = 1.59 mg
|

Problem 14.18 Biochemical molecules are frequenUy sold by optical density (OD) units, where one OD unit is the

amount of compound that gives an absorbance of 1 .0 at its UV maximum in 1 .0 mL of solvent in a 1 -cm cuvette.

If the cost of 10.0 OD units of a DNA polymer, e = 6600 M-icm-i at 262 nm, is $51, what is the cost per gram of

this biochemical?

According to the information given, 10.0 OD units is equal to the following amount of

compound in LO mL (1 x 10-3 liters). Recall from problem 14.17 that the molecular weight

used for DNA is 650 g/mol:
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10.0 = (6600)(1 cm)(l/650 g/moI)(x grams/1 x 10-3 liters)
X = (650 g/inol)(10.0)(l x 10-3 liters)/(6600) = 9.8 x 10-^ grams

Converting to dollars per gram gives:

(x dollarsVgram = ($51)7(9.8 x 10-^ gram)
I

= $52,000 !

UV-visihlP Spectrosronv: nnfirni ripn.j(y fr^p)

.r^alZVl '^u
^^^;Lambert law applies to IR spectroscopy as weU as to UV. Whereas ultraviolet spectra

are a plot of absorbance (A) versus wavelength, IR spectra are a plot of percent transmittance (%T) versuswavenumber. Absorbance and percent transmittance are related in the following way:

T
Absorbance (A) = log —2_

T

where Tq is the baseline (100%) transmittance; and T is the transmittance at the peak.
(a) What is the absorbance of a peak with 10% transmittance in an IR spectrum?

Absorbance = log (100%/10%) = log (10) = 1.0

(b) If the concentrauon of this sample is halved, how does the absorbance and percent transmittance change?

hal!'/
concentration of the sample is halved, the absorbance is halved as well. On the otherhand, the change m transmittance is harder to calculate and is given by:

0.5 = log (To/T) so 10.005 = To/T = 3.16
thus T = To/3.16 so it is decreased by 31%

Combined Snecfral Prn^^i^ni'i

g-oblem 14.20 Compound A, a hydrocarbon, bp 81°C, decolorizes a solution of bromine in carbon tetrachloride

0^20

m/z
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(a) What is the molecular formula of compound A?

Based on the mass spectrum, compound A has a MW of 82. This is only possible for a

hydrocarbon with a molecular formula of CeHio-

(b) From its molecular formula, calculate the index of hydrogen deficiency of compound A. How many rings are

possible for this compounds? How many pi bonds?

The index of hydrogen deficiency for compound A is 2. Compound A could have 2 rings, 2 pi

bonds, 1 ring and 1 double bond, or 1 triple bond.

(c) Propose a structural formula for compound A consistent with the specUid information.

Because compound A decolorizes the bromine solution, it must have at least 1 pi bond.

Furthermore, the iH-NMR shows only two types of hydrogens and the IR does not show any

alkene or alkyne stretching vibrations. Thus, compound B is a highly symmetrical compound,

and must be 3-hexyne.

1.1 2. IS 2. IS 1.1

CH3CH2C=CCH2CH3

3-Hexyne
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(d) Account for the presence of peaks in the mass spectrum of compound A at miz 67, 53, 41, 29, and 15.

J}^1.^^^^ ^^ ^.^^
^'^ corresponds to [CH3CH2C-CCH2]^ the peak at mIz 53 corresponds to

ICH3CH2C=C]+, the peak at mIz 41 corresponds to [CH2=CH-CH2]+, the peak at m/z 29
corresponds to [CH3CH2]+, and the peak at mIz 15 corresponds to [CH3]+.

(e) The 13C-NMR spectrum of compound A shows peaks at 6 12.4, 14.4, and 80.9. Assign each carbon in
compound A its appropriate i^C chemical shift.

The chemical shift becomes larger as the carbon atoms get closer to the center of the molecule

fhl"flc,io^ ot ^'I'/f''"i.'i?'''^^P''"'*u^''
^^^ ''8"^' at 6 12.4, the -CH2- carbons correspond tothe signal at 5 14.4, and the -C^ carbons correspond to the signal at 5 80.9.

12.4 80.9 14.4

CH3CH2C=CCH2CH3
14.4 80.9 12.4

^IsnLmi Compound B is a liquid bp 122<^C Following are its iR-NMR spectrum and infrared spectrum.Compound B shows a molecular ion peak at mIz 1 36 and an M+2 peak of almost equal intensity at mIz 138.

Micrometers

1800 1600 1400 1200

Wavenumber (cm-')

Compound B

10
5 4

Chemical Shift (6)

ppn
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(a) From this information, deduce the structural formula of compound B.

From the mass spectrum, the MW is 136. The IR shows no alkenes or alcohols. The ^H-

NMR shows that there are three types of hydrogens in a 2:1:6 ratio. These ratios along with

the observed splitting pattern correspond to a (CH3)2CH-CH2- group. This piece has a

molecular weight of 57 leaving 79 in the formula. Since bromine corresponds to 79, this

means the spectra corresponds to isobutyl bromide.
1.1

CH,

1.1

CH

I 2.0

XHjBr
Isobutyl bromide

(b) Account for the presence of peaks in its mass spectrum at mlz 138, 136, 123, 121, 43, and 41.

The peak at mlz 138 corresponds to C4H98iBr, the peak at mlz 136 corresponds to C4H9'79Br,

the peak at mlz 123 corresponds to loss of a methyl group [CH3-CH-CH2-Br]+, the peak at

mlz 111 corresponds to [CH2=C-CH2-Br]+, the peak at mlz 43 corresponds to [CH3-CH-

CHs)]-^, and the peak at mlz 41 corresponds to [CH2=CH-CH2]+.

(c) The DEPT i^C-NMR spectrum of compound B shows signals at 5 21.0 (CH3), 30.47 (CH), and 42.45

(CH2). Assign each carbon in compound B its appropriate i^c chemical shift

The chemical shifts of the carbon atom signals increase as they get closer to the bromine atom.

Thus, the methyl groups correspond to the signal at 5 21.0, the CH carbon atom corresponds

to the signal at 6 30.47, and the -CH2-Br carbon atom corresponds to the signal at 5 42.45.

21.0

CH,

CHa"
,CH 42.45

Problem 14.22 Compound C, C4H8O is a liquid, bp 9TC. Following are its ^H-NMR spectrum and IR

spectrum.

C4H8O2

Compound C

5 4

Chemical Shift (5)

ppm
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Micrometers

6 7

4000 3600 3200 2400 1800 1600 1400 1200

Wavenumber (cm-')

1000 800 600

(a) What is the index of hydrogen deficiency of compound C? How many pi bonds can it contain?

The index of hydrogen deHciency is 1, so compound C must contain 1 ring or 1 pi bond.

(b) What infonnation can you get from the infrared spectrum about the oxygen-containing functional group?

The broad peak at 3400 cm-i indicates the oxygen atom is contained in an -OH group.

(c) What information can you learn from the iH-NMR spectrum about the presence or absence of vinvlic
hydrogens. ^

The multiplet at 5 5.9 and two doublets near 5 5.1 are classic vinylic hydrogen signals
indicating the presence of a double bond in the molecule. Since there are a total of three ofthem, the double bond must be on the end of the molecule as opposed to being in the middle ofa cnam.

(d) Propose a structural formula for compound C consistent with the spectral and chemical information.
2.5

OH
1-3 I 4.3 5.8 5.1-5.3

CH3-CH-CH=CH2

3-buten-2-o!

f

This structure is confirmed by the iH-NMR since there is a methyl signal integrating to 3hydrogens at 6 1.3. Since this peak is a doublet, it must be adjacent to a Se K^^these considerations limit the possibilities to the structure shown above. Thf singletintegrating to 1 hydrogen at 5 2.5 is the alcohol hydrogen.
^

(e) Account for the presence of peaks in Uie mass spectrum of compound C at m/z 71, 57, 45, 27, and 15.

Consistent with other alcohols, the peak at m/z 71 is assigned as:

+ 0H
II

CH3-C-CH=CH2
The peak at m/z 57 results from loss of a methyl group:

+ 0H
II

CH-CH=CH2

and
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The peak at miz 45 results from cleavage on the other side of the alcohol:

+ 0H
II

CH3-CH

The peak at mIz 27 is the other part of that fragmentation, namely [CH2=CH]+ and the peak at

mIz 15 is the methyl group [CH3]+.

(0 Account for the splitting patterns of single hydrogens at 5 5.1, 5.3, and 5.8. {Hint: Review the iH-NMR
spectrum of vinyl acetate (Figure 13.19)..

The two terminal hydrogens on the alkene are in different environments, so they both couple

to the =CH- hydrogen. This same =CH- hydrogen is also split by the adjacent hydrogen on

the alcoholic carbon atom. Thus, the signal at 6 5.8, the =CH- hydrogen, is actually a doublet

of doublet of doublets. The coupling between the two terminal hydrogens is very small and

not observed in this spectrum. Thus, each of the terminal hydrogens gives rise to a doublet,

split by the =CH- hydrogen. Recall that the coupling between trans vinylic hydrogens is

stronger than between cis hydrogens, so the terminal vinylic hydrogens are assigned as on the

structure below.
2.5

OH
1.3 I 4.3 S3

CH3-CH H

C=C
/ N

H H
S.« 5.1

(g) The 13C-NMR spectrum of compound C shows peaks at 5 23.1, 68.92, 113.5, and 143.3. Assign these

peaks to the appropriate carbon on compound C.

The signal at 6 23.1 corresponds to the methyl carbon atom, the signal at 5 68.92 corresponds

to the carbon with the -OH group attached, the signal at 5 113.5 corresponds to the terminal

sp2 carbon (=CH2), and the signal at 5 143.3 corresponds to the sp^ carbon atom (-CH=) that

is adjacent to the carbon with the -OH group attached.

OH
23.1 I 143.3

CH,-CH-CH=CH,
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CHAPTER 15: ALDEHYDES AND KETONES

SUMMARY OF REACTIONS
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).I4C

ISE
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ISF
I3.1ZB

15G
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ISJ
S.IOB

Alcohols
15K
S.IB

ISL
13.tB

Aldehydes, Ketones
Amines r5w

D.IOA 13.I0A

Grignard Reagents
ISO
I3.«A

Aldehydes, Ketones
Organollthlum Reagents

ISF
I3.CB

Aldehydes, Ketones
Phosphonium Vlldes

ISQ
15.7

Aldehydes, Ketones
Terminal Alkynes

I3.6C

Thiols
13.»

'

1,3-Dithianes liT

1,3-Dlthlanes

Alkyl Halldes isu

Keto
S.IIB

Ketones isw
3.1$B

Methyl Ketones isx
13.12

*Section int)ook thatde scri besi eacl ion.

REACTION 15A: OXIDATION OF AN ALDEHYDE TO A CARBOXYLIC ACID (Section
15.13A)

—c-c:
H

Ag(NH3);
NH3, H2O

I P—c~c:

- Aldehydes are easily oxidized to carboxylic acids by various oxidizing agents including the Tollens'reagen shown above, as well as KMnOa, K2Cr207, H2O2, and O2. inie Tollens' reagent is
especially interesting because a silver mirror can deposit on the side of the flask as the reaction is carried
out. ^i^

Note that aldehydes will react with molecular oxygen to give carboxylic acids, so liquid aldehydes are
usually stored under an inert atmosphere, such as pure nitrogen, for long term-storage.

REACTION 15B: CATALYTIC REDUCTION (Section 15.14B)

O OH
II Pt

I—C— + H2 — —
I

H
Aldehydes and ketones are easily reduced to alcohols in the presence of hydrogen and catalysts
such as platinum, palladium, nickel, ruthenium or a copper-chromium complex *
Untortunately, other funcuonal groups that may be present in a molecule, such as double and triple bondsmay also be reduced under these conditions. As a result, the metal hydride reductions described below ar4more common. ^^yjw ai^^
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REACTION 15C; METAL HYDRIDE REDUCTIONS (Section 15.14C)

O OH
II 1)NaBH4

I—^—
2)H20 " —^-

H

- Aldehydes are reduced by sodium borohydride (NaBH4) in methanol, ethanol, or mixtures of these

solvents with water to form the corresponding alcohols. Water is required to convert the initially formed

tetraalkoxyborate into the product alcohol and boric acid salts.*

- Lithium aluminum hydride (LiAlHO also reduces aldehydes and ketones to alcohols. LiAlH4 reacts violently

with water and other protic solvents, so the first step of the reactions is carried out in aprotic solvents, such
,

as diethyl ether or tetrahydrofuran. Once the tetraalkoxy aluminate is formed, it is reacted with water in a

second step to generate the product alcohol. LiAIH4 also reduces carboxylic acids and their

derivatives, whereas NaBH4 does not. Neither reagent will reduce carbon-carbon double bonds.

- The mechanism of the reaction involves an initial transfer of a nucleophilic hydride ion from the metal reagent

to the electrophilic carbon atom of the carbonyl group. A negatively-charged alkoxide species (negative

charge on the oxygen atom) that makes an ionic bond to the metal is the product of this step. This process

repeats itself three more times until all of the reducing equivalents are used up. The resulting tetraalkoxy

metal species are then hydrolyzed by water to form the product alcohols.

REACTION 15D: REDUCTION OF A CARBONYL GROUP TO A METHYLENE GROUP
(Section 15.14C)

O Zn(Hg). HCI h
II or I—C— —C

—

1)H2NNH2
^

2)KOH
- Aldehydes and ketones can be reduced to the corresponding methylene compounds by either of

two reactions. The first, the Clemmensen reduction,uses amalgamated zinc, Zn(Hg), in concentrated

HCI. The second reaction, the Wolff-Kishner reduction, uses treatment with hydrazine to form a

hydrazone (Reaction 15J, Section 15.10B), that is then converted to the methylene compound by reaction

with potassium hydroxide. *
- Notice that the Clemmensen reduction uses acid, while the Wolff-Kishner reduction uses base. Thus, the

Clemmensen reduction can be used with molecules that have other groups sensitive to base but not acid,

while the Wolff-Kishner reduction can be used with molecules that have other groups sensitive to acid but

not base.

REACTION 15E: REACTION WITH HCN TO FORM CYANOHYDRINS (Section 15.6)

O C'=N
II ^^. ^, NaC=N I— — + HC=N —C—

I

OH
- Aldehydes and ketones react with HCN to form cyanohydrins. Equilibrium favors cyanohydrin

formation for aldehydes and most ketones, except for sterically hindered aliphatic or aryl ketones. *
- The mechanism of cyanohydrin formation involves an initial attack of the nucleophihc cyanide ion on the

electrophilic carbonyl carbon atom. The resulting tetrahedral carbonyl addition intermediate is protonated to

give the final product.
- The main value of cyanohydrins is that they can be converted via dehydration into a,p-unsaturated nitrilcs, or

via acid-catalyzed hydrolysis to a-hydroxycarboxylic acids, or converted to a-aminoalcohols using catalytic

hydrogenation.
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REACTION 15F; DEUTERIUM EXCHANGE AT AN a-CARBON (Section 15.12B)

O
I

O I

- Hydrogen atoms on the a-carbon atoms of aldehydes and ketones can be exchanged with
deuterium in the presence of acid or base catalysts. *

- The mechanism involves acid- or base-catalyzed enol formation, followed by incorporation of the deuterium
as the enol form converts back to the keto form.

- This is a usefol method from preparing deuterated samples, including the deuterated solvents like acetone-dA
* used as an NMR solvent.

REACTION 15G: HYDRATION (Section 15.8A)

O OH
II

I—C— + H2O -;—- —C—
I

OH
- Aldehydes and ketones react with water to form 1,1-dioIs, also referred to as geminal diols *
"

I^^w^LT °f,^"»^\b"""^ P/tly favors the carbonyl form rather than the diol form for most ketones, and
all but the most smiple aldehydes such as formaldehyde.

REACTION 15H: ACIDITY OF THE a-HYDROGEN; ENOLATE FORMATION (Section
15.11 A)

II la Base ^|| . |'
I

H
"

^n^rlTr^H i^lT'-S?
^^ "-carbon atoms Of aldehydes and ketones are relatively acidic (pKa ~ 18)for a C-H bond. This is because the resulting anion, called an enolate, is resonance stabilized asshown by the two resonance forms drawn above. *

"

^ulf? u^
important because they are strong nucleophiles, capable of reacting with electrophiles includingother carbonyl groups thereby forming carbon-carbon bonds

ccuupiuicb muuomg

"

m^'ctio^srsecdl^
of b^e-promoted ructions such as halogenation at an a-carbon^Keaction 151, bection 15.12C) and the haloform reacaon (Reaction 15X, Section 15.12C).

REACTION 151: HALOGENATION AT THE a-CARBON (Section 15.12C)

—r-r- . y Acid
|| |C—C~ + X2 —0—C— + HX

I or Base i

H X
Hydrogen atoms on the a-carbon atoms of aldehydes and ketones can be exchanged for ahalogen atom m the presence of acid or base *

S'e'eS^Twe'^ond.""'''
'"'''^''' acid-catalyzed enol formation, followed by reaction of X2 with

In base, die mechanism involves formation of the enolate anion, Uiat reacts with X, to eive theproduct Since one mol of base is consumed for each mol of starting material used the reaction is base-promo ed (as opposed to base-catalyzed). The resulting a-halogenated aldehyde or ketone \s eveneasier to deprotonate Uian die starting aldehyde or kefone, so successive base-promoted
halogenation becomes more and more rapid. Thus, as opposed to acid-catalyzed a-halogentaion Uie
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base-promoted reaction is not generally synthetically useful because it cannot be reliably stopped after a

single substitution.

REACTION 15J: ADDITION OF HYDRAZINE AND ITS DERIVATIVES (Section 15.10B)

I I

C=0 + H2NNH— - C=NNH

—

I

"

I

- Hydrazine (NH2NH2) and its derivatives react with aldehydes and ketones to produce

hydrazones.*

REACTION 15K: ADDITION OF ALCOHOLS TO FORM ACETALS (Section 15.8B)

^ J. , I
"* III

0=C + 2 —C'-OH ^ —C'-O—C—O—C— + HpOII III
- Aldehydes and ketones react with alcohols in the presence of an acid catalyst to generate an acetal.

The process is reversible, so adding excess alcohol drives the reaction toward acetal formation, adding

excess water drives the reaction the other way. *
- The reaction is initiated by reversible protonation of the carbonyl oxygen atom. This makes the carbonyl

group electrophilic enough to react with the nucleophilic oxygen atom of an alcohol, and following loss of a
proton, a hemiacetal is formed. Next, the oxygen atom of the remaining -OH group is protonatcd to

generate a positively-charged oxonium ion that then leaves to produce a highly electrophilic cation. Another
nucleophilic alcohol molecule reacts with this cation then loses a proton to generate the final acetal product.

Acetals are generally more stable than hemiacetals, so acetals are usually the product isolated from the

reaction.

- Diols such as ethylene glycol, produce cyclic acetals, that can be used as base-stable protecting groups for

the carbonyl groups of aldehydes and ketones.

REACTION 15L: ADDITION OF ALCOHOLS TO FORM HEMIACETALS (Section 15.8B)

I I

H^ II
0=C + —C'-OH , " HO-C-O-C—II II

- Aldehydes and ketones react with alcohols in the presence of acid catalysts to generate

hemiacetals. Usually, the reaction immediately continues with addition of another molecule of alcohol to

form the more stable acetal (Reaction 15K, Section 15.8B), and the hemiacetal cannot be isolated.

- The reaction is initiated by reversible protonation of the carbonyl oxygen atom. This makes the carbonyl

group electrophilic enough to react with the nucleophilic oxygen atom of an alcohol, and following loss of a

proton, a hemiacetal is formed.
- Hemiacetal formation is highly favored when the -OH and carbonyl group are part of the same molecule and
can form a hemiacetal with a five- or six-membered ring.

REACTION 15M: ADDITION OF SECONDARY AMINES: FORMATION OF ENAMINES
(Section 15.10A)

°-o • "O-00 HoO

Aldehydes and ketones react with secondary amines to form enamines. *
The mechanism involves an initial attack of the nucleophilic nitrogen atom on the electrophilic carbonyl

carbon atom. The proton on the nitrogen is then transferred to the oxygen to create a tetrahedral carbonyl

addition intermediate. Acid-catalyzed dehydration leads to the enamine.

Enamines are important because they are useful for certain synthetic reactions.
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REACTION 15N: ADDITION OF AMMONIA AND ITS DERIVATIVES: FORMATION OF
IMINES (Section 15.10A)

I

H^
I

0=C + H,N— . ' C=N— + H2O

I I

- Aldehydes and ketones react with ammonia and primary amines to form imines, which are also

called SchifT bases. *
- The mechanism involves an initial attack of the nucleophilic nitrogen atom on the electrophilic carbonyl
carbon atom. The proton on the nitrogen is then transferred to the oxygen to create a tetrahedral carbonyl
addition intermediate. Acid-catalyzed dehydration involving loss of another proton on the nitrogen atom
leads to the imine.

REACTION 150: REACTION WITH GRIGNARD REAGENTS (Section 15.6A)

I I _ I I HP II
0=C + —C'-MgX ^ MgX 0-C—C— »- HO—C—.C

—

II II II
- Formaldehyde, other aldehydes, and ketones react with Grignard reagents to produce primary,
secondary, and tertiary alcohols, respectively. *

- The mechanism of the reaction involves an initial attack of the nucleophilic Grignard reagent on the
electrophilic carbonyl carbon atom. The magnesium alkoxide is protonated after water is added to the
reaction to generate the product alcohol.

- Grignard reagents react with CO2 to give carboxylic acids.
- Grignard reactions are important because they involve the formation of carbon-carbon single bonds.

REACTION 15P: REACTION WITH ORGANOLITHIUM REAGENTS (Section 15.6B)

0=i . -l-Li -^ Li^O--U- "^''"^Q
. HO-i-i-II II II

- Organoiithium reagents react with aldehydes and ketones to produce alcohols. *
- The mechanism of the reaction involves an initial attack of the organoiithium reagent on the electrophilic
carbonyl carbon atom. The lithium alkoxide is protonated after water is added to the reaction to generate the
product alcohol.

- In general, organoiithium reagents are more reactive than Grignard reagents and give higher yields.

REACTION 15Q: THE WITTIG REACTION (Section 15.7)

I

Ph Ph

0=C + Ph—P^-C;- G=C' + Ph—p=o
I ^h ^ / \ ^u

- Aldehydes and ketones react with alkyltriphenylphosphonium ylides to produce alkenes and
triphenylphosphine oxide, a reaction that is referred to as a Wittig reaction. *

- The mechanism of the reaction involves cycloaddition of the alkyltriphenylphosphonium ylide with the
aldehyde or ketone carbonyl to form a four-membered ring oxaphosphetane intermediate. Upon warming,
the oxaphosphetane intermediate decomposes to give the alkene and triphenylphosphine oxide.

- This reaction is important because it involves the formation of a carbon-carbon double bond from two
different fragments.

- The alkyltriphenylphosphonium ylide is produced by an Sn2 reaction between the nucleophilic
alkyltriphenylphosphine and a primary or secondary alkyl halide to give a triphenylphosphonium halide
This IS deprotonated with a strong base such as butyllithium, NaH, or NaNH2 to give the
alkyluiphenylphosphonium yhde.
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REACTION 15R: REACTION WITH ALKALI METAL SALTS OF TERMINAL ALKYNES
(Section 15.6C)

+ _ I HCI, HpO
0=C + —C'sC" Na* NaO-C—C'=C'— —^^—

HO-C—C'sC—
I

- Aldehydes and ketones react with the alkali metal salts of terminal alkynes to produce a-

hydroxyalkynes. *
- The mechanism of the reaction involves attack of the nucleophiUc alkyne anion on the electrophihc carbonyl

carbon atom to produce a tetrahedral carbonyl addition intermediate that is protonated to give the a-

hydroxyalkyne,
- The a-hydroxyalkynes can be reacted further to produce a-hydroxyketones or

a-hydroxyaldehydes.

REACTION 15S: ADDITION OF SULFUR NUCLEOPHILES: FORMATION OF 1,3-

DITHIANES (Section 15.9)

_\
I III H" \/ V.

0=C + HS—C'-C"-C'"-SH , " C 0"

I
' ' ' ^VcC

/

- Aldehydes and ketones react with 1,3-propanedithiol to produce cyclic thioacetals called 1,3-

dithianes. *
- The mechanism is analogous to that of acetal formation (Reaction 15K, Section 15.8B).

REACTION 15T: HYDROLYSIS OF THIOACETALS (Section 15.9)

\

\ /"T . HgCl2 V
Q Q" ^> Q

/ \ / \ HpO/CHoCN
S—C'^

/

- 1,3-Dithianes are hydrolyzed by reaction with HgCli in aqueous acetonitrile to produce a carbonyl

group, in the form of an aldehyde to ketone. *
- Since the 1,3-dithianes are produced from aldehydes and ketones (Reaction 155, Section 15.9) and do not

react with nucleophiles like carbonyl groups, 1,3-dithianes can be used as protecting groups for aldehydes

and ketones i.e. with Grignard reagents.

REACTION 15U: ALKYLATION OF ALDEHYDE 1,3-DITHIANE ANIONS (Section 15.9)

\ \ / ^

c c; . -c»-x -* / c^ c;

S-C'-::. I S-C'^ O
I

/ / II I—C-C""-
I

- Aldehyde 1 ,3-dithiane anions are produced by reaction of aldehyde 1 ,3-dithianes with the strong base

butyUithium.
- The anions of aldehyde 1,3-dithianes are strong nucleophiles, and react with primary alky I

halides via an Sn2 mechanism to produce ketone 1,3-dithianes that are converted to the final product

ketones by hydrolysis using aqueous HgCl2. *
- Using this scheme, an aldehyde can be converted into a ketone.
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- An aldehyde 1,3-dithiane anion also reacts as a nucleophile with the carbonyl group of aldehydes arid

ketones to give hydroxy ketones following removal of the 1,3-dithiane with aqueous HgCl2 (Reaction 15.T,

Section 15.9).

REACTION 15V: KETO-ENOL TAUTOMERIZATION (Section 15.11B)

? I
HO^ /—c-c— ^

-^
,c=c;

I / \
H

keto form enol form

- The keto forms of aldehydes and ketones are in equilibrium with the enol form. This

interconversion is called keto-enol tautomerization. *
- For most simple aldehydes and ketones, the equilibrium Ues far to side of the keto form.

- Interconversion of these two forms is catalyzed by acids and bases. Remember that catalysis only increases

the rate at which the two forms interconvert; even in the presence of a catalyst the keto form still

predominates to the same extent.

- The enol form is important to keep in mind because it has unique reactivities that are exploited in some
transformations, despite the fact that it is present in only small amounts at any one time. For example, the a-

deuterium exchange (Reaction 15F, Section 15.12B) and acid-catalyzed a-halogenation (Reaction 151,

Section 15.12C) can involve the enol form.

REACTION 15W: OXIDATION OF A KETONE TO AN ESTER: THE BAEYER-VILLIGER
OXIDATION (Section 15.13B)

I II I Peroxyacid I II I—C-C'-C" —C-C'-O-C"—II II
- A ketone can be oxidized to an ester by peroxyacids such as trifluoroperoxyacetic acid or

peroxyacetic acid in a reaction referred to as the Baeyer-Villiger oxidation. ^
- With unsymmetrical ketones, the observed migratory aptitude is:

3^^ alkyl > 2° alkyl > benzylic = aryl > 1° alkyl > methyl
For example, a 3° alkyl group will end up bonded to the ester oxygen atom in preference to a 2° alkyl group,
if both were present in the original ketone.

REACTION 15X: THE HALOFORM REACTION (Section 15.12)

I
O H ^ I

O
I 11 I

1)X2.NaOH
I II—C—C'-C"-H —C-C'-OH + C"HX3

I ^ 2)HCI, H2O
I

- Methyl ketones reacted with X2 in the presence of NaOH followed by protonation in acid are

converted into carboxylic acids accompanied by formation of haloform (CHX3).*
- The mechanism of the reaction involves formation of a trihalomethylketone because the enolate anion formed
on the methyl side of the ketone reacts three times with the X2 (halogen). The trihalomethylketone is then
hydrolyzed in base to form the haloform and carboxylate anion, which is protonated in the last step to

generate the product carboxylic acid.

SUMMARY OF IMPORTANT CONCEPTS

15.0 OVERVIEW
• The carbonyl group is one of the most important functional groups in organic chemistry, and is found in

aldehydes, ketones, carboxylic acids, and their functional derivatives. *
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15.1 STRUCTURE AND BONDING
• The characteristic functional group of aldehydes and ketones is the carbonyl group. In

aldehydes, the carbonyl carbon atom is bonded to at least one hydrogen atom. In ketones, the

carbonyl carbon atom is bonded to two other carbon atoms of alkyl or aryl groups.

• The carbonyl group is made up of a carbon atom and oxygen atom, both in the sp^ hybridization

state. The carbonyl double bond is composed of one sigma bond formed by overlap of sp^
orbitals of carbon and oxygen, and one pi bond formed by overlap of parallel 2p orbitals on these

atoms. Two lone pairs on oxygen reside in sp^ hybridized orbitals. *

15.2 NOMENCLATURE
• According to lUPAC nomenclature:

- An aldehyde is named by changing the suffix e to al. Unsaturated aldehydes are designated with the

infixes en or yn for carbon-carbon double and triple bonds, respectively. The number of the aldehyde

carbonyl carbon atom is always 1. For cyclic molecules in which the -CHO group is attached to the ring, the

suffix carbaldehyde is used.

- A ketone is named by changing the suffix e to one. The parent chain is chosen as the longest chain that

contains the carbonyl group, and is numbered so that the carbonyl carbon atom has the lowest possible

number.
- The lUPAC nomenclature retains the common names benzaldehyde, and cinnamaldehyde for aldehydes, as

well as acetone, acetophenone, and benzophenone for ketones.

- When a complex molecule contains more than one functional group, an order of precedence is used to

determine the name. Table 15.1 lists these functional groups in order of precedence that ranges from

carboxylic acids at the high end to thiols at the low end. Each functional group has a suffix that is used if it

is the highest ranking functional group in the molecule, and a prefix if it is not the highest ranking functional

group. For example, aldehydes and ketones use the suffixes al and one if they are the highest ranking

functional groups present, but the prefix of oxo in both cases if there are higher ranking functional groups

present. The location of the aldehyde or ketone carbonyl group is indicated by the appropriate number.
• The common name for an aldehyde is analogous to that for the corresponding carboxyhc acid, except the ic

or oic suffix is replaced by the suffix aldehyde. The common names for ketones are derived by naming the

two alkyl or aryl groups attached to the carbonyl group, followed by the word ketone.

15.3 PHYSICAL PROPERTIES
• The most important electronic feature of carbonyl groups is their polarity, with a partial negative

charge on the more electronegative oxygen atom, and a corresponding partial positive charge on the

carbon atom. *
- The polar nature of carbonyl compounds means that they interact via dipole-dipole

interactions, and thus have higher boiling points than corresponding hydrocarbons. Similarly, the

lower-molecular-weight aldehydes and ketones are more soluble in water than the corresponding

hydrocarbons. Dipole-dipole interactions are not as strong as hydrogen bonds, so aldehydes and
ketones have lower boiling points and lower water solubilities than the corresponding
alcohols.

15.4 SPECTROSCOPIC PROPERTIES
• In mass spectrometry, aliphatic aldehydes characteristically give fragments that result from cleavage of

one of the groups bonded to the carbonyl carbon atom (a-cleavage), cleavage of a C-C bond that is adjacent

to the carbonyl group (p-cleavage), and aldehydes with at least one y-hydrogen atom undergo fragmentation

by the McClafferty rearrangement. Aliphatic ketones characteristically give fragments that result from a-

cleavage and the McClafferty rearrangement.
• ^H-NMR is especially important for identifying aldehydes since the aldehydic hydrogen atom produces a

sharp singlet that has a very characteristic chemical shift of 5 9.5 to 5 10.1. This is a relatively empty

region of most ^H-NMR specu-a, so this signal can usually be identified clearly. Signals for hydrogens on
carbon atoms a to a carbonyl group of an aldehyde or ketone usually appear at 5 2.2 to 5 2.6. The signal

for aldehyde and ketone carbonyl carbon atoms appear at characteristic chemical shifts of 5 180 and 5

210, respectively, in ^^C-NMR spectra. *
• In infrared spectroscopy, the carbonyl group of aldehydes and ketones shows a very strong

absorption between 1630 and 1810 cm-* that is the result of a stretching vibration. This signal is in

a relatively empty region of the specuiim, so it is often used as a diagnostic indication for the presence of a

carbonyl group. Furthermore, the exact location of the carbonyl su^etching absorption is very sensitive to the

local environment within the molecule, so structural information can be obtained by analyzing exactly where it

occurs.*
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• Ordinarily, carbonyl groups show only weak absorptions in the ultraviolet region due to the n->7t*

electronic transition. On the other hand, carbonyl groups conjugated to one or more carbon-carbon double

bonds show a much more intense absorption due to a n-^n* transition. The position of the u-ansition

also shifts to longer wavelengths with increasing conjugation.

15.5 REACTIONS
• Carbonyl compounds react in several characteristic ways. They are useful functional groups

because a large number of different types of molecules react with carbonyl groups, including several

different reactions that lead to formation of new carbon-carbon bonds. Carbon-carbon bond
forming reactions are important because they allow the synthesis of larger, more complex carbon skeletons

from smaller ones. [A secret to learning carbonyl chemistry is to learn the characteristic reaction mechanisms,

then figure out which reagents react by which reaction mechanism. In this way, the large number ofreactions

encountered in this chapter can be effectively considered in groups, thus simplifying greatly the task of
learning. Thefollowing discussion is intended to help group the reactions, the details ofwhich are described in

the "Summary ofReactions" section.] *
- As discussed above, the carbonyl carbon atom possesses a partial positive charge. Therefore, the

first characteristic reaction of carbonyl groups is that they react with nucleophiles at the carbonyl carbon

atom. The pi bond to oxygen is broken in this attack, leading to a negative charge on oxygen. This

intermediate is called a tetrahedral carbonyl addition intermediate. The tetrahedral carbonyl addition

intermediate is usually protonated to give an alcohol tiiat is either the final product or sometimes reacts

further to give additional substitution.

Can be protonated

here tofacilitate

nucleophilic attack

:Nu" M

:0:

I

M"

Nu

H"
:0H

I

R^

R = alkyl, aryl, H
Tetrahedral carbonyl

addition intermediate

- A list of nucleophiles that react with carbonyl groups in this way includes carbon nucleophiles (Grignard
reagents, organolithium reagents, anions of terminal alkynes, Wittig reagents, and cyanide anions), oxygen
nucleophiles (water and alcohols), sulfur nucleophiles (thiols), and nitrogen nucleophiles
(amines, hydrazines). *

15.6 ADDITION OF CARBON NUCLEOPHILES
• The organometallic reagents that act as carbon nucleophiles in these reactions are the Grignard and
organolithium reagents. In both these types of reagents, a carbon atom is bonded to a more
electropositive metal atom. Thus, the bond is polar covalent and polarized with a partial negative
charge on the carbon atom. Because of this, it behaves as a carbon nucleophile in the reactions with
carbonyl groups. *

• Grignard reagents and organolithium reagents are prepared from alkyl halides by reaction with the
free metal.

• Because Grignard and organolithium reagents are also highly basic, they react with any species that
has even moderately acidic protons such as water or alcohols. For this reason, when a Grignard or
organolithium reagent reacts with a carbonyl group, a metal alkoxide is actually the product formed. The more
acidic water is added to the reaction mixture in a second step to protonate the alkoxide and generate the
product alcohol.

• Note that Grignard reagents cannot ordinarily be made from alkyl halides that also contain a carbonyl group,
since such a Grignard reagent would immediately react with itself to make unusable mixtures. On the other
hand, an aldehyde or ketone can be turned into a cyclic acetal by treatment with ethylene glycol and acid in the

absence of water. The acetal will not react with Grignard reagents. At the end of the synthesis, the acetal can
be converted back into the aldehyde or ketone be treatment with aqueous acid. The acetal is serving as a
protecting group in this capacity, protecting the carbonyl function from unwanted reactions.
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15.7 THE WITTIG REACTION
• Alkyiphosphonium ylides react as carbon nucleophiles. The final product is an alkene (Wittig

reaction). *

15.8 ADDITION OF OXYGEN NUCLEOPHILES
• Water and alcohols react as oxygen nucleophiles, leading to 1,1-diols (also called gem diols) and acetals.

That latter are produced via the hemiacetal intermediates. Note that acetals can be cychc if a diol is used as

starting material. *

15.9 ADDITION OF SULFUR NUCLEOPHILES
• Thiols react as nucleophiles with carbonyl groups. Perhaps the most useful example is the reaction of 1,3

dithiols such as 1,3-propanedithiol that react to produce 1,3 dithianes. *
- 1,3-Dithianes produced from aldehydes can be deprotonated to give anions that can act as carbon

nucleophiles to react with electrophiles such as alkyl halides. This is yet another important way to make
carbon-carbon bonds.

- 1,3-Dithianes can be hydrolyzed in the presence of HgCl2 to give back the original aldehyde or ketone.

15.10 ADDITION OF NITROGEN NUCLEOPHILES
• Nitrogen nucleophiles (ammonia, 1° amines, and hydrazines) react as nucleophiles to produce molecules
that have carbon-nitrogen double bonds. Secondary amines give enamines.

15.11 KETO-ENOL EQUILIBRIA
• A carbonyl group is usually described as a keto form, but it is actually in equilibrium with a very small

amount of the enol form.

OH
I II \ /—c—C

, " .c=c,
I / \
H enol

keto form

form

• Both acid and base catalyze the interconversion of the keto and enol forms. Remember that a
catalyst does not change the position of an equilibrium, just the speed at which the species equilibrate. The
enol form reacts as an alkene, so certain reactions take place with the small amount of enol that is present at

any one time. For example, a-deuteration and a-halogenation involve reactions with the enol form.
[Note that the keto-enol equilibrium involves two different molecules, not contributing structures ofa

resonance hybrid. The atomic nucleii are in different positions in the keto and enolforms.] ^

15.12 REACTIONS AT THE a-CARBON
• The hydrogens on the carbon atoms adjacent to a carbonyl group (the so-called a-hydrogens) are

relatively acidic (pKa ' 18). The anion produced upon deprotonation of an a-hydrogen is called an

enolate ion. The a-hydrogens are relatively acidic for a C-H bond because enolate ions are relatively

stable due to resonance stabilization. The negative charge of the enolate ion is shared by the carbonyl

oxygen and a-carbon atoms as predicted by the two most important contributing resonance structures. In

addition, the electron-withdrawing carbonyl group weakens the C-H bond via an inductive effect. *

:o:

Base
,0: \ :o:

_ _. \ - ^^-^ ^\ /
I / \ / \
H

Enolate contributing structures

[Note that although the two enolate contributing structures have certainfeatures that resemble keto and enol

forms, the keto and enolforms are equilibrating molecules, while the enolate contributing structures together

represent only a single resonance hybrid.]
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• Enolate ions are strong nucleophiles, reacting primarily at the a-carbon atom with other electrophiles.

This is interesting because aldehydes and ketones are usually thought of as acting like electrophiles, capable of

reacting with other nucleophiles. By turning them into enolate ions they are converted into nucleophiles. *

15.13 OXIDATION
• Aldehydes can be oxidized to carboxyhc acids. Ketones can only be oxidized imder special conditions because

ketones do not have any hydrogen atoms attached to the carbonyl carbon atom. Treatment of ketones with

peroxyacids leads to esters (Baeyer-VilUger reaction).

15.14 REDUCTION
• Aldehydes and ketones are reduced by hydride reagents (LiAlH4 or NaBH4) to primary and secondary
alcohols, respectively.

• The carbonyl function of aldehydes and ketones can also be reduced to a methylene group using two
different methods; the Clemmensen and Wolff-Kishner reductions. These two reactions take place under
completely different conditions, and the reaction chosen for a particular molecule might depend on what other

function groups are present. For example, a Wolff-Kishner reduction, not a Clemmensen reduction, is

appropriate for a compound that has other functional groups that will be destroyed by acid.
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CHAPTER 15
Solutions to the Problems

Problem 15.1 Write lUPAC names for these compounds. Specify configuration in (c).

O... ^^ ^D

(c) CcHc—Cm
CHO

CHg

(a) CH3CCH2CHO (b)

CH3 "^ H

3,3-Dimethylbutanal l,3-Cyclohexane(lione (R)-2-PhenylpropanaI

6' '5—^^'/CH3

Problem 15.2 Write structural formulas for all aldehydes of molecular formula C6H12O and give each its lUPAC
name. Which of these aldehydes are chiral?

CH3--CH2—CH2—CH2--CH2—CH CH3—CH—CH2-CH2—CH

Hexanal

CH3

4-Methylpentanal

O

CH3—CH2-CH—CH2—CH CH3—CH2-CH2—CH—CH CH3-CH2—CH—CH
I

CH,

3-Methylpentanal
(chiral)

I

CH,

2-Methyipentanal
(chiral)

I

CHj
I

CH3

2-Ethylbutanal

CH3-CH—CH—CH

CH3 CH3

2,3-Dimethylbutanal
(chiral)

CH3 O
I il

CH3-C-CH2—CH

CH3

3,3-Dimethylbutanai

Problem 15.3 Write lUPAC names for these compounds.

(a) HOGHPCH2OH (b) I I

l,3-Dihydroxy-2-propanone 1,2-Cyclohexanedione

CH3 O
I

^
II

CH3—CH2—C CH

CH3

2,2-Diinethylbutanal

O
II

(C) H2NCH2CH2CH2CH

4-Amlnobutanal
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Problem 15.4 Show how these three products can be synthesized from the same Grignard reagent; that is, treating

the Grignard reagent with one compound gives (a), with another compound gives (b), and so on. (Hint:

Grignard reagents react with ethylene oxide in the same manner as Gilman reagents, Section 11.1OB.)

(a) COgH (b) CH2OH (c)

OH
I

GHGH3

»oCH2CH2OH

All of the products can be obtained using 2-cyclohexenyImagnesium bromide and the other

reactants shown.

1) CO2
2) HCi / \
h;o-^ <

>-co2H

MgBr CH2OH

CH2CH2OH

Problem 15.5 Show how each alkene can be synthesized by a Wittig reaction. There are two routes to each,

(a) (CH3)2C=CHGH2CH3

There are two combinations of Wittig reagent and carbonyl compound that could be used to

make this alkene. The first uses 1-bromopropane to produce the Wittig reagent.

1) PPhs . +
CHsCHjCHzBr i^ CHsCHoCH-PPhs

2) BuLI ^ ^ ^

. + II

CHaCHzCH-PPha + H3CCCH3 (0113)20—CriCH2CH3

The other involves the Wittig reagent prepared from 2-bromopropane

1) PPh3 ^ +
CH3CHBrCH3 -^ ^ (CH3)2C-PPh3

2) BuLI ^
^'^ ^

• _:.

(CH3)2C-PPh3 + CH3CH2CH *- (CH3)2C=CHCH2CH3
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(b) (CH3)3C CH,

There are also two combinations of Wittig reagent and carbonyl compound that could be used
to make this alkene. The first uses l-bromo-4-/er/-butylcyclohexane to produce the Wittig
reagent.

(CH3)3C

(CH3)3C

1) PPha
Br ^ (CH3)3C

2) BuLI
^^

O

C*—^Phg + HCH ^

C"—?Ph,

(CH3)3C CH,

The other involves the Wittig reagent prepared from bromomethane

(CH3)3C—
<^

\=0
(CH3)3C

1) PPh3 . +
tBr ^ HoC-PPh CH,CHoDi -^ no

2) BuLI
In the above examples, alkyl bromides were used. In fact, alkyl chlorides and iodides could
have also been utilized.

Problem 15.6 Hydrolysis of an acetal in aqueous acid forms an aldehyde or ketone and two molecules of alcohol.

Following are structural formulas for three acetals. Draw the structural formulas for the products of hydrolysis of

each in aqueous acid.

OOCH3
CHOCH3 "^

H3O*
CH,0

\ /
C-H + 2CH3OH

3\ /^"^CHp ^ O
(b) X I

H3O* II

CH^^O--'^^2 ^ CH3-C-CH3 + HOCH2CH2OH

(c)

CH3/ O OCH.

OH O
H3O*

I II^ CH3CHCH2CH2CH + CH3OH
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Problem 15.7 Show how to convert the given starting material into the indicated product using a 1,3-dithiane as

an intermediate.

O O
II II

(a) HCH >- HCCH2(CH2)6CH3

O HS-(CH2)3-SH
I I

BuLI
| |

HCH H* X ^>^^
H H H '

iHjBr r I
CH3(CH2)6CH2Br | | HgO, HgClz O

^ X ^
HCCH2(CH2)6CH3

H^^(CH2)7CH3

O
O "I

\\
CH3-C

(b) CH3CH ^
HO

HS-(CH2)3-SH
I I

BuLI
| |

CH,CH
CH3^ "H CH3n

CH3

O
II

/C\/ \ H2O, HgCl2 CH3-C
Sv^/S

HO \ / HO

Problem 15.8 Acid-catalyzed hydrolysis of an imine gives an amine and an aldehyde or ketone. When one
equivalent of acid is used, the amine is converted to an ammonium salt. Write structural formulas for the products
of hydrolysis of the following imines using one equivalent of HCl:

O-f V-CH=NCHoCH.+ HoO -t!!(a) CH30-f V-CH=NCH2CH3+ H2O

Hydrolysis of (a) gives an aldehyde and a primary amine.

CH30-^ >-CH + H2NCH2CH3
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(b) r ycH2-N=/ J + H20 ^^
»

Hydrolysis of (b) gives a ketone and a primary amine.

VcHj-NHj + O

Problem 15.9 Predict the position of the following equilibrium.

^ ^^—C—CH3 + NH2 ^- -

Acetophenone

pK. -20

Like all acid-base reactions, equilibrium favors formation of the weaker acid/weaker base.
Since ammonia, with pKa of 33, is a much weaker acid than acetophenone (pKa -20) the

position of equilibrium will be strongly to the right.

O O <

(b)

f*roblem 15.10 Draw the structural formula for the keto form of each enol.

O

r T" r T ,w\
(a)

(c)

Problem 15.11 Complete these oxidations,

(a) Hexanedial + H2O2 *"

o o
II II

HC(CH2)4CH + 2 H2O2

oc-cc

O O
II II

HOC(CH2)4COH + 2 H2O
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(b) 3-Phenylpropanal + ToUens' reagent

O

/ p
—CH2CH2CH + 2 Ag(NH3)2* + 2 HO" ^"^>

^^ ^—CH2CH2CO" + 2 Ag + 3 NH3 + NH4* H2OO'
Problem 15.12 What aldehyde or ketone gives these alcohols on reduction with NaBH4?

(a) / V-OH (b) CH,0-/ \(b) CH3O

—

{ y—CH2CH2OH

Qho ch,o^^
°

CH3O—^ y—CH2CH

OH OH
I I

(c) CH3CH(CH2}3CHCH3

o o
II II

CH3C(CH2)3CCH3

Problem 15.n Complete the following reactions:

Zn/Hg, HCI ({"^^^^^"''^'^^'''^^^^^^'^

civetone
(from the civet cat; used

in perfumery)

The above reaction is an example of a Clemmensen reduction.

O

,
H N2H4.KOH

diethylene glycol

Citronellal

(from citronella and
lemon grass oils)

The above reaction is an example of a Wolff-Kishner reduction.
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Structure and Nomenclature
Problem 15.14 Name these compounds.

(a) (CH3CH2CH2)2C=0

4-Heptanone
(dipropyl ketone)

(b)

(S)-2-Methylcyclo-
pentanone

CH3 CHO
(c) >=C^

H CH3

(Z)-2-Methyl-2-butenal

CHO
I

(d) Hii-C.

CH4 CHoOH

(R)-3-Hydroxy-2-methyl-
propanal

(e)CH30-f VCCH2CH3

l-(4-Methoxyphenyl)-l-propanone

OH O
(f) I II

CH3CK^H2CCH2CH2
\ /

5-Hydroxy-l-phenyI-3-hexanone

(g)

\
^ ^v-'CHoCHoCHoH

2-Propyl-l,3-cyclopentanedione

O O
II II

(h) HCCH2CH2CH2CHPH

Hexanedial
(Adipaldehyde)

(i) CH3CH2CCHCH3

Br

2-Bromo-3-pentanone

Problem 15.15 Draw structural formulas for these compounds,
(a) l-Chloro-2-propanone

O
(b) 3-Hydroxybutanal

OH O

CH3—C—CH2CI

(c) 4-Hydroxy-4-methyl-2-pentanone

OH O
I II

CHoCCri2CCH2

CH,

CH3CHCH2CH

(d) 3-Methyl-3-phenylbuianal

CH3 O
I

^
II

CH3CCH2CH
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(e) l^-Cyclohexanedione

O
(0 3-Methyl-3-butene-2-one

CH2=CCCH3

CH,

(h)2;2-Dimethylcyclohexanecarbaldehyde

CH3

CH3

CH
II

O

(g) 5-Oxohexanal

O O
II II

CH3CCH2CH2CH2CH

(i) 3-Oxobutanoic acid

o o
II II

CH3CCH2COH

Spectroscopy

P'ffl^n^ ^1'^^ 2-Methylpentanal and 4-methyl-2-pentanone are constitutional isomers of molecular formula^^
oc CO

^ molecular ion peak in its mass spectrum at m/z 100. Spectrum A shows significant peaks
at m/z 85, 58, 57, 43, and 42. Spectrum B shows significant peaks at m/z 71, 58, 57, 43, and 29 Assien each
compound Its correct spectrum. • > 6

The following table describes the fragments from the two different compounds and identiriesspectrum A as 4-methyl-2-pentanone and the spectrum B as 2-methylpentanal
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CH,

a-Cleavage

p-Cleavage

McLafferty
Rearrangment

CH,
I

^

CH3 CH2 CHg

4-Methyl-2-pentanone

O
II

O CH3
Jl I

^

O ""'"-^^ CH3
II I

^

CH3C* *CH2CHCH3

miz 43 miz SI

B
.CH, HC,

CH3/ ^-ch; y
H

2-MethyIpentanaI

CH3
I

\CH3CH2CH2Crl

miz 71

O
II

CH
miz 29

O
II

CH3CCH2+

miz 57

OH
I _CH3C—CH2

miz 58

[CH2=CHCH3f

miz 42

CH3CH2CH2

miz 43

H3C O
^ II

+CHCH

miz 57

OH
I

CH3CH=CH

miz 58

Problem 15.17 The infrared spectrum of Compound A, C6H12O, shows a strong, sharp peak at 1724 cm-i.

From this information and its ^H-NfMR spectrum, deduce the structure of compound A.

Compound A

3H
/

\

3H
/

IH/""'^

' k.^

2H

1_ _JL ..

10 5 4

Chemical Shift (5)

ppm

Compound A has an aldehyde or ketone function judging from the peak at 1724 cm-i in the IR

spectrum. The rest of the structure can be deduced from the iH-NMR, with assignments as

listed below.
O

0.S9 1.42,1.68 2.4S II 2.1

CH3-CH2—CH-C-CH3
I
l.Ot

CH3
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The -CH2- hydrogens with signals at 8 1.42 and 5 1.68 above are not equivalent because thevare adjacent to a tetrahedral stereocenter in the molecule.

Problem 1.-). 18 Following are ^H-NMR spectra for compounds B, C6H12O2, and C, CgHjoO. On warming in
dilute acid, compound B is converted to compound C. Deduce the structural formulas for compounds B and C.

10
5 4

Chemical Shift (6)
ppi

CfiHioO

Compound C

5 4

Chemical Shift (5)
ppiT

1.22

CH3 o
1-22

I
2.62

II 2.18

CH3—C-CH2—C-CHo
1 3.85

OH
Compound B
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Upon dehydration, Compound B would be converted to 4-methyl-3-pentene-2-one.

2.15

CH3 o
2.1s

I
<.1« II

1.S6

CH3—C=CH—C-CH3
Compound C

The structure of 4-methyl-3-pentene-2-one is entirely consistent with the ^H-NMR spectrum,

especially the presence of the signal at 5 6.10 (-CH=C) and the methyl singlets at 5 1.86

(integrating to 3H) and 5 2.15 (integrating to 6H).

Addition of Carbon Nucleoohiles

Problem 15.19 Draw structural formulas for the product formed by treatmg each compound with

propylmagnesium bromide followed by aqueous HCl.

The products after acid hydrolysis are given in bold.

(a) CH2O (b) CH2~CH2

O
OH

I

CH3CH2CH2CH2OH CH3CH2CH2CH2CH2

O

(c) CH3CH2CCH2CH3 (d)

OH

0°
OH

CH3CH2CCH2CH3 I \^
CH2CH2CH3 ^ CH2CH2CH3

(e) CO2

O
II

CH3CH2CH2COH
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Problem 15.20 Suggest a synthesis for the following alcohols starting from an aldehyde or ketone and an
appropriate Grignard reagent Below each target molecule is the number of combinations of Grignard reagent and
aldehyde or ketone that might be used.

OH

(3) GH2GGH2CH2CH3

GH2GH3

(3 combinations)

o
II

CHaMgX + CCHjCHjCHg

CH2Cn3

CH3CCH2CH2CH3 + XMgCH2CH3

CH3C + XMgCH2CH2CH3

CH2CH3

OH
I

(b) CH3CH2CHCH=CHCH3

(2 combinations)

CH3CH2CH + XMgCH=CHCH3 CH3CH2MgX + HCCH=CHCH3

r^ ?" /^-A
(0 CH30H^)KCH-^^^y

(2 combinations)

CH30Y VcH+XMg-/ y r^ ?\

CHgO-^^ VlWIgX + HC

Problem 15.21 Show how to synthesize the foilowing alcohol using 1-bromopropan

\ /

oxide as the only sources of carbon atoms. It can be done using each compound only once. (Hint: Do one
Grignard reaction to form an alcohol, convert the alcohol to an alkyl halide, and then do a second Grignard
reaction.)

CH2CH3 several GH2GH3

CH3CH2CH2Br + CHO + GHo-CHo ^^^^^
> CHaCHoCHpCHCHXHoOH

l-Bromopropane Propanal Ethylene oxide 3-Ethyl-l-hexanol

This synthesis is divided into two stages. In the first stage, 1-bromopropane is treated with
magnesium to form a Grignard reagent and then with propanal followed by hydrolysis in
aqueous acid to give 3-hexanoi.
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1

CH2CH3
2) HCI CH2CH3

CHO —XHzO I
' ^

V-^ CH3CH2CH2CHOH
ether / o

<: ^

CHaCHzCHjBr + Mg CHaCHjCHjMgBr —

^

3-Hexanol

In the second stage, 3-hexanol is treated with thionyl chloride followed by magnesium in ether

to form a Grignard reagent. Treatment of this Grignard reagent with ethylene oxide followed

by hydrolysis in aqueous acid gives 3-ethyl-l-hexanol.

CH2CH3 CH2CH3 _^
I 1^ socio I v2 /^"2

CH3CH2CH2CHOH ^ "" ^ CH3CH2CH2CHMgCI + V
2) Mg, ether

Cn2Crl3

CH3CH2CH2CHCH2CH2OH

3-Ethyl-l-hexanol

Problem 15.22 l-Phenyl-2-butanol is used in perfumery. Show how to synthesize this alcohol from

bromobenzene, 1-butene, and any necessary inorganic reagents.

. , Several /^^^ 9*^

/ \—Br + CH3CH2CH=CH2
''^^'

' ( y—CH^HCHsCHa

Bromobenzene 1-Butene 1 -Phenyl-2-butanol

(a) Bromobenzene is treated with magnesium in diethyl ether to form phenylmagnesium

bromide, in preparation for part (c).

^ jr^r + Mg ^th^^
> <^ y-MgBr

(b) Treatment of 1-butene with a peroxycarboxylic acid gives 1,2-epoxybutane.

O
/\

CH3CH2CH=CH2 + R-CO3H CH3CH2CH-CH2 + RCO2H

(c) Treatment of phenylmagnesium bromide with 1,2-epoxybutane followed by hydrolysis in

aqueous acid gives l-phenyl-2-butanol.

O /=v OH

•MgBr + CH3CH2CH-CH2 ^) ."^' i> { }-CH2CHCH2CH3X y-Mger + UM3UM2UM-UM2 -' --. y /
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PTQJplem 15,23 With organolithium and organomagnesium compounds, approach to the carbonyl carbon from the
less hmdered direction is generally preferred. Assuming this is the case, predict the structure of the major product
formed by reaction of methylmagnesium bromide with 4-fgrr-butylcycIohexanone.

The bulky tert-huty\ group lies in an equatorial position. Approach to the carbonyl carbon
may be by way of a pseudo-axial direction or a pseudo-equatorial direction. The less hindered
approach is from the pseudo-equatorial direction which then places the incoming erouD
equatorial and the -OH axial. & & p

H

t-Bu^jb:^^\
Less hindered
approach

Less hindered
approach Less hindered

approach

" (^O " OMgBr* H OH

BrMg-CHg

Wittjg Reaction
Problem 15.24 Draw structural formulas for (1) the triphenylphosphonium salt formed by treatment of each

u,frh^nfn r ^Pheny Phosphine, (2) the phosphonium ylide formed by treatment of each phosphonium saltwith butylhthium, and (3) the alkene formed by treatment of each phosphonium ylide with acetone

ilL^.''^
products are shown as phosphonium salts with a positive charge on phosphorus andnegative charge on halide ion.

f f uiua dim

(a) (CH3)2CHBr (b) CH2=CHCH2Br (c) r /-CH2C1

CHg-CH-PPho Br" + ^—

v

I

^^

CH2=CHCH2PPh3 B r

"

ry^CnM, C

I

CH,

(d) CICH2COCH2CH3

O

CI PhaPCHjCOCHjCHg

(e) CH3CH2CH2CH2Br

CH3CH2CH2CH2PPh3Br
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(f) ^ >-CH=CHCH2CI

NX /r-CH=CHCH,PPh, CI

The phosphonium ylides formed in part (2) are as follows:

(a) CH3-C-PPh3
(^,) CH2=CHCHPl>h3 (c) f^CMpK

CH3 ^^
O

.r II

•• +

(d) Ph3PCHCOCH2CH3 (®) CH3CH2CH2CHPPh3

( f ) ^ ^CH=CHCHPPh3

The alkenes formed in part (3) are as follows:

CH3^ H

CH3^ /CH3 CH3 H C=q"
(a) >=< (b) C=C (c) CH3/

ZW{ \h3 CH3/ CH=CH2

CH3 COCH2CH3 CH3^ \\

(d) >=< (e) C=C
Ch/ H CH3/ CH2CH2CH,

'3

CH, H
(f) c=c

Problem 15.25 Show how to bring about the following conversions using a Wittig reaction.

O CH3

(a) CH3CCH3 .-CH3C=CH(CH2)3CH3

Start with 1-halopentane and, by treatment with triphenylphosphine followed by butyllithium,

convert it to a Wittig ylide. Treatment of this ylide with acetone gives the desired alkene.
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CH3(CH2)3CH2l m^}}!^ CH3(CH2)3CHPPh3 ^"3CCH3^

2) BuLi

CH,

CH3C=CH(CH2)3CH3

(b)

/=\ ^
^^y-ccH3_^^/ \ II

CCH,

Treatment of acetophenone with the Wittig ylide derived from methyl iodide gives the desired

ur. ... \ /
CCH.

(c)

2) BuLI ^ ^

0=0— [^CH^^OCH.
OCHo

-^ II
^

CCH,

?SX%v"^?h?5reratJ,;l'' '"^ ^'"'« ^""^ O^^'-- f-" 3,4.di™e.h,.ox,be„.,I

CH,^-^Cy^"''' ¥i^ CH30^~\-bH-^Ph.

CH,0 CH3O

Q=o

OCH,
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prohlem 15.26 The Wittig reaction can be used for the synthesis of conjugated dienes, as, for example, 1-phenyl-

13-pentadiene. Propose two sets of reagents that might be combined in a Wittig reaction to give this conjugated

diene.

/ VcH=CH-CH=CH-CH3

1-Phenyl-l ,3-pentadiene

Allylic halides can be used as starting materials for preparation of Wittig reagents. Below are

combinations of allylic halides and aldehydes that can be used to prepare the desired diene.

/ yCH+ Br-CH2-CH=CH-CH3 I VcH=CH-CH2Br + HC-CH3

Benzaldehyde l-Bromo-2-butene 3-Bromo-l-phenylpropene Ethanal

These other sets of reagents may also be used as shown below.

/ VcHgBr + HC-CH=CH-CH3 / VcH2=CH-CH + BrCH2CH3

Benzyl bromide 2-Butenal 3-Phenyl-2-propenaI Bromoethane
(Cinnamaldehyde)

Problem 15.27 Show how to convert heptanal into the following:

(a) CH3{CH2)5CH=CH2

Prepare 1-octene by treatment of heptanal with the Wittig reagent derived from methyl iodide.

O

CH3(CH2)5CH + CH2-PPh3 CH3(CH2)5CH=CH2 + Ph3P=0

O
/ \

(b) CH3{CH2)5CH—CH2

Treat 1-octene, from part (a), with a peroxycarboxylic acid.

O o o
II / \ II

CH3(CH2)5CH=CH2 + CF3-COOH ^ CH3(CH2)5CH-CH2 + CF3-COH

(c) CH3(CH2)5CH=CH-CH=CH2

Prepare 1,3-decadiene by treatment of heptanal with the Wittig reagent derived from 3-

chloropropene (allyl chloride).
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?\ ..- CH3{CH2)5CH=CH-CH=CH2
CH3(CH2)5CH + PhJP-CH-CH=CH2 +

Ph3P=0

HO OH
I I

(d) CH3(CH2)5CH-CH2

Prepare 1,2-octanediol by acid-catalyzed or base-catalyzed hydrolysis of the epoxide prepared

O ^ HO OH
CH3(CH2)5CH-CH2 + H2O -^^^ CH3(CH2)5CH-CH2

Alternatively, prepare 1,2-octanediol with osmium tetroxide in the presence of hvdroeen
peroxide. ^ ^

HO OH
CH3(CH2)5CH=CH2 ^^^'

, CH3(CH2)5CH-CH2
HoO2^2

O
(e) CH3(CH2)5CH2CCH3

The key is to devise a method for adding a two-carbon fragment to the aldehyde carbon ofheptanal in such a way that there is either an oxygen-containing functional group on carbon-2
ot the newly formed nine-carbon chain or a group that can be converted to an oxveen-
containing functional group. A way to do this is to convert heptanal to 1-chloroheptane, then,

i?.«h . '^"^'"'^K^^^n'^^u'''^^'*.''^
reaction with acetaldehyde, to a nine-carbon chain with analcohol on carbon-2 of the chain. Oxidation of this alcohol gives the desired ketone.

O 1) Mg, ether

CH3(CH,)Jh ^I^E^ll^ CH3(CH,),CH,C. '^ ^"^CHO
2) SOCI2 ^' -=> ^ 3) H2O, HCI

OH O
I H CrO II

CH3(CH2)5CH2CHCH3 —J^^-^ CH3(CH2)5CH2CCH3

nll^i'^^^Au^'^ ^""f-^*
l-chloroheptane with the sodium salt of acetylene to give l-nonyne Acid-catalyzed hydration of this alkyne gives 2-nonanone.

•""yne. Atia

CH3{CH2)5CH2CI
"^^^'^^1

CH3(CH2)5CH2C=CH

O
H,0 II

CH3(CH2)5CH2CCH3
H2SO4, HgS04
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(f) CH3(CH2)5CH2CH2CH20H

Catalytic reduction of 1-nonyne, an intermediate in part (c), over a Lindlar catalyst gives 1-

nonene. Hydroboration of 1-nonene followed by oxidation in alkaline hydrogen peroxide

gives 1-nonanol.

CH3(CH2)6C=CH j^"^,3^ CH3(CH2)6CH=CH2

catalyst

1) BH3
.- CH3(CH2)6CH2CH20H

2) H2O2, NaOH

Alternatively, treatment of 1-chloroheptane from part (a) with magnesium in diethyl ether

followed by reaction of the Grignard reagent with ethylene oxide and then hydrolysis of the

resulting magnesium alkoxide gives 1-nonanol.

1) Mg, ether

2 ) CH2--^CH2

CH3(CH2)6CI ^ -CH3(CH2)6CH2CH20H

3) H2O, HCI

Prohlem 15.28 Wittig reactions with the following a-chloroethers can be used for the synthesis of aldehydes and

ketones:

CH3
I

CICH2OCH3 CICHOCH3

(A) (B)

(a) Draw the structure of the triphenylphosphonium salt and Wittig reagent formed from each chloroether.

PhaP-'cHOCHa PhaP-COCHa

CH3

(b) Draw the structural formula of the product formed by treatment of each Wittig reagent with cyclopentanone.

Note that the functional group is an enol ether, or, alternatively, a vinyl ether.

O

Ph3P-CHOCH3 ^ r /=C(
^V OCH.

CH.

PhtP-COCH, «-
I

>=C,
'OCH3

.3^ Yv^v"3 - y^^ ^
CH3

(c) Draw the structural formula of the product formed on acid-catalyzed hydrolysis of each enol ether from part

(b).

The acid catalyzed hydrolysis leads initially to an enol that tautomerizes to give an aldehyde

and methyl ketone for (A) and (B), respectively.
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,CH,

OH
Enol

l^/ \

keto-enol
tautomerization

(--\ gA"3 H^
\.^^ OCH

/CH3

Enol

keto-enol
tautomerization

O'
/CH3

Problem 15.29 It is possible to generate sulfur ylides in a manner similar to that used to produce phosphonium
ylides. For example, treating a sulfonium salt with a strong base gives the sulfur ylide.

Ph.
\ ,

.CH3

S—CH Br"

Ph^ 'CH3

A sulfonium bromide

sd-ong ph cHo
base \_+ -^/ '^

^ S~C:
Ph^ CH3

Sulfur ylides react with ketones to give epoxides. Suggest a mechanism for this reaction.

. st-c^

Ph CH,

A sulfur ylide

CH
s P»-

^•^3^ -/CH3

I

S(Ph)2

Step 2:

\/ V^{Ph)2

u + S(Ph)2

Problem 15.30 Propose a structural formula for Compound A and for the product, CoHuO formed in this
reaction sequence.

I>-^
+
/^6H5

BuLi
S^ A

0-°
C9H14O
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The product of this transformation is an epoxide with both a three-membered and a slx-

membered ring attached via so-called "spiro" attachments.

Br r^o ?

C«H6"5 C«H6"5

C9H14O

Addition of Oxv^en Nucleophiles

Problem 15.31 5-Hydroxyhexanal forms a six-membered cyclic hemiacetal, which predominates at equilibrium in

aqueous solution.

O
II H*

nHgnHOH^CH^nH^CH A cycUc hemiacetal

OH

(a) Draw a structural formula for this cyclic hemiacetal.

5-HydroxyhexanaI forms a six-membered cyclic hemiacetal.

CH3

ty-
(b) How many stereoisomers are possible for 5-hydroxyhexanal?

Two stereoisomers are possible for 5-hydroxyhexanal; a pair of enantiomers.

(c) How many stereoisomers are possible for this cyclic hemiacetal?

Four stereoisomers are possible for the cyclic hemiacetal; two pair of enantiomers. Following
are planar hexagon formulas for each pair of enantiomers of the cyclic hemiacetal.

CH.
OH

<z>
V. (A)

CH, CH,

HOK^ <—>

A pair of enantiomers

w y V.
(C)

OH

CH,

HO

Y
A pair of enantiomers

(d) Draw alternative chair conformations for each stereoisomer of the cyclic hemiacetal and label groups axial or

equatorial. Also predict which of the alternative chair conformations for each stereoisomer is the more stable.

Alternative chair conformations are drawn for (A), one of the cis enantiomers, and for (C),

one of the trans enantiomers. Methyl and hydroxyl groups are 1.74 kcal/mol and 0.95

kcal/mol more stable in the equatorial position, respectively. For (A), the diequatorial chair is

the more stable by 1.74 + 0.95 = 2.69 kcal/mol. For (C), the chair with the methyl group is

equatorial (structure on the left) is 1.74 - 0.95 = 0.79 kcal/mol moe stable.
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CH3 T-;5 I HH. 9H3

Xi^:^..
O

OH

OH
Alternative chair conformations of A Alternative chair conformations of C

Problem 15.32 Draw structural fomiulas for the hemiacetal and then the acetal formed from each pair of reactants

in the presence of an acid catalyst.

O6/=\/0H /=\ 0CH,CH3

+CH3CH2OH < X \ A
\ /^OCHjCHa N / OCH2CH3

O OH OCH3
II I I

(c)CH3CH2CH2CH + CH3OH CH3CH2CH2CHOCH3 CH3CH2CH2CHOCH3

Problem 15.33 Draw structural formulas for the products of hydrolysis of the following acetals.

CHaO^ ^0CH3 O

+ 2CH3OH

O
II

HOCH2CH2CH2CH2CH + CH3OH

/-•a CH2CHCH + CH3CCH3
L ^/^v IIH-c-o^ ^
I

H

CH3 HO OH
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Problem 15.34 Propose a mechanism to account for the formation of a cyclic acetal from 4-hy(iroxypentanal and

one equivalent of methanol. If the carbonyl oxygen of 4-hy(lroxypentanal is enriched with oxygen- 18, do you
predict that the oxygen label appears in the cyclic acetal or in the water?

CH3CHCH2CHPH + CH3OH

OH
4-Hydroxypentanal

H"

CH
"/3<" -"^0

OCH.

A cyclic acetal

Propose formation of a hemiacetal followed by protonation of the hemiacetal -OH and loss of
water to form a resonance-stabilized cation. Then propose a Lewis acid-base reaction between
this cation and methanol followed by loss of a proton to give the product. If the carbonyl
group of 4-hydroxypentanal is enriched with oxygen-18, the oxygen-18 label appears in the

water.

Step 1 O*

CH3CHCH2CH2CH ^ * X X
OH CH; OH

Step 2:

H I V H H I \ H

CH/ ^O >0-H / CH,/ O :0-H
1+

H

CH;

Step 4:

derived from the

oxygen of the

carbonyl groupStep 3:

9. C^o-

H

ch/ oJ

H / \

CH,'^ Q V
-0-CH3 ^^

A resonance-stabilized cation

CH3''''^P :0-CH3

H

Step 5:

/ O .n_ru ^w/ O O—CH,'' O /O-CH3
3 .. t^|+ 3

H

CH; CH.

)
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Problem 15.35 Propose a mechanism for this acid-catalyzed hydrolysis. (Hint: Review Problem 15.28.)

.OCH3 ^ ^^ ^O

+ H2O ^ -
I I

+ CH3OH

A reasonable mechanism for this reaction involves protonation of the pi bond of the carbon-
carbon double bond to give a resonance stabilized cation intermediate.

Step 1:

OCH,

H^^
/]bcH, ^-V^PCHi

A resonance stabilized cation

Water reacts with the cation to form a hemiacetal, that loses methanol to give the product
ketone.

Step 2:
OCH,

H2P

Step 3:

OCH3

+0H -
(-H^)

OCH3

OH

A hemiacetal

Step 4:

OCH3

OH
(H^)

H
1+

OCH3

OH
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Step 5: H

(PCHg
r. (-CH3OH)
OH >

Cf-"
Step 6:

d^H

^^ CJ
Problem 15.36 All rearrangements we have discussed so far involve generation of a positively-charged electron-

deficient carbon atom (a carbocation) followed by a 1 ,2-shift of an atom or group of atoms from an adjacent

carbon to the carbocation. A mechanism that can be written for the following reaction also involves generation of

an electron-deficient atom (in this case an oxygen) followed by a 1,2-shift from an adjacent carbon to the electron-

deficient atom.

Phenol

O
CH3

Cumene hydroperoxide

OH + HoCCCH,

Acetone

Propose a mechanism for the acid-catalyzed rearrangement of cumene hydroperoxide to phenol and acetone based

on die previous rationale. In completing a mechanism, you will want to review the characteristic structural

features of a hemiacetal (Section Problem 15.8B) and its equilibration with a ketone by loss of an alcohol.

A reasonable mechanism for this reaction involves protonation of the terminal oxygen atom of
the hydroperoxide group followed by a 1,2 shift of the benzene ring. Attack of the resulting

carbocation by water and loss of a proton yields a hemiacetal, that decomposes to give phenol
and acetone.

Step 1:

a-
:0-0H

I

CCH.
I

'

CH,

'H*^fA-
\ / I

H
1 +

:0-0H
I

••

CCH,

CH,
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Step 2: _ \ +

jT-^ :9yOH 1,2 Shift /"~\ .. /"^ ..+

\=/ '

^=^ *CCH3 \=/ CCH3

CH3 CH3

Step 3:

>--*CCH3 ^-r • •^CCH3

H26: ^"3
jl,

CH3

Srep 4:

H—or^i ^ H-O
I

^

KCH3 •• CH3
H ^ \A hemiacetal

S/«p 5:

CH3 CH3

Step 6: H
H . .

: O +

OH + H3CCCH3

•^CH3

S/e/? 7: ^

II (-H*) II

H3CCCH3 H3CX:CH3
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Problem 15.37 In Section 1 1.6A we saw that ethers, such as diethyl ether and tetrahydrofuran, are quite resistant

to the action of dilute acids and require hot concentrated HI or HBr for cleavage. Acetals, however, in which two
ether groups are linked to the same carbon, undergo hydrolysis readily even in dilute aqueous acid. How do you
account for this marked diff^ence in chemical reactivity toward dilute aqueous acid between ethers and acetals?

The first step of the cleavage reactions in acid for both ethers and acetals is protonation of an
oxygen to form an oxonium ion. For acetals, the following step is cleavage of a carbon-
oxygen bond to form a resonance-stabilized cation. For ethers, similar cleavage occurs, but
the cation formed has no comparable resonance stabilization. Therefore, it is the resonance-
stabilization of the cation intermediate formed during the cleavage of acetals that lowers the
activation energy for their hydrolysis much below that for the hydrolysis of ethers.

Problem 15.38 Draw a structural formula for the magnesiimi alkoxide formed in the following Grignard reaction

and then the product formed on hydrolysis of the magnesium alkoxide with aqueous acid.

+ BrMgCHgCHg-CH
•CHp

I

-CH,

Hydrolysis of the magnesium alkoxide in aqueous acid converts the alkoxide to an alcohol and
causes hydrolysis of the acetal to an aldehyde.

CH3O

0"MgBr* o
I /
CHCH2CH2CH

CH,
I

'

CH,

H2O

HCI

CH3O

OH O
I II

CHCHjCHjCH

HOCH2CH2OH

Problem 15.39 Show how to bring about the following conversion:

O

CH =CHCH several steps CHpCHCH
I I

OH OH

The most convenient way to convert an alkene to a glycol is to oxidize the alkene with osmium
tetroxide in the presence of hydrogen peroxide. These conditions, however, will also oxidize

an aldehyde to a carboxylic acid. Therefore, it is necessary to first protect the aldehyde by
transformation to an acetal. In the following answer, ethylene glycol is the protecting agent.

II u +

CH2=CHCH +HOCH2CH2OH -H— CH2=CHCH + H2O

CH2=CHCH
OsO>

H,02^2
CHoCHCH

I I

OH OH

H,0*

CH2CHCH
I I

OH OH

HOCH2CH2OH



426 Solutions Chapter 15: Aldehydes and Ketones

Problem 15.40 Multistriatin is a component of the aggregating pheromone of the European elm bark beetle, the

insect vector of Dutch elm disease. In one laboratory synthesis of this molecule, (Z)-2-butene-l ,4-diol was used

as a starting material. Because of the requirements of subsequent steps, it was necessary to protect the two -OH
groups of this molecule, which was done by making a cychc acetal with acetone. The cyclic acetal was then

treated with 3-chloroperoxybenzoic acid followed by methybnagnesium iodide and acid hydrolysis to give a

compound of molecular formula C5H12O3.

O
HOCHg^ /H LCHgCCHa.H^

^ 2. ArCOaH

C 3. CHaMgl, ether

HOCh/ \ 4. H2O. HCI

*" C5H12O3

several

steps O.

O-

Multistriatin

(Z)-2-Butene-l,4-diol

(a) Draw structural formulas for the products of Steps 1, 2, 3 and 4.

HOCH2 H

HOCHj/ H

1 . CHgCCHg.H* CH.
OCHj^ /H

^3v / C 2. ArCOgH

OCHg^ H

OCHr OCH,

CH
' \ch/^h

CH;

4. H2O, HCI

HOCH2 QH

HOCHX/ '"OH

(A pair of
enantiomers,
only one is

shown
for clarity)

C5H12O3

CH<CHa^" '\>" 3. CH3Mgl, ethe r
CH3 / ^''\^^

" ^A)chAo Mgl*

Note that the products of reaction 3 and 4 give racemic mixtures of enantiomers. Only one
enantiomer was shown above for clarity. Reaction 2 gives a meso compound.

(b) Explain why it was necessary to protect the -OH groups in the starting diol.

Were the two -OH groups not blocked by formation of an acetal, they would react with
CHaMgl to give CH4 and thus destroy the Grignard reagent.

Problem 15.41 Which of these molecules will cyclize to give the insect pheromone frontalin?

O

Frontalin
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OH O

A B

The answer is B. Using models may help with this answer.

8 .OH

4 ^OH redraw
^ ^f-^^ -^ ' ^^l^'

HO A^ o-yir^z

Addition of Sulfur Nucleophiles
Problem 15.42 Draw a structural formula for the product of reaction of benzaldehyde with the following dithiols

in the presence of an acid catalyst.

(a) 1,2-ethanedithiol (b) 1,3-propanedithiol

Each compound forms a cyclic dithioacetal with benzaldehyde.

O^l^
S^ /=\ S—V

\ /
/
CH
\

Problem 15.43 Draw a structural formula for the product formed by treating each of these compounds with (1)

the lithium salt of the 1,3-dithiane derived from acetaldehyde and then (2) H2O, HgCl2.

:a)

\ /

O
II

CH (b) H2C—CH-^ /> (c) CICH2CH=CH2

\ /

HO O
I II

CHCCH,
\ /

OH O
I II

CHCH2CCH3 CH2=CHCH2CCH3

In reaction of the 1,3-dithiane of acetaldehyde with butyllithium, the carbonyl carbon is in

effect converted to a carbanion that then adds to the carbonyl carbon of benzaldehyde in (a),

brings about an Sn2 opening of the epoxide in (b), and an Sn2 displacement of chlorine in

(c). Hydrolysis in aqueous mercuric chloride regenerates the carbonyl group of acetaldehyde.

Problem 15.44 Show how to bring about the following conversions using a 1,3-dithiane:

O O OH
II II I

(a) CH3CH *- CHoC-C-Ph
I

Ph
First convert acetaldehyde to a 1,3-dithiane and then to a lithium salt with butyllithium.

Nucleophilic addition of this carbanion to the carbonyl group of benzophenone followed by
hydrolysis of the 1,3-dithiane gives the desired ketoalcohol.
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o

CH CH
1) HSCH^CH.CH^SH, H^

^^
^ 2) CH3CH2CH2CH2LI -o

(BuLi) o
II

O OH
1) PhCPh " '^' '^"^^^

CHgC-C-Ph
2) H2O, HgCl2 I

Pn

O

(b) PhCH ^ PhC-CH(CH2)5CH3

CH3

Convert benzaldehyde to a 1,3-dithiane and then to a lithium salt. Treatment of this

nucleophile with 2-iodooctane via an Sn2 pathway followed by hydrolysis gives the desired

product.

O
«^J1.. 1) HSCH2CH2CH2SH, H* „^
PhCH — ^ Ph

2) CH3CH2CH2CH2LI
(BuLI)

! P
1) CH3CH(CH2)5CH3

'-€>

2) H2O, HgCl2
PhC-CH(CH2)5CH3

CH3

(c)
I

>--CH .-
I

>—CCH2CH2OH[>i„_[>;
Treatment of cyclopentanecarbaldehyde with 1,3-propanedithiol followed by reaction with
butyllithium gives a carbanion. Treatment of this carbanion with ethylene oxide followed by
hydrolysis in aqueous mercuric chloride gives the product.

O S V

\\cH 1) HSCH2CH2CH2SH, H\ [\,^r \
k..y 2) CH3CH2CH2CH2LI L..V "C /

1) CHg-CHg ^ [ \-cCH2CH2OH
2) H2O, HgCl2 ^--y
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Addition of Nitrogen Nucleoohiles
Problem 15.45 Draw structural formulas for the products of the following acid-catalyzed reactions:

(a) Phenylacetaldehyde + hydrazine >

PhCHzCH + H2N-NH2 PhCH2C^^N-NH2 + HjO

(b) Cyclopentanone + semicarbazide

r V=0+ HjN-i2N-NHC-NH2 N-NH-CNH2 + H20

(c) Acetophenone + 2,4-dinitrophenylhydrazine

OoN

PhCCHg + H2N-NH-^ V
0,N.

CH,
1 V

NO, -^ PhC=N-NH-{^ ^^Oz + H2O

(d) Benzaldehyde + hydroxylamine

O

CH + H2N-OH —
\ /

>\ /r-C=NOH + H2O

H

Problem 15.46 The following ketone reacts with hydroxylamine to form a pair of isomeric oximes related in the

same maimer that cis and trans alkenes are related. Draw stnictural formulas for these isomeric oximes, and
specify the configuration of each using the E,Z convention.

O
II

C~CH2CHCH3

CHo
\ /

The stereoisomers have a cis and trans relationship of groups about the carbon-nitrogen
double bond. The configuration of these oximes is shown here using the E-Z system. Note
that an unshared pair of electrons has a lower priority than hydrogen

HO. .OH

n:

X
Ph CHjCHCCHg),

(Z)-Oxime

:N

A
Ph' CH2CH(CH3)2

(E)-Oxime
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Problem 15.47 Methenamine (hexamethylenetetramine), a product of the reaction of formaldehyde and ammonia,

is an example of a prodrug, a compound that is inactive itself but is converted to an active drug by a biochemical

transformation. The strategy behind use of methenamine as a prodrug is that nearly all bacteria are sensitive to

formaldehyde at concentrations of 20 mgAnL or higher. Formaldehyde cannot be used directly in human
medicine, however, because an effective concentration in plasma cannot be achieved with safe doses.

Methenamine is stable at pH 7.4 (the pH of blood plasma) but undergoes acid-catalyzed hydrolysis to

formaldehyde and ammonium ion under the acidic conditions of renal tubules and the urinary tract. Thus,

methenamine can be used as a site-specific drug to treat urinary infections.

O
HCI II^ HCH + NH/

(a) Write a balanced equation for the hydrolysis of methenamine to formaldehyde and ammonium ion.

N

N.f -N + 10 Hj_ -^6 CH2O + 4 NH4*0H

(b) Does the pH of an aqueous solution of methenamine increase, remain the same, or decrease as a result of

hydrolysis? Explain.

When methenamine is hydrolyzed, ammonia is released. Ammonia is a base so the pH will

increase.

(c) Explain the meaning of the following statement: The functional group in methenamine is the nitrogen analog of

an acetal.

With an acetal, a single carbon atom is bonded to two oxygen atoms. In the case of
methenamine, each carbon atom is bonded to two nitrogen atoms.

(d) Account for the observation that methenamine is stable in blood plasma but undergoes hydrolysis in the

urinary tract.

Blood plasma is buffered to the slightly basic pH of 7.4. Methenamine is relatively stable to

hydrolysis at this pH, since it is stable to base. Recall that acetals are also stable to base. On
the other hand, both methenamine and acetals are readily hydrolyzed at acidic pH. The urinary
tract is more acidic, so the methenamine is hydrolyzed much more rapidly there.

(e) Propose a mechanism for the acid-catalyzed hydrolysis of methenamine to formaldehyde and ammonium ion.

The entire mechanism for the hydrolysis of methenamine has many steps. The general
mechanism involves protonation of the nitrogen atom, followed by formation of an iminium
ion that is attacked by water as a nucleophile. This mechanism is highly analogous to that for

acid-catalyzed hydrolysis of acetals.

Step 1:

H
H X J. . H
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Step 2:

H

••H.\ .n:

Step 3:

Iminium
ion

Iminium
ion

/^N^

S/ep ^;

H
I

N

H
:

H
: 6

H

I
/ /^H transfer | / /^H

:N.|,_^N: ^;— :N.|. N +

Step 5:

H H

n: 1 >0y

H

N:

S/ep d;

H
I

n:
H

:nU_j:n

:0:
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H
I

n:
:0:

same steps

repeated

H

:0:

A + 4 NH4*OH
H

Keto-Enol Tautomerism
Problem 15.48 The following molecule belongs to a class of compounds called enediols; each carbon of the

double bond carries an -OH group. Draw structural formulas for the a-hydroxyketone and the a-

hydroxyaldehyde with which this enediol is in equilibrium.

HCOH

a-Hydroxyaldehyde -T-^ C-OH -^—
I

CH3

An enediol

a-Hydroxyketone

Following are formulas for the a-hydroxyaldehyde and a-hydroxyketone in equilibrium by
way of the enediol intermediate.

CH
a I

HC-OH
I

CH3

a-Hydroxy-
aldehyde

HCOH a CH2OH
I

^;— n-OH —-^ C=0
I

CH3

Enediol

I

CH3

a-Hydroxy-
ketone

Problem 15.49 In dilute aqueous base, (R)-glyceraldehyde is converted into an equilibrium mixture of (R,S)-

glyceraldehyde and dihydroxyacetone. Propose a mechanism for this isomerization.

O O

CH
I

HC-OH
I

CH2OH
(R)-Glyceraldehyde

NaOH

CH
I

HC-OH
I

CH2OH
(R,S)-Glyceraldehyde

CHpOH
I

c=o
I

CH20H
(Dihydroxyacetone)

The key is keto-enol tautomerism. In the presence of base, (R)-glyceraldehyde undergoes
base-catalyzed keto-enol tautomerism to form an enediol in which carbon-2 is achiral. This
enediol is in turn in equilibrium with (S)-glyceraldehyde and dihydroxyacetone.

OHO

CHO

H^C—OH

CH2OH
(R)-Glyceraldehyde

HCOH
II

COH
I

CH2OH

An enediol

HOfc-C—

H

CH2OH
(S)-GIyceraldehyde

CH2OH
I

C=0
I

CH2OH
Dihydroxyacetone
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Problem 15.50 When cw-2-decalone is dissolved in ether containing a trace of HCl, an equilibrium is established

with rra/ts-2-decalone. The latter ketone predominates in the equilibrium mixture. Propose a mechanism for this

isomerization and account for the fact that the trans isomer predominates at equiUbrium.

O O
H II H

HCl

H

The CIS-2-decalone and rrans -2-decalone are equilibrating via the enol intermediate.

O OH O
HI! T H

HCl
^

H
cis-2-Decalone /ra/is-2-Decalone

The rra/ts-2-decalone is more stable because all of the carbons of the ring fusions are in the

more stable equatorial arrangement. In c/5-2-decalone, there is one equatorial and one less-

favored axial arrangement at the ring fusion.

axial -^— [\

cw-2-Decalone

/ra/is-2-Decalone

Reactions at the a-Carbon
Problem 15.51 The following bicychc ketone has two a-carbons and three a-hydrogens. When this molecule is

treated with D2O in the presence of an acid catalyst, only two a-hydrogens exchange with deuterium. The a-

hydrogen at the bridgehead does not exchange. How do you account for the fact that two a-hydrogens do

exchange but the third does not ? You will find it helpful to build a model of this molecule and of the enols by
which exchange of a-hydrogens occurs.

these two a-hydrogens

exchange
this a-hydrogen

does not exchange

Exchange of a-hydrogens is through keto-enol tautomerism and an enol intermediate. The key
to this problem centers on the possibility of placing a carbon-carbon double bond between

carbons 2-3 of the bicyclic ring and between carbons 1-2 of the ring. Enolization in the first

direction is possible with the result that the two a-hydrogens on carbon-3 exchange.
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Cnolization toward the bridgehead carbon is not possible because of the geometry of the

bicyclo[2.2.1]heptane ring. The energy required to force the bridgehead carbon and the three

other carbons attached to it into a planar conformation with bond angles of 120<^ is

prohibitively high.

the three groups
bonded to this carbon
cannot become planar

enolization is possible

in this direction

enolization is not possible

in this direction

Problem 15.52 Propose a mechanism for this reaction.

O

+ CI
CH3CO2H

+ HCI

A reasonable mechanism for this reaction involves tautomerization to the enol form, that then
reacts with the CI2. A final proton transfer completes the reaction.

Step 1.

keto-enol
tautomerization

:0H

Step 2:

:0H

Step 3:

+ :Ci:

+ H—CI
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Problem 15.53 The base-promoted rearrangement of an a-haloketone to a carboxylic acid, known as the

Favorskii rearrangement, is illustrated by the conversion of 2-chlorocyclohexanone to cyclopentanecarboxylic

acid. It is proposed that NaOH first converts the a-haloketone to the substituted cyclopropanone shown in

brackets, and then to the sodium salt of cyclopentanecarboxylic acid.

6- NaOH

THF

O O

NaOH /V^CO Na HCI /V^COH
THF VJ HoO VJ

A proposed
intermediate

(a) Propose a mechanism for base-promoted conversion of 2-chlorocyclohexanone to the bracketed intermediate.

A reasonable mechanism involves formation of an enolate anion that then displaces chloride in

an intramolecular step that produces the three-membered ring intermediate.

Step 1

ho: :o:

Enolate anion

+ HoO:

Step 2:

+ :Ci:

Enolate anion Proposed
intermediate

(b) Propose a mechanism for base-promoted conversion of the bracketed intermediate to sodium

cyclopentanecarboxylate. {Hint: Begin by adding hydroxide ion to the carbonyl carbon to form a tetrahedral

carbonyl addition intermediate.)

As stated in the hint, a reasonable mechanism can be written that starts with formation of a

tetrahedral carbonyl addition intermediate, followed by collapse of the intermediate and
breaking of one of the cyclopropane ring bonds. A proton transfer completes the reaction.

Proposed
intermediate

HQ: O
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Step 2:

:o:

-OH

Step 3:
:0:

-OH

cr-'

Q.0-,

Proton transfer

:0:

Q.C-*-

Problem 15.54 If the Favorskii rearrangement 2-chlorocyclohexanone is carried out using sodium ethoxide in

ethanol, the product is ethyl cyclopentanecarboxylate. Propose a mechanism for this reaction.

O
O

CH3CH2O Na^ /N^CGCHgCHg
CH3CH2OH \ /

This mechanism is entirely analogous to that of the previous problem, except this time
ethoxide is the base and nucleophile, not hydroxide.

Step 1:

CHoCHjb*:-^ -O:
•• >H

:o:

I T —^ *r T * CH3CH2—p-H

Step 2:
Enolate anion

:o:

Enolate anion

Step 3:

CH3CH26: *^V^

O:

+ :Ci:

Proposed
intermediate

CH3CH2O: p

Proposed
intermediate
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"
II ..

Step 5:
:0:

H—P-CH2CH3

Q,c-c-0CH2CH;

CH3CH20:

Problem 15.55 (R)-(+)-Pulegone, readily available from the pemiyroyal oils (Merck Index, 12th Ed., #8124), is

an important enantiopure building block for organic syntheses. Propose a mechanism for each step m this

transformation of pulegone. {Hint: The first stages of the mechanism for the second reaction are essentially

identical to those of the Favorskii rearrangement.)

Br O

Bn
Br

CH3CH2O" Na'—. 1

CH3CH2OH

(R)-(+)-Pulegone

The first step involves bromination of an alkene via a bromonium ion intermediate.

Step I:

: Br—Br Br:

(R)-(+)-Pulegone

Step 2:

Bromonium ion

intermediate

Br:
Bromonium ion

intermediate

A Favorskii rearrangement then occurs via the proposed cyclopropanone intermediate. The

novel feature in this case is shown in step 6 wherein decomposition of the tetrahedral carbonyl

addition intermediate is accompanied by displacement of bromide and formation of the carbon-

carbon double bond.



438 Solutions Chapter 15: Aldehydes and Ketones

Step 3:

r-M

+ CH3CH2—p-H

+ :Br:

CH3CH2O:

Br: :o: ..

.OCHjCHg

Step 6:

:Br: (-O: ..

PCH2CH3

Problem 15.56 (R)-(+)-Pulegone is converted to (R)-citronellic acid by addition of HCl followed by treatment

with NaOH. Propose a mechanism for each step in this transformation, including the regioselectivity of HCl
addition.

(R)-(+)-Pulegone

HCl

(R)-3,7-Dimethyl-6-octenoic acid

(R)-Citronellic acid

The first step of the process involves protonation of the carbon-carbon double bond to create
the tertiary carbocation shown below. Chloride reacts with this carbocation to give the
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chlorinated intermediate. This regiochemistry of hydrochlorination reflects the most stable
carbocation that is possible. The other possible carbocation produced upon protonation would
also have been a tertiary carbocation, but one that is a to the carbonyl group. Carbonyl
groups are electron withdrawing and thus destabilizing to an adjacent carbocation.

Step 1:

+ :C\

Hydroxide attacks the carbonyl group to give a tetrahedral carbonyl addition intermediate that
then decomposes in step 4 to break one bond of the six-membered ring while displacing
chloride to create a new carbon-carbon double bond.

Step 3:

a: »<?• •o-
•Ci: H I ,0H

Step 4:

:Ci:

Oxidation/Reduction of Aldehvdes and Ketones
Problem 15.57 Draw structural formulas for the products formed by treatment of butanal with the following

reagents.

(a) LiAlH^ followed by H2O (b) NaBH^ in CH3OH/H2O

CH3CH2CH2CH2OH CH3CH2CH2CH2OH



440 Solutions Chapter 15: Aldehydes and Ketones

(c) Hj/Pt

CH3CH2Cn2CH20H

(e) H2Cr04,heat

CH3CH2CH2CO2H

(d) Ag(NH3)2-»- in NH3/H2O

CH3CH2CH2CO2NH4*

(0 HOCH2CH2OH, HCl

CH3CH2CH2CH I + H2O
Yi-'CH2

(g) Zn(Hg)/HCl

Crl3Crl2di2CM3

(h) N2H4, KOH at 250 C

CH3CH 2C rl2CH 3

(i) C6H5NH2

di3CH2di2wr1=

+

HoO

-<J
Q) C6H5NHNH2

Crl3vJri2wri2wH

+

HoO

-s^
Problem 15.58 Draw structural formulas for the products of the reaction of acetophenone with the reagents given

in Problem 15.57.

Following are structural formulas for each product. Note that in parts (a), (b), and (c) a new
stereocenter is created in the reaction so the product will actually be a racemic mixture.

r=. OH

(a) ( VcHCHa

(c) ( V-CHCH3

(e) No reaction

aOH

CHCH3

(d) No reaction

CH,
/ "^CH2

\
CH,

(g)

(i)

•CH2CH3
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Synthesis
Problem 15.59 Starting with cyclohexanone, show how to prepare these compounds. In addition to the given
starting material, use any other organic or inorganic reagents as necessary.

(a) Cyclohexanol

This transformation can be accomplished with any of three dilTerent sets of reagents:

/ \^ Hz/Pt or 1) LIAIH4, 2) H2O / \^
\ /^ or 1) NaBH4, 2) HjO \__/^^

(b) Cyclohexene

O™ .^rO • -
From (a)

(c) CI.S- l»2-Cyclohexanediol

From (b)

(d) 1-Methylcyclohexanol

r\^ 1)CH3MgBr_ AA/°"
\_/^ 2) HCI, H2O \_/^cH,
(e) 1-Methylcyclohexane

From (d)

(0 1-Phenylcyclohexanol

\ / 2) HCI, H2O

CH3

(g) 1-Phenylcyclohexene

From (f)
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(h) Cyclohexene oxide

RCO3HO
From (b)

(i) fra/w-l,2-Cyclohexanediol

Recall that ring-opening of an epoxide in acid gives the desired trans product. Compare this

to part (c) of this problem in which the cis product is desired.

.OH

'mOH

From (h)

Problem 15.60 Show how to convert cyclopentanone to these compounds. In addition to cyclopentanone, use
other organic or inorganic reagents as necessary.

(a) [^y—OH

r"^ Hg/Pt or 1) LiAIH4, 2) HgO r""A^^

L^y^ or 1) NaBH4, 2) HjO L^y ^"

(b) [^^\-0\

from (a)

(c) r \=CH-CH=CH2

r-^ PhoP^-CH—CH=CH2 r^^
I >=0 ^ I >=CH~CH=CH2
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(d) O^
soci.

r V-OH _ ...
I / Pyridine

from (a)

-Oc, 1) Mg/ether

3) HCI, HjO

O^
Problem 15.61 Disparlure is a sex attractant of the gypsy moth {Porthetria dispar). It has been synthesized in the

laboratory from the following (Z)-alkene.

(Z)-2-methyl-7-octadecene Disparlure

(a) Propose two sets of reagents that might be combined in a Wittig reaction to give the indicated (Z)-alkene.

Note that at least for simple phosphonium ylides, the product of a Wittig reaction is a (Z)-alkene.

H

or

(C6H5)3-P*

(b) How might the (Z)-alkene be converted to disparlure?

The (Z)-alkene is converted to disparlure by reaction with a peracid.

(c) How many stereoisomers are possible for disparlure? How many are formed in the sequence you have
chosen?

Disparlure has two stereocenters, so there are a total of 4 stereoisomers possible. Starting

with the (Z)-alkene means that only (Z) epoxides are formed. Thus, there will only be two
stereoisomers formed as shown below.
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Problem 15.62 Starting with the given two compounds and any other necessary organic or inorganic reagents,
show how to make the compound shown at the right.

CH.

Q several

\ /
CCH3+ BrCHgCHgCH

steps
•CH.

=rv OH O

CCHoCHoCH
\ /

2^' •2'-

CH,

The desired compound can be produced via a Grignard reaction, once the aldehyde group is
protected as an acetal. The acetal is hydrolyzed in the acid workup following the Grignard
reaction.

o n
Br-CH2-CH2-CH 1 1 ^ Br-CHj-CHj-CHn

0\ fi 1) Mg/ether
Br-CHj-CHj-CH •

2)CH3—f Vc-CHg

/=\ OH O

CH3—^ ^C-CHz-CHj-CH

CH,

3) HCI, H2O

Prpblem 15,63 Propose structural formulas for compounds A, B, and C in the following conversion Show also
how to prepare compound C by a Wittig reaction.

O

1.HC.CH,NaNH,^C,H,,0 "^ . c,H,0
2. H2O, HCI (A)

Lindlar

catalyst (B)

KH$04

heat

C7H10

(C)

HO. .Ĉ

CH

1. NaNH2
-^-

2. HC^CH
3. HCI, H2O

HO

H.

H H
C=C^

Pd/CaCOa

KHSO4

heat

,^. (Lindlar catalyst) ,g.

H H
C=C^

H

(C)
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Compound C could also be prepared by the following Wittig reaction:

H

H

+ (C6H5)3P-C<-

H
(C)

Problem 15.64 Following is a retrosynthetic scheme for the synthesis of d5-3-penten-2-ol. Write a synthesis for

this compound from the indicated starting materials.

OH

HC=CH

II

HCCH.

^y
^ ' T^yjn ^ +

^3l +

OH

HCsCH

1. NaNHj 1. NaNHj

2. CH3I A
2. HCCH3
3. HCI, H2O

H2
, r^

Pd/CaCOs y—UM

(Lindlar catalyst)

Problem 15.65 Following is the structural formula of the tranquilizer Oblivon (meparfynol). Propose a synthesis

for this molecule starting with acetylene and a ketone.

OH
I

CHoCHpCC^CH
I

CH3
Oblivon

Oblivon is prepared by reaction of sodium acetylide with 2-butanone followed by hydrolysis

of the resulting sodium alkoxide in aqueous acid.

O Na OH
HCI

HCsC Na + CH3CH2CCH3—^ CHjCHjCCsCH ^ - CH3CH2CCSCH

CH. CH.

Oblivon



446 Solutions Chapter 15: Aldehydes and Ketones

Problem 15.66 Following is the structural formula of surfynol, a defoaming surfactant. Describe the synthesis of

this molecule from acetylene and a ketone. You may wish to look up the word "surfactant" in a science reference

book and find out what surfactants are, how they work, and what they are used for.

OH
I

OH

CHqCHCHoCC^CCCHoCHCHo
3| 2|

I

2| 3

CHg CH3 CH3 CH3

Surfynol

Surfynol (surfactant containing alk^e and alcohol functional groups) is synthesized by
reaction of the disodium salt of acetylene with two mol of 4-methyl-2-pentanone.

OH

2CH3CHCH2CCH3

CH,

1 ) HC=C"Na

2) HCI, H2O

OH
I

CH3CHCH2CCSCCCH2CHCH3

CH, CH3 CH3

Surfynol

CH.

Problem 15.67 Propose a mechanism for this isomerization,

.OH
H"

^'^^

OHO

H
OH

A reasonable mechanism for this transformation involves initial protonation of the -OH group,
followed by loss of water to generate a resonance stabilized carbocation. This carbocation is

attacked by water to give an intermediate that loses a proton to give an enol that tautomerizes
to produce the final product.

Step 1

Step 2:
H
1+

roH

%CH

H
1+

OH

%
CH

* C=CH

+ HoO:

C=CH

Step 3:

C=CH

••)
HoO:/

( )=C=CH
H

H
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Step 4

CH < >=C=CH
^ ^ :0-H ^ ^ :0-H

H Enol

Step 5:

O-..CH
keto enol

tautomerization

:0:
II

CH

0-H ^ ^ H

Enol

Problem 15.68 Propose a mechanism for this isomerization,

ArSOaHO^
A reasonable mechanism for this reaction involves an initial protonation of the epoxide,

leading to epoxide ring opening to form a tertiary carbocation. This undergoes a

rearrangement to create a resonance stabilized cation that contains the less strained four-

membered ring instead of the original, more highly strained three-membered ring.

Deprotonation gives the flnal product.

Step 1 H

Step 2:

Step 3: H
I

:0:
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H
Step 4: ^^. :o:

Problem 15.69 Starting with acetylene and 1-bromobutane as the only sources of carbon atoms, show how to

synthesize the following:

All molecules in this problem are decanes. The way to build this carbon skeleton using the
compounds given is by dialkylation of acetylene to give 5-decyne.

..^ ^.. 1) 2NaNH2
HCsCH ^ CHo(CH,)oC=C(CH,),CHo

2) 2CH3CH2CH2CH2Br ^^ ^/s ^K^ 2/3^"3

5-Decyne

Catalytic reduction of 5-decyne using hydrogen over a Lindlar catalyst gives (Z)-5-decene.
Chemical reduction of 5-decyne using sodium or lithium metal in liquid ammonia gives (E)-5-
decene.

u CH3(CH2)2CH2. .CH2(CH2)2CH3

CH3(CH2)3C=C(CH2)3CH3

^2—^ >=<Lindlar
catalyst H H

Na
CH3(CH2)2CH2 H

^"^(1)
h' CH2(CH2)2CH3

In the following formulas, the CH3(CH2)2CH2- group is represented as R-. Oxidation of (Z)-
5-decene with a peracid gives m-5,6-epoxydecane as a meso compound. Oxidation of (E)-5-
decene by a peracid gives rrarts-5,6-epoxydecane as a pair of enantiomers.

c—

c

^y==/^ "C03H
, ^'^c—c^^

H H b
(Z)-5-Decene m-5,6-Epoxydecane

(a meso compound)

\ /" RCO3H R^r._r^H
H R V
(E)-5-Decene rra/is-5,6-Epoxydecane

(as a pair of enantiomers)
(a) Meso-5,6-decanediol

Oxidation of (Z)-5-decene by osmium tetroxide in the presence of hydrogen peroxide gives
meso-5,6-decanediol.
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R R K R «". OH

(Z)-5-Decene meso-5,6-Decanediol

Alternatively, acid-catalyzed hydrolysis of the /ra/15-epoxide also gives meso-5,6-decanediol.

Rw- -^H H "^' /C—C + H2O ^ /^~^CRV HO \
fra/i5-5,6-Epoxydecane meso-5,6-Decanediol

(b) Racemic 5,6-decanediol

Oxidation of (E)-5-decene by osmium tetroxide in the presence of hydrogen peroxide gives

racemic 5,6-decanediol.

u a r^ r^ % 3 HO, OH

p/ \ H2O2 HO'^ OH R^ ^H

(E)-5-Decene Racemic 5,6-decanediol

Alternatively, acid-catalyzed hydrolysis of the m-epoxide also gives racemic 5,6-decanediol.

Rx R Lj"-' OH HO ^^

C C + HoO »> .C C-M//JQ .C C

H
c/s-5,6-Epoxydecane Racemic 5,6-decanediol

(a pair of enantiomers)

(c) 5-Decanone

Acid-catalyzed hydration of 5-decyne gives 5-decanone.

O
HoSO- "

CH3(CH2)3C= C(CH2)3CH3 + H2O ^ ^ > CH3(CH2)3CCH2(CH2)3CH3
HgS04

5-Decyne 5-Decanone

(d) 5,6-Epoxydecane

See the beginning of this solution for methods to prepare both the c/s-epoxide and the trans-

epoxide.

(e) 5-E)ecanol

Catalytic reduction of 5-decanone using hydrogen over a transition metal catalyst, or chemical
reduction using NaBH4 or LiAlH4 gives 5-decanol.
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O OH
II

I

CH3(CH2)3C(CH2)4CH3 + NaBH4 .- CH3(CH2)3CH(CH2)4CH3

5-Decanone 5-Decanol

(f) Decane

Catalytic reduction of 5-decyne using hydrogen over a transition metal catalyst gives decane.

CH3(CH2)3CSC(CH2)3CH3 + 2H2 P^
» CH3(CH2)8CH3

5-Decyne Decane

(g) 6-Methyl-5-decanol

Treatment of either the cis-epoxide or the /ranf-epoxide from part (d) with methylmagnesium
iodide gives 6-methyl-5-decanol.

/ \
HO CH,

CH3(CH2)3CH-CH(CH2)3CH3 ^^ ^HsMgl^
CH3(CH2)3CH-CH(CH2)3CH3

2) HCI, H2O

5,6-Epoxydecane 6-MethyI-5-decanol

(h) 6-Methyl-5-decanone

Chromic acid oxidation of 6-methyl-5-decanol from part (g) gives 6-methyl-5-decanone.

HO CH3 O CH3II H rrn II I

CH3(CH2)3CH-CH(CH2)3CH3 »2^'^a , CH3(CH2)3C-CH(CH2)3CH3

6-Methyl-5-decanol 6-Methyl-5-decanone

PrQblem 1^.70 Following are the final steps in one industrial synthesis of vitamin A acetate:

Pseudo-ionone P-Ionone

;3)

(5)

OCCH,

Vitamin A acetate
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(a) Propose a mechanism for the acid-catalyzed cyclization in Step 1.

Step 1:

"nXp^^p ^
2S04

Step 3:

P.
'-"^^

(b) Propose reagents to bring about Step 2.

2. H2O, HCI

(c) Propose reagents to bring about Step 3

H.

Lindlar"^ [ jL^ """

Catalyst \./^\
(d) Propose a mechanism for formation of the phosphonium salt in Step 4.

Step 1:

^ :Br:
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Step 2:

Step 3:

Step 4:

: Br:

Br:

':PPh3

(e) Show how Step 5 can be completed by a Wittig reaction

+ HoO:

Br:

:Br:
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CHAPTER 16: CARBOXYLIC ACIDS

SUMMARY OF REACTIONS

\ 3\ "O —

^

\ ^
StartingS,^
Material N,^^

8
!S
"S
X
•a

<

(A

o
o
w

8

X
o
e
U

o
<

o
s
it

U

8

1

Carboxylic Acids 16A
16.9*

I6B
16.7

16C
16.4B

16D
16.8C

Carboxylic Acids

Alcohols
16E
16.8A

p-Dicarboxylic Acids 16F
16.10B

P-Ketoacids
160
16.10A

Section in book that describes reaction.

REACTION 16A: CONVERSION TO ACID HALIDES (Section 16.9)

SOCI2 or

I
.0 PCI5 I P—c-c:
\.
OH

—c-c;^
CI

- Carboxylic acids react with either thionyl chloride or phosphorus pentachloride to yield acid

chlorides. *
- The mechanism for the reaction with thionyl chloride involves an initial formation of an alkyl chlorosulfite

intermediate, followed by its decomposition to SO2 and the acid chloride.

REACTION 16B: REDUCTION BY LITHIUM ALUMINUM HYDRIDE (Section 16.7)

,0

—c-c:
\
OH

1. LiAIH4

2. H2O
*- —C-C'HsOH

- Carboxylic acids react with lithium aluminum hydride to give primary alcohols.*
- The reaction involves delivery of two hydride ions from the LiAlH4 to the carbonyl group, while the

hydroxyl hydrogen is derived from water in the work-up.
- NaBH4 cannot reduce carboxyhc acids to primary alcohols, so this reagent can be used to reduce selectively

other functional groups such as aldehydes or ketones in the presence carboxylic acid groups.

- Catalytic hydrogenation does not reduce carboxylic acids.

REACTION 16C: REACTION OF CARBOXYLIC ACIDS WITH BASES (Section 16.4A)

,0

—C-c:
Base: .0

\
C-c:

OH
\,

Base-H

O

Carboxylic acids are relatively acidic, so they react with bases such as NaOH, KOH, or NH3 to give

a carboxylate anion and prolonated base. *
Carboxylate anions are highly water soluble, and this is often exploited in the isolation of carboxylic acids.
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REACTION 16D: REACTION WITH DIAZOMETHANE (Section 16.8C)

—C-C- + C-HgNg .- —C-C' + N2

I
OH

I
0C-H3

- Carboxylic acids react with diazomethane to form methyl esters. *
- This is a very clean reaction, but unfortunately diazomethane must be used with care because it is poisonous

and potentially explosive.

- The mechanism of this reaction involves an initial proton transfer from the carboxyUc acid to diazomethane,

followed by nucleophilic attack of the carboxylate and loss of N2 as the leaving group to generate the

product methyl ester.

REACTION 16E: FISCHER ESTERIFICATION (Section 16.8B)

I p I

H,S04
I ,0—C-C' + —C"-OH ^ —C-C'

I

+ H2O

I
OH

I I
0-C"—

- Carboxylic acids react with excess alcohol in the presence sulfuric acid under anhydrous conditions

to generate esters. *
- The mechanism of the reaction involves initial protonation of the carbonyl oxygen atom, followed by
nucleophilic attack of the hydroxyl oxygen atom onto the carbonyl carbon atom, transfer of a proton, and
loss of H2O to give the product ester.

- The reaction is reversible, so reaction of an ester with strong aqueous acid can lead to hydrolysis of the ester.

REACTION 16F: DECARBOXYLATION OF p-DICARBOXYLIC ACIDS (Section 16.10B)

O^
I P warm P^

I

)C-C'-C" )C-C'-H + C'Og

HO
I

OH HO
I

- When a p-dicarboxylic acid (malonic acid and its derivatives) is heated, it can decarboxylate to give a

carboxylic acid and CO2 as products. %
- The mechanism involves a transition state in which six electrons move in a six-membered ring to give the

enol of a carboxylic acid and CO2. The enol undergoes keto-enol tautomerization to give the product
carboxylic acid.

- This reaction is important because malonic acid derivatives are easily produced.

REACTION 16G: DECARBOXYLATION OF p-KETOACIDS (Section I6.10A)

I II I P warm I II I

T —

C

^OH
I

- p-Ketoacids lose CO2 upon heating to produce ketones. *
- The mechanism of the reaction is analogous to that for the decarboxylation of p-dicarboxylic acids, involving
a six-membered ring transition state that results in formation of an enol and CO2. The enol rapidly

undergoes keto-enol tautomerization to give the ketone.

warm—C—C'-C"-C:" —C—C'-C"-H + G"'0
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SUMMARY OF IMPORTANT CONCEPTS

16.0 OVERVIEW
• Carboxylic acids are acidic, and they can be converted to a number of important derivatives such as acid

chlorides, anhydrides, esters, and amides. *

16.1 STRUCTURE
• The functional group of carboxylic acids is the carboxyl group, which contains a carbonyl group that has

an -OH group attached to the carbonyl carbon atom. *

16.2 NOMENCLATURE
• According to the lUPAC system, a carboxylic acid is named by dropping the e from the name of the longest

chain that contains the carboxyl group, and replacing it with the suffix oic acid. The carboxyl group takes

precedence over most other fimctional groups.

- Dicarboxylic acids are named the same as above, except the final e is retained and the suffix dioic acid is

used. Higher carboxylic acids are named with the suffixes tricarboxylic acid, tetracarboxylic acid,

etc.

- Aromatic carboxylic acids are named as derivatives of benzoic acid.

• Many common names of carboxylic acids are still used, some of which are listed in Table 16.2 of the text.

When these common names are used, then the Greek letters a, p, y, 5, etc. are used to locate substituents.

16.3 PHYSICAL PROPERTIES
• In the liquid and solid state, carboxylic acids exist in dimeric, hydrogen-bonded structures. In

these dimeric structures, the hydrogen atom of each carboxyl group is hydrogen bonded to the carbonyl oxygen

atom of its partner. *^

- Because of these dimeric structures, carboxyUc acids have higher boiling points than analogous alcohols or

aldehydes.
- Carboxylic acids can readily take part in hydrogen bonding with water molecules, so they are also more
soluble in water than analogous alcohols and aldehydes.

16.4 ACIDITY
• Unsubstituted carboxylic acids are relatively acidic, with pKa values in the range of 4-5.*

- In general, an anion is generated along with a proton when an acid dissociates, and the more stable the

anion, the stronger the acid. That is, the relative acidity of carboxylic acids can be attributed to

the stability of the carboxylate anion that is produced upon deprotonation. The carboxylate anion

is stabilized by delocalization of the negative charge onto bodi oxygen atoms.
- Another factor contributing to the acidity of the carboxylic acid is the electron withdrawing capability of the

carbonyl group via an inductive effect. The electrons in the -OH bond are polarized away from
hydrogen, thereby weakening the bond and increasing acidity.

- Electron withdrawing groups, such as halogen atoms adjacent to the carboxylic group functions,

increase acid strength. This effect can be quite large in certain cases.

16.5 SPECTROSCOPIC PROPERTIES
• The mass spectrum of carboxylic acids usually contains at least some of the molecular ion peak, but a-

cleavage of the carboxyl group is common.
• In iH-NMR spectra, the hydrogens a to the carboxyl group give rise to signals in the 6 2.0 to 2.5

range, while the acidic carboxyl hydrogen gives a signal between 6 10 and 13.

• In infrared spectra, the carboxyl group gives rise to two characteristic absorptions; a carbonyl stretch

between 1700 cm-i and 1725 cm-i, and an -OH stretch between 2400 cm* and 3400 cm-*.
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CHAPTER 16
Solutions to the Problems

Problem 16.1 Each of these compounds has a well-recognized common name. A derivative of glyceric acid is an

intermediate in glycolysis. Maleic acid is an intermediate in the tricarboxyUc acid (TCA) cycle. Mevalonic acid is

an intermediate in the biosynthesis of steroids. Write the lUPAC name for each compound. Be certain to specify

configuration.

(a)

COgH

Hi>-6-^OH

SHgOH

Glyceric acid

(R)-2,3-Dihydroxy-
propanoic acid

HO2C. .CO2H
(b) >=<

H H

(c)

Maleic acid

(Z)-2-Butenedioic acid

HO^,,N\CH3

HOCHgCHg'^ CH2CO2H

Mevalonic acid

(R)-3,5-Dihydroxy-3-
methylpentanoic acid

Problem 16.2 Which is the stronger acid in each pair?

(a) CH3CO2H

Acetic acid

pK, = 4.8

or CH3SO3H

Melhanesulfonic

acid

pK, = -1.8

or

2-Oxopropanoic acid

(Pyruvic acid)

pK. = 2.4

CH3Cn2CA)2''

Propanoic acid

pK^ = 4.8

In (a), the third oxygen atom on sulfur increases acidity by both inductive and resonance
effects compared to the carboxylic acid. In (b), the electron withdrawing carbonyl group in

the 2 position of pyruvic acid increases acidity due to inductive effects.

Problem 16.3 Write equations for the reaction of each acid in Example 16.3 with ammonia and name the

carboxylate salt formed.

(a) CH3(CH2)2C02H + NH3

Butanoic acid

CH3(CH2)2C02" NH4*

Ammonium butanoate

OH
I

(b) CH3CHCO2H

2-Hydroxy-
propanoic acid

(Lactic acid)

NH.

OH
I

CH3CHCOJ NH.

Ammonium 2-hydroxy-
propanoate

(Ammonium lactate)

Problem 16.4 Complete these Fischer esterifications.

(a) HOCH2CH2CH^OH H" 0°
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O
II

(b) CH3CHCOH

CH3

^HO-T^-^ CH3CHCO
I

CH, <3
Problem 16.5 Complete the following equations.

OCH,

+ SO2 + HCI

OCH,

(b)

.OH

+ SOCI2

CI

+ SO2 + HCI

Problem 16.6 How might you account for the observation that the following p-ketoacid is stable to thermal

decarboxylation. It can be heated for extended periods of time at temperatures above its melting point without

noticeable decomposition.

CO2H

2-Oxobicyclo[2.2.1]heptane-l-carboxyhcacid

The mechanism we have proposed for decarboxylation of a p-ketoacid involves formation of an
enol intermediate and equilibrium of the enol, via keto-enol tautomerism, with the keto-form.

Given the geometry of a bicycIo[2.2.1]alkane, it is not possible to have a carbon-carbon
double bond to a bridgehead carbon because of the prohibitively high angle strain. Therefore,

because the enol intermediate cannot be formed, this p-ketoacid does not undergo thermal
decarboxylation. Note that this argument is similar to that presented in the answer to Problem
15.51.
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Side view

Because of the geometry
of the bicyclic ring, it

is not possible to have
a double bond to a

^

bridgehead carbon

This atom would
be too distorted

from the ideal 120°

Problem 16.7 Write the lUPAC name for each compound

(a) ( /)—COgH

Top view

OH
I

/
^"

(b) CH3CHCH2CH2CO2H

1-cyclohexenecarboxylic acid 4-Hydroxypentanoic acid

(c) (d)

(2E)-3,7-Dimethyl-2,6-octadienoic acid 1-Methylcyclopentanecarboxylic acid

(e) CH3(CH2)4C02"NH/

Ammonium hexanoate

OH
I

(f) HO2CCHCH2CO2H

2-Hydroxybutanedioic acid

Problem 16.8 Draw structural formulas for the following.

(a) Phenylacetic acid (b) 4-Aminobutanoic acid

H2NCH2CH2CH2CO2H
\^ /} CH2COH

(c) 3-Chloro-4-phenylbutanoic acid

CI
I

CH2CHCH2CO2H

(d) Propenoic acid (acrylic acid)

\ /
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(e) (Z)-3-Hexenedioic acid

HO2CCH2 CH2CO2H

/\
H H

(g) Potassium phenylacetate

CHjCOz'K*
\ /

(i) 2-Oxocyclohexanecarboxylic acid

(f) 2-Pentynoic acid

CH3CH2CSCCO2H

(h) Sodium oxalate

O O

Na* OC-CO Na*

(j) 2,2-Dimethylpropanoic acid

CH3

CH3CCO2H

CH,

Problem 16.9 Megatomoic acid, the sex attractant of the female black carpet beetle, has the structure:

CH3(CH2)7CH=CHCH=CHCH2C02H

Megatomoic acid

(a) What is its lUPAC name?

Its lUPAC name is 3,5-tetradecadienoic acid.

(b) State the number of stereoisomers possible for this compound.

Four stereoisomers are possible; each double bond can have either an E or Z (trans or cis)

configuration.

Problem 16.10 Draw structural formulas for these salts.

(a) Sodium benzoate (b) Lithium acetate

\ /

O
II

CO" Na

(c) Ammonium acetate

O
" -

CH3CO NH4*

(e) Sodium salicylate

OH

-/ ?
CO" Na

CH3CO" LI

(d) Disodium adipate

o o
, . II II _

Na* OC(CH2)4CO Na

(f) Calcium butanoate

O

CHXHoCHXO" Ca
2 +

'3^"2
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Problem 16.11 The monopotassium salt of oxalic acid is present in certain leafy vegetables, including rfiubarb.

Both oxaUc acid and its salts are poisonous in high concentrations. Draw the structural formula of

monopotassium oxalate.

O O
II II _ .,

HOC-CO K*
Monopotassium oxalate

Problem 16.12 Potassium sorbate is added as a preservative to certain foods to prevent bacteria and molds from
causing food spoilage and to extend the foods' shelf life. The lUPAC name of potassium sorbate is potassium

(E,E)-2,4-hexadienoate. Draw the structural formula of potassium sorbate.

•0- K*
Potassium sorbate

Problem 16.13 Zinc 10-undecenoate, the zinc salt of 10-undecenoic acid, is used to treat certain fungal infections,

particularly tinea pedis (athlete's foot). Draw the structural formula of this zinc salt.

(cHj=CHCCHjjjCO )-'•

Zinc 10-undecenoate

Problem 16.14 On a cyclohexane ring, an axial carboxyl group has a conformational energy of +1 .4 kcal/mol
(5.9 kJ/mol) relative to an equatorial carboxyl group. Consider the equilibrium for the alternative chair

conformations of franj-l,4-cyclohexanedicarboxylic acid. Draw the less stable chair conformation on the left of
the equilibrium arrows and the more stable chair on the right. Calculate ^G° for the equiUbrium as written and
calculate the ratio of more stable chair to less stable chair at 25°C.

HO2C

HO2C
COjH

AG° = -2.8 kcal/mol

CO,H
As written, the conformation on the right is (2 x 1.4) = 2.8 kcal/mol more stable than the
conformation on the left.

At equilibrium the relative amounts of each form are given by the equation:

AG° = -RTXnK^q

Here Keq refers to the ratio of the alternative chair conformations. Converting to base 10 and
rearrangmg gives

-AG°
Iog^*^=

(2.303)/? r
Taking the antilog of both sides gives:

/^,, = 10^ ^

Plugging in the values for aG°, R, and 298 K gives theanswer:

K,. = \{s r
-(-2.8 kcal/mol)

303)(1.987 X 10 " kcal/mol K)(298 K),)., 2.05
= 1.12 X 10=
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Physical Properties

Problem 16.15 Arrange the compounds in each set in order of increasing boihng point:

The better the hydrogen bond capability, the higher the boiling point.

O O
II II

(a) CH3(CH2)5COH CH3(CH2)6CH CH3(CH2)6CH20H

The following are listed in order of increasing boiling point:

O O
II II

CH3(CH2)6CH CH3(CH2)6CH20H CH3(CH2)sCOH

bp 171°C bp 195°C bp 223°C

O
II

(b) CH3CH2COH CH3CH2CH2CH2OH CH3CH2OCH2CH3

The following are listed in order of increasing boiling point:

O
II

CH3CH2OCH2CH3 CH3CH2CH2CH2OH CH3CH2COH

bp 35°C bp 117°C bp 141°C

Problem 16.16 Acetic acid has a boiUng point of 1 18°C, whereas its methyl ester has a boihng point of 57°C.

Account for the fact that the boiling point of acetic acid is higher than that of its methyl ester, even though acetic

acid has a lower molecular weight.

Acetic acid can make strong hydrogen bonds, but the methyl ester lacks a hydrogen bonding
hydrogen atom. Thus, acetic acid will have the much higher boiling point compared to the

methyl ester.

Spectroscopy
Problem 16.17 Account for the presence of peaks at mJz 135 and 107 in the mass spectrum of 4-methoxyben7oic

acid (p-anisic acid).

The peak at miz 135 results from loss of the OH group by a-cleavage, and the peak at miz 107
results from decarboxylation, also by a-cleavage.

CH3O

O
//

\ ^<=-0H ^="30^ ^C.O^ CH3-°^^7^
4-methoxybenzoic acid miz = 135 m/z = 107

(p-anisic acid) (an acylium ion)

m/z = 152
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Problem 16.18 Account for the presence of the following peaks in the mass spectrum of hexanoic acid.

(a) m/z 60.

The peak at miz 60 is the result of a McLafferty rearrangement.

+

H3C

H2C>. .H

.0.
I

H2C<
CH, OH

HX'
HjC,

II

CH,

H,
^O

I

HjC*^ "OH

mIz - 60

(b) A series of peaks differing by 14 mass units at mIz 45, 59, 73, and 87.

14 is the mass of a -CH2- group and 45 is the mass of a -CO2H group, so these peaks must
correspond to the following structures.

OH

II

^OH

II

+ CH2-C.
^ ^OH

II

+ CH2-CH2-C.
^ ^ ^OH

II

+ CHg-CHg-CHg-C^

mIz = 45 m/z = 59 m/z = 73 m/z = 87

(c) A series of peaks differing by 14 mass units at m/z 29, 43, 57, and 71.

I

CH3CH2
I I

CH3CH2CH2 "

I

CH3CH2CH2CH2 I CH3CH2CH2CH2CH2

m/z = 29 m/z = 43 m/z = 57 m/z = 71

Problem 16.19 Given here are ^H-NMR and ^^C-NMR spectral data for ten compounds. Each compoimd shows
strong absorption between 1720 and 1700 cm-^ and strong, broad absorption over the region 2500 - 3500 cm-^
Propose a structural formula for each compound.

(a) C5H10O2
iH-NMR 13C-NMR

(b) C6H12O2
IH-NMR 13C-NMR

0.94 (t, 3H)
1.39 (m, 2H)
1.62 (m, 2H)
2.35 (t, 2H)
12.0 (s, IH)

180.71

33.89
26.76
22.21

13.69

1.08 (s, 9H)
2.23 (s, 2H)
12.1 (s, IH)

179.29
47.82
30.62
29.57

0.94 1.39 1.62 2.35

CH3CH2CH2CH2CO2H

1.08

CH3
1.08 I 2.23 12.

CH3CCH2CO2H
I 1.08

CH3
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(c) C5H8O4
IH-NMR 13C-NMR

0.93 (t, 3H)
1.80 (m, 2H)
3.10 (t, IH)
12.7 (s, 2H)

170.94
53.28
21.90
11.81

HO2CCHCO2H
I 1.80 0.93

CH2CH3

(e) C4H6O2
IH-NMR 13C-NMR
1.91 (d, 3H)
5.86 (d, IH)
7.10 (m, IH)
12.4 (s, IH)

172.26

147.53
122.24

18.11

CHgCH^CHCOgH

(g) C5H8CI2O2

IH-NMR 13C-NMR
1.42 (s, 6H)
6.10 (s, IH)
12.4 (s, IH)

180.15

77.78

51.88
20.71

1.42

CH3
«.10| 12..

CI2CHCCO2H
I
1.42

CH3

(i) C4H8O3
IH-NMR 13C-NMR
2.62 (t, 2H)
3.38 (s, 3H)
3.68 (t, 2H)
11.5 (s, IH)

177.33

67.55

58.72
34.75

(d) C5H8O4
^H-NMR 13C-NMR
1.29 (s,6H)
12.8 (s, 2H)

174.01

48.77
22.56

1.29

CHj
12.S 1 12.S

HO2CCCO2H
1 1.29

CH3

(f) C3H4CI2O2

IH-NMR 13C-N^

2.34 (s, 3H)
11.3 (s, IH)

171.82

79.36
34.02

CI
2.34 1 11.3

CH3CCO2H
1

CI

(h) C5HgBr02
IH-NMR 13C-NIS

0.97 (t, 3H)
1.50 (m,2H)
2.05 (m, 2H)
4.25 (t. IH)
12.1 (s. IH)

176.36
45.08
36.49
20.48
13.24

Br
0.97 1.50 2.05 I 4.25 12.1

CH3CH2CH2CHCO2H

G) C6H10O3

IH-NMR i3c->ns

1.90 (m,2H) 208.44
2.16 (s, 3H) 179.08

2.40 (t, 2H) 42.29

2.55 (t, 2H) 32.93

11.4 (s, IH) 29.91

18.84

CH30CH2CH2C02H

Preparation of Carhoxvlic Acids
Problem 16.20 Complete these reactions:

(a) OCH2OH
K2Cr207, H2SO4

H2O, acetone

2.40 1.90 2.55

CH3CCH2CH2CH2CO2H

\
OH

Or
3 +
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CHO

(b) H- OH
CH2OH

1. Ag(NH3)2^

2. H2O, HCI

V°"
H- OH + Ag*

CH2OH

O O
II 1 . Clo, KOH in water/dioxane 11

(c) (CH3)2C=GHCGH3 ^ (CH3)2C=ChCOH + CHCI3
V

/
V 3/2 z

2. HCI, H2O ^ ^

(d)

1. Mg, ether

2.CO2

3. HCI, H2O

OCH, OCH,

Problem 16.21 Show how to bring about each conversion in good yield.

, , r—\ II
"• CU, KOH in water/dioxane r^'\

(a) LJ^CCH3 ^ ^^, ^^^
^ L^C02H

(b)

^^^^^ Ql 1. Mg, ether

(c)

2. CO2

3. HCI, H2O

K2Cr207, H2SO4
(

H2O, acetone

CO2H

CH2OH

(d) PhCH2CH20H

CO2H

KjCrgOy, H2SO4

H2O, acetone
*- PhCH2C02H

Problem 16.22 Show how to prepare pentanoic acid from these compounds:
(a) 1-Pentanol

Oxidation of 1-pentanol by chromic acid gives pentanoic acid.

CH3(CH2)3CH20H + H2Cr04 -^^^ CH3(CH2)3C02H + Cr^*
neat
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(b) Pentanal

Oxidation of pentanal by chromic acid, Tollens' solution, Benedict's solution, or molecular
oxygen gives pentanoic acid.

O O
II II

CH3(CH2)3CH + O2 ^ CH3(CH2)3COH

(c) 1-Pentene

Hydroboration/oxidation of 1-pentene gives 1-pentanol. Oxidation of 1-pentanol as in part (a)

gives pentanoic acid.

CH3CH2CH2CH=CH2 — ^' "^ - CH3(CH2)3CH20H then as in part (a)

2) H2O2, NaOH

(d) 1-Butanol

Conversion of 1-butanol to 1-chlorobutane, then to butyllithium or butylmagnesium bromide
followed by carbonation and then acidification gives pentanoic acid.

CH3(CH2)30H
"*) SOCI2

^ CH3(CH2)3MgBr -^ ^ CH3(CH2)3C02H
2) Mg,ether 2) HCI.HjO

(e) l-Bromopropane

Treatment of 1-bromopropane with magnesium in ether followed by treatment of the Grignard
reagent with ethylene oxide gives 1-pentanol. Oxidation of 1-pentanol as in part (a) gives

pentanoic acid.

Mg, ether i \ HX—CHo
CH3CH2CH2Br

—

— .- CHaCHjCHjMgBr ii—? 2-^
^ ^ ^ ^ ^ ^ ^ 2) HCI, H2O

Oxidize as in part (a)

CH3(CH2)3CH20H CH3(CH2)3C02H

(f) 2-Hexanone

Haloform reaction of 2-hexanone gives pentanoic acid and a haloform.

O O
II i\ Rr» NaOH "

CH3(CH2)3CCH3 lLz11lJ2^^^i!^cH2{CH2)3COH+ CHBrg
^ 2) HCI, H2O

(g) 1-Hexene

Acid-catalyzed hydration or oxymercuration/reduction of 1-hexene gives 2-hexanol. Oxidation
of 2-hexanoI as in part (0 gives pentanoic acid.
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OH

CH3(CH2)3CH=CH2 + H2O "2^^^, CH3(CH2)3CHCH3

2) HCI, H2O

Problem 16.23 Draw the structural formula of a compound of the given molecular formula that, on oxidation by
potassium dichromale in aqueous sulfuric acid, gives the carboxylic acid or dicarboxylic acid shown.

O

(a) CeH^O -2^il^£H£IL^CH3(CH2)4COH CH3(CH2)4CH20H

o o

(b) CgHisO -2^^1^^H2L^CH3(CH2)4COH CH3(CH2)4CH

o o

(c) C6H14O2
Q^^^Q", HOC(CH2)4COH HOCH2(CH2)4CH20H

Problem 16.24 Show the reagents and experimental conditions necessary to bring about each conversion in good
yield. Shown over each reaction arrow is the number of steps (not including workup in aqueous acid) required

for each conversion.

.OH ._. >v ,COH

(a)
^^'̂'^ O"

The most convenient way to add a carbon atom in the form of a carboxyl group is carbonation
of an organolithium or organomagnesium compound.

Cf
o
II

OH ^. MgCI >. COH
') SOCI2 Xj 11-Cp^ ^\ /
2) Mg, ether \ 1 2) HCI, HgO > 1

CHq CHo
I (3) I

^

(b) CH3COH -CH3CCO2H

CH3 ^''3

Use the same set of reactions in this part as you used in part (a), except since the starting

material is a tertiary alcohol, HCI is used in place of SOCii-

CH3 CH3 1) Mg,ether CH3
I HCI ' 2) COo I

CH3COH "^'» CH3CCI — ? CH3CCO2H
^ 13) HCI, H2O I

CH3 CH3 CH3
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CHq CHq
I (3) I

(c) CHaCOH-i—U-CH3CHCO2H

CH3

This conversion is best accomplished by acid-catalyzed dehydration of the tertiary alcohol to

an alkene followed by hydroboration/oxidation. These two reactions in sequence shift the

-OH group from the tertiary carbon to a primary carbon. Oxidation of this primary alcohol
with chromic acid gives 2-methylpropanoic acid.

CH3 CH3 CH3

CH3COH "2^^^> CH3C=CH2 "*) B"3 • THF
^ CH3CHCH2OH

(-H2O) 2) H2O2, NaOH
CH.

CH
K2Cr207, H2SO4

I

3

-T77^

—

:

^ CH3CHCO2H
H2O, acetone •* ^

CHo CHq
I (5) I

(d) CH3 COH ^ > CH3 CHCH2CO2H

CH3

Repeat the first set of steps as in part (c) to convert tert-huty\ alcohol to isobutyl alcohol.

Then use the sequence of steps as in part (a) and (b) to convert this alcohol to a carboxylic

acid containing one more carbon atom.

CH3 CH3 CH3

CH3CHCH2OH ^^ ^^^'2 ^ CH3CHCH2C1 1L992—^ CH3CHCH2CO2H
2) Mg, ether 2) HCI, H2O

From part (c)

(3)
(e) CH3CH=CHCH3 -^-^-^ CH3CH=CHCH2C02H

This problem is analogous to part (a) except an allylic halogenation of the alkene starting

material is the first step.

NBS
CH3CH=CHCH3 CH3CH=CHCH2Br

Light or peroxides

1) Mg, ether

?L9^ ^ CH3CH=CHCH2C02H
3) HCI, H2O

Problem 16.25 Succinic acid can be synthesized by the following series of reactions from acetylene. Show the

reagents and experimental conditions necessary to carry out this synthesis in good yield.

o o
II II

HC=CH ^HOCH2CsCCH20H HOCH2CH2CH2CH2OH ^IOCCH2CH^0H

Acetylene 2-Butyne-l,4-diol 1,4-Buianediol Butanedioic acid

(Succinic acid)
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Two one-carbon fragments in the form of formaldehyde are added to the carbon skeleton of

acetylene. To bring about this double addition, acetylene is treated with two mol of sodamide
or sodium hydride followed by two mol of formaldehyde. Acidiflcation of the resulting

disodium salt gives 2-butyne-l,4-diol.

HCsCH + 2NaNH2 Na^'CsCfNa* + 2NH3

Acetylene Sodamide Sodium acetylide

O

Na*"CsC"Na* + 2H-C-H Na^'OCHjCscCHjONa*
Formaldehyde

Na*"OCH2CsCCH20"Na* + 2HCI ^ HOCHjCsCCHjOH
2-Butyne-l,4-diol

Catalytic reduction of the carbon-carbon triple bond in 2-butyne-l,4-diol over a transition

metal catalyst gives 1,4-butanediol.

HOCHoCsCCHjOH + 2H2 ^ ^ HOCH2CH2CH2CH2OH^ ^ or other *. i.
*. *.

2-Butyne-l,4-diol transition metal 1,4-Butanediol

catalyst

Oxidation of 1,4-butanediol by chromic acid gives succinic acid.

O
II II

HOCH2CH2CH2CH2OH + H2Cr04 »- HOCCH2CH2COH
1,4-Butanediol Butanedioic acid

(Succinic acid)

Problem 16.26 The reaction of an a-diketone with concentrated sodium or potassium hydroxide to give the salt

of an a-hydroxyacid is given the general name benzil-benzilic acid rearrangement. It is illustrated by the

conversion of benzil to sodium benzilate and then to benzilic acid.

HO O HO O
II II HpO I II _ ., HCI ' "

Ph-C-C-Ph+NaOH —^— Ph-C-C-0 Na '^^' > Ph-C-C-OH
1 H2O

I

Ph Ph
Benzil Sodium benzilate Benzilic acid

(an a-diketone)

ftopose a mechanism for this base-catalyzed rearrangement of benzil to sodium benzilate.

Addition of hydroxide ion to one of the carbonyl groups to form a tetrahedral carbonyl
addition intermediate followed by collapse of this intermediate with simultaneous regeneration
of the carbonyl group and migration of a phenyl group gives sodium benzilate.

^tep 1:

Of^O
II ^11

Ph-C-C-Ph

O O
II I

Ph-C-C-OH
I

Ph

Tetrahedral carbonyl
addition intermediate
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Step 2:

to O

j

Ph-C-C-OH^1
Ph

O O
I II

Ph-C-C-OH
I

Ph

Step 3:

O O
I II

Ph-C-C-OH
I

Ph

Proton
transfer

OH O
I II

Ph-C—C-0'
I

Ph

Sodium
benzilate

Acidity of Carboxvlic Acids
Problem 16.27 Select the stronger acid in each set

(a) Phenol (pKa 9.95) and benzoic acid (pK^ 4.17)

Recall that pKa is the negative logio of Ka. The smaller the pKa, the stronger the acid, so

benzoic acid is the stronger acid.

(b) Lactic acid (Ka 8.4 x 1(H) and ascorbic acid (Ka 7.9 x Kh^)

The larger the value of Ka, the stronger the acid, so lactic acid is the stronger acid.

Problem 16.28 Assign the acid in each set its appropriate pKg.

SO3HCO2H

(a) and (pKa 4.19 and 0.70)

4.19 0.70

The third oxygen on sulfur increases acidity compared to an analogous carboxylic acid.

O O
11 II

(b) CHPCH2CO2H and CH3CHPCO2H (pKa 3.58 and 2.49)

3.58 2.49

The electron-withdrawing carbonyl group increases acidity through inductive effects, so the

closer the carbony group to the carboxylic acid, the greater the effect and the stronger the

acid.

(c) CH3CH2CO2H and N=CCH2C02H (pKa 4.78 and 2.45)

4.78 2.45

The nitrile is electron-withdrawing, so it increases acidity through inductive effects.
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Problem 16.29 Low-molecular-weight dicarboxylic acids normally exhibit two different pKa values. Ionization

of the first carboxyl group is easier than the second. This effect diminishes with molecular size and, for adipic

acid and longer chain dicarboxylic acids, the two acid ionization constants differ by about one pK unit.

Dicarboxyhc

acid

Structural

formula
pKal pKa2

oxalic HO2CCO2H 1.23 4.19

malonic HO2CCH2CO2H 2.83 5.69
succmic H02C(CH2)2C02H 4.16 5.61
glutaric H02C(CH2)3C02H 4.31 5.41

adipic H02C(CH2)4C02H 4.43 5.41

Why do the two pKa values differ more for the shorter chain dicarboxylic acids than for the longer chain

dicarboxylic acids?

For these dicarboxylic acids, in going from the first dissociation to the second, the molecule
is changing from a monoanion to a dianion. Electrostatic repulsion hinders formation of two
negative charges in nearby regions of space. Thus, the second pKa values are higher than the
first, and the effect is more pronounced the shorter the chain between the two carboxyl
groups.

Problem 16.30 Complete the following acid-base reactions:

(a)

\ /
CH2CO2H + NaOH

\ /
CH2CO2 Na* + H2O

(b) CH3CH=CHCH2C02H +NaHC03 ^ CH3CH=CHCH2C02"Na* + H2O + CO2

aC02H
+ NaHCOa

OCH< aCO2 Na

+ HoO + CO'

OCH.

OH OH
' ' - t

(d) CH3CHCO2H+H2NCH2CH2OH ^ CH3CHCO2 + H3NCH2CH2OH

(e) CH3CH=CHCH2C02"Na"' + MCI ^ CH3CH=CHCH2C02H + NaCI

(f) CH3CH2CH2CH2Li + CH3CO2H CH3CH2CH2CH3 + CH3CO; Li*

(g) CH3CH2CH2CH2MgBr + CH3CH2OH CH3CH2CH2CH3 + CH3CH2O" MgBr*
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Problem 16.31 The normal pH range for blood plasma is 7.35 - 7.45. Under these conditions, would you expect
the carboxyl group of lactic acid (pK^ 3.07) to exist primarily as a carboxyl group or as a carboxylate anion?

Explain.

Recall from the definition of Ka that:

^ [A'] [H^]
. _ K. [A-]~ Tu A1— ^^ dividing both sides by [H ] gives T77+i -

[H-A] ^ '""' "'""" "' '" ' ^"""
[H^] [H-A]

Here, [H+] is concentration of H+, [H-A] is concentration of protonated acid (lactic acid in

this case) and [A*] is the concentration of deprotonated acid (lactic acid carboxylate anion in

this case). Therefore, if the ratio of Ka / [H+] is greater than 1, [A-] will be the predominant
form, and if the ratio of Ka / [H+] is less than 1, then [H-A] will be the predominant form.

Recall that pH = -logio [H+], so a pH of 7.4 corresponds to a [H+] of lO-(pH) = 10-(7-4) = 4.0

X 10-». Similarly, pKa = -logio Ka, so for lactic acid Ka = 10-(K«) = lo-oo?) =,

8.5 X 10*4. Using these numbers:

[A'] K3 8.5 X lO-'*
= 2.1 X 10^

[H-A] " [H^] " 4.0 X 10-*

Therefore, lactic acid will exist primarily as the carboxylate anion in blood plasma.

Problem 16.32 The K^i of ascorbic acid (Section 24.6) is 7,94 x 10"^. Would you expect ascorbic acid

dissolved in blood plasma to exist primarily as ascorbic acid or as ascorbate anion? Explain.

Using the same reasoning described in the answer to Problem 16.31:

[A'] K„ 7.9 X 10*^
1

[H-A] - [H^] - 4.0 X 10-» " ^'^ "" ^"

Therefore, ascorbic acid will exist primarily as the ascorbate anion in blood plasma.

Problem 16.33 Excess ascorbic acid is excreted in the urine, the pH of which is normally in the range 4.8 - 8.4.

What form of ascorbic acid would you expect to be present in urine of pH 8.4, free ascorbic acid or ascorbate

anion? Explain.

At pH 8.4, [H+] = 4.0 X 10"^, therefore using the same reasoning as described in the answer
to Problem 16.31 and 16.32:

[A1 K- 7.9 X lO*^ A
* - V = 2.0 X lO'*

[H-A] [H*] 4.0 X 10-

Ascorbic acid will exist primarily as the ascorbate anion in urine of pH 8.4.

Reactions of Carboxvlic Acids
Problem 16.34 Give the expected organic products when PhCH2C02H, phenylacetic acid, is treated with each of

these reagents.

(a) SOCI2

O O
il li

PhCHjCOH + SOCI2 ^ PhCHjCCI + SO2 + HCI

(b) NaHCOa. HgO

O O
II II

PhCHjCOH + NaHCOa ^ PhCHjCO'Na + HjO + CO2
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(c) NaOH, H2O

O O
II II

PhCHaCOH + NaOH PhCHaCO'Na* + HgO

(d) CHgMgBr (1 equivalent)

O O
II II

PhCHjCOH + CHaMgBr .- PhCHjCOMgBr* + CH4

(e) LiAIH4 followed by HgO

O
II 1) LIAIH4

PhCHjCOH r^-Tj-Q—^ PhCHgCHjOH

(f) CH2N2

o o
II II

PhCHjCOH + CH2N2 ^ PhCH2COCH3 + Nj

(g) CH3OH + H2SO4 (catalyst)

O O
II H2SO4 II

PhCH2C0H + CH3OH —= ^ PhCHjCOCHa + HjO

Problem 16.35 Show how to convert fraAW-3-phenyl-2-propenoic acid (cinnamic acid) to these compounds.

O

(a)

H^ ^C-OH H CH2OH
^C=C^ 1) LiAIH4^ )^^^^

CeHs H 2) H2O ^6^5 H

O

H .C-OH
C=C H

(b) pu/ ^u ^ C6H5CH2CH2CO2H

2 atm

H^ /C-OH

^c) r H/^^""^^H
^^ LIAIH4^ H2 ^ C6H5CH2CH2CH2OH

^6^5 H 2) H2O Pt 25°C
b 5 ^ 2 2

2 atm
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Problem 16.36 Show how to convert 3-oxobutanoic acid (acetoacetic acid) to these compounds.

H^ NaBH OH O
(a) II II

1) NaBM4
^ , „

CH3CCH2COH 2) H2O CHaCHCH^OH

H^ l|A|H OH
(b) II II

^' l-iAIH4^
,

CH3CCH2COH 2) H2O CH3CHCH2CH2OH

(c) II II
1) NaBH4

^ , „
"2SO4 ^

CH^CH2C0H 2) H2O CH3CHCH2COH
CH3CH=CHC02H

Problem 16.37 Complete these examples of Fischer esterification. Assume alcohol is present in excess.

(a) CH3CO2H + HOCH2CH2CH(CH3)2 ^^=^ CH3COCH2CH2CH(CH3)2 + HjO

aC02H ^. ^.^%^C02CH3
+ 2CH30H^;=f^

I I
+ 2H2O

CO2H ^^^^C02CH3

(c) H02C(CH2)2C02H + 2CH3CH2OH ^^=^ CH3CH20C(CH2)2COCH2CH3

•I- 2 H2O

Problem 16.38 Benzocaine, a topical anesthetic, is prepared by treatment of 4-aminobenzoic acid with ethanol in

the presence of an acid catalyst followed by neutralization. Draw the structural formula of benzocaine.

/~\ 1) H2SO4
HaN-f V-CO2H+ CH3CH2OH r—hrr ^

\ / ^ ^ 2) Mild base to
^ ' deprotonate

4-Aininobenzoic acid ^'"'"o group

^2^-\ VCOCH2CH3 + H2O

Benzocaine
(a topical anesthetic)

Problem 16.39 From what carboxylic acid and what alcohol is each ester derived?

(a) HO

—

( )—OH + 2 CH3COH ^=^ CH3CO—
-(^

)—OCCH3

+ 2 H2O
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o o ^ o o
II II

H* II II

(b) HOCCH2CH2COH + 2CH30H^^^^ CH3OCCH2CHPOCH3 + 2 H2O

(c) G^°" '
H*

HOCCH, OCCH3 + H2O

II
H*

II

(d) CH3CH2CH=CHCOH + HOCH(CH3)2 ^::=^CH3CH2CH=CHCOCH(CH3)2

+ H2O
Problem 16.40 When 4-hydroxybutanoic acid is treated with an acid catalyst, it forms a lactone (a cyclic ester).

Draw the structural formula of this lactone and propose a mechanism for its formation.

Step 1:

:0-H
II ..

^"
,

.. „ ..

H—p—CH2CH2CH2—C-OH ^=—

^

H-p—CH2CH2CH2—C-OH
4-Hydroxybutanoic acid

Step 2: HO OH

Step 4: ^

HO) fp-H
(-H2O) [\

Step 5:

:0i ^ : O:

II

^""^

Lactone



Chapter 16: Carboxylic Acids Solutions 475

Problem 16.41 Fischer esterification cannot be used to prepare tert-hu\y\ esters. Instead, carboxylic acids are

treated with 2-methylpropene and an acidic catalyst to generate them.

(a) Why does the Fischer esterification fail for the synthesis of tert-buty\ esters?

The Fischer esterification does not work for at least three reasons. First, the /-butyl alcohol

is not very nucleophilic because of steric hindrance. Second, the /-butyl alcohol dehydrates in

acid. Third, any /-butyl ester that forms falls apart to give the carboxyhc acid and /-butyl

cation in acid.

Step 1

R ^O-C-CH,
.. ,

3

+ 0-H
CH.

R O-C-CH3

CH,

Step 2:

O-H
CH.

.C^.. I

R' 4 O-C—CH3V^
CH,

:0-H
I

R^%

CH,
I

^

+ C"~Cn<>
I

^

CH,

(b) Propose a mechanism for the 2-methylpropene method.

O CHo O CH3
II I H^ HI

RCOH + H2C=CCH3 RCOCCH3

CH3

2-Methylpropene (a rer/-butyl ester)

(Isobutylene)

Step 1:

:0-H
I

CH3

R ^O-C-CHg

CH,
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Step 3:

•O-H :o
r 9^3 ^ II CH3

3 R 0-C-CH3

CH3 CH,

Problem l(i,42 Draw (he product foimed on theitnal decarboxyladon of these compounds
O O

(a) CeHjCCHjCOjH ^^^2L^ CeH^CCHj + COj

CO5H

(b)C6H5CH2CHC02H -S2U CH^CHjCHjCOjH + CO,

O o

(0) rv"""^ -«2L^ ns^CCH

L^^H
+ CO5

CHo ^^

(a) Br-CH^-C-C _—^ CH2==C(CH3)2 + CO^ ^ Na^ Br"

CH, O Na
'3

Br-CH2-C-c( -__^ CH2=C(CH3)2 + CO2 + Na* B r"

CH, -O- Na*
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Br Br ^ '^'*

+ CO2 + Na^Br"

./"'

+ CO2 + Na*B r

(T^r::Br: ^V Na*
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CHAPTER 17: FUNCTIONAL DERTVATIVES OF CARBOXYLIC ACIDS

SUMMARY OF REACTIONS

SUrting ^Sw
Material >w

."2

o

e
<
•a
s
<

iS

i
8
<

« 8

II <
C

•c
<

J

u

•s

h
II
c3

•s

h
c3

t

^

S
c
e

i

1
<

a
E

Acid Anhydrides 17A
17.7B*

17B
17.5B

17C
I7.6B

Acid Chlorides
17D
17.7A

17E
17.5A

17F
17.6A

Acid Chlorides
Carboxylates

17G
17.8

Acid Chlorides

Lithium Diorganocopper Reagents
17H
17.9C

Amides 1^1
17.11B

17J
17JD

Esters
17K
17.11A

17L
17.1 lA

17M
17.7C

17N
17.5C

170
17.6C

Esters and Grignard Reagents
or Organolithium Reagents

17P
17.9A

Nitrites 17Q
17.se

17R
17.11C

Primary Amides 17S
20.12

Section in book that describes reaction.

REACTION 17A: REACTION OF ACID ANHYDRIDES WITH AMMONIA AND AMINES
(Section 17.7B)

I
O O

I
H

I II 11 I I—C-C'-0-C"-C"'- + 2 :N-

I i I

-»- —c-c:
I

/

I P
N—

—C"'-C"

I V H
I

- Acid anhydrides react with ammonia, primary amines, and secondary amines to produce

amides. *
- Two mol of amine are usually used in the reaction; one mol to form the amide and the other mol to neutralize

the carboxylic acid that is also produced.
- For this reaction as well as the others mentioned in this chapter, the acid anhydride will usually be
symmetric, that is, derived from two mol of the same carboxylic acid.

REACTION 17B: HYDROLYSIS OF ACID ANHYDRIDES (Section 17.5B)

I N
°

I I ,,0 I ,0—C—C'-O—C"-C"'— + HpO ^ —C—C + —C'"-C"

I I I
^OH I

^OH

- Lower molecular weight acid anhydrides react with water to from two mol of carboxylic

acid.*
- Like the other reactions that involve attack by nucleophiles on acid anhydrides, the mechanism of the reaction

begins when the nucleophile reacts with the carbonyl carbon atom to form a tetrahedral carbonyl addition

intermediate, that collapses to product by elimination of a carboxylate leaving group.
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REACTION 17C: REACTION OF ACID ANHYDRIDES WITH ALCOHOLS (Section 17.6B)

I ? ? I I I .0 IP—C-C'-0-C"-C'"- + —C""-OH —* —C-C + —C"'-C"

I I I I \ / I ^OH

- Acid anhydrides also react with alcohols to produce one mol of ester and one mol of carboxylic

acid. *

REACTION 17D: REACTION OF ACID CHLORIDES WITH AMMONIA AND AMINES
(Section 17.7A)

I .,0 I I .P—C—C: + :N— ^ —C—C' + HCI

I
^Cl

I I
\-

- Acid chlorides react with ammonia, primary amines, and secondary amines to produce amides.*
- Like the other reactions that involve attack by nucleophiles on acid chlorides, the mechanism of the reaction

begins when the nucleophile reacts with the carbonyl carbon atom to form a tetrahedral carbonyl addition

intermediate, that collapses to product by elimination of a chloride leaving group.

REACTION 17E: HYDROLYSIS OF ACID CHLORIDES (Section 17.5A)

I

^O
\ yP—C-C'^ + HpO ^ —C-C' + HCI

I
\l I

^OH

- Lower molecular weight acid chlorides are so reactive to nucleophiles that they are readily hydrolyzed

to carboxylic acids by water. *
- The higher molecular weight acid chlorides are less soluble in water, so they react more slowly.

REACTION 17F: REACTION OF ACID CHLORIDES WITH ALCOHOLS (Section I7.6A)

\ "P \
I

°
I—0—C + —G"-OH —0—G'-O-G"— + HGI

I
^Cl I II

- Acid chlorides react with alcohols to produce esters. *

REACTION 17G: REACTION OF ACID CHLORIDES WITH CARBOXYLIC ACID SALTS
(Section 17.8)

I O O
I

/O
I p—C— G'^ + — G"'-G" —(:-C'-0-C"-C:'"- + NaCI

I
\\

I
^0-Na^ I I

Acid chlorides react with carboxylate salts to produce acid anhydrides. *
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REACTION 17H: REACTION OF ACID CHLORIDES WITH LITHIUM DIORGANOCOPPER
(OILMAN) REAGENTS (Section 17.9C)

P / iNLi 2)H20
I

2 —C— C;^ + ( — C--I-CU 2 —C-C'-C"—

- Acid chlorides react with lithium diorganocopper (Oilman) reagents to produce ketones. *
- Lithium diorganocopper (Oilman) reagents are less nucleophilic than Grignard reagents or

organolithium reagents. Thus, lithium diorganocopper reagents attack the highly reactive acid

chlorides, but they are not reactive enough to react with the product ketones like Grignard and organolithium

reagents do. The reaction stops at the ketone stage.

- Lithium diorganocopper reagents are usually prepared by reacting alkyllithium reagents with CuCl.

REACTION 171: REDUCTION OF AMIDES (Section 17.11B)

I
O

I
H

I II 1) LiAIH4
I I—C-C'-N— —0—C'-N

—

I I

2)H,0
I

I

I

- Amides are reduced by LiAIH4 to produce primary, secondary, and tertiary amines, depending on
the substitution of the original amide. *

REACTION 17J: HYDROLYSIS OF AMIDES (Section 17.5D)

II H^ \ <P I—C—C'-N— —0—0' + H—N"'—

I I

HA heat
|

Nq^
|

I

O _
I n H

I II HO \ ^^ \—0—G'-N— —0—c: + N

—

H2O, heat ^o-
- Amides are hydrolyzed in the presence of one mol acid or one mol hydroxide to produce a
carboxylic acid and a protonated ammonium ion or protonated amine, or a carboxylate salt and
an amine, respectively. *

- In the acid-promoted reaction, the mechanism involves an initial protonation of the carbonyl oxygen atom
that facilitates nucleophilic attack of water. A proton transfer gives a tetrahedral carbonyl addition

intermediate, that collapses upon protonation and departure of the nitrogen atom. The ammonia or amine
that leaves is finally protonated, thus completing the reaction.

- In the base-promoted reaction, the nucleophilic hydroxide attacks the carbonyl carbon atom to produce a
tetrahedral carbonyl addition intermediate. This collapses in a step that involves protonation by water and
departure of the nitrogen-containing group to give the products.

REACTION 17K: REDUCTION OF ESTERS (Section 17.11A)

I II I 1) LiAIH4 I I I—0—C'-O-C"— —C—C'-OH + HO-C"—
I I

2)H20
I

I

I

- Esters are reduced by LiAlH4 to produce two mol of alcohols; one derived from the carboxylic acid

portion of the ester, and the other is from the alcohol portion. *
- NaBH4 reacts much more slowly with esters, so it is possible to use this reagent to reduce an aldehyde or

ketone group without reducing an ester in the same molecule.
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REACTION 17L: REDUCTION OF ESTERS WITH DIBALH (Section 17.11A)

I II I 1) DIBALH I jP I—C—C'-O—C"— ^ —C—C + HO-C"—
I I

2)H20.HCI
I

N^
I

- Esters are reduced by DIBALH (a modified hydride reducing agent) at low temperature to produce an
aldehyde derived from the carboxyl group and an alcohol. *

REACTION 17M: REACTION OF ESTERS WITH AMMONIA AND AMINES (Section 17.7C)

,
O ,

H ,0
I

I II I I I II I—C—C'-O-C"— + N— —C-C'-N— + HO-C"—III II I

- Esters react very slowly with ammonia, primary amines, and secondary amines to produce

amides. *

REACTION 17N: HYDROLYSIS OF ESTERS (Section 17.5C)

i I!. ^ 1.. (cat.)H* 1 ^P
bH

—0—C'-O-C"— --z —0—C' + HO-C"—
I I HoO I V

o
H2O

I .0 I—C—C'~0-C"— + HO —C—C' + HO-C"—II I

^0-
I

- Esters are hydrolyzed in the presence of a catalytic amount of acid or one mol of hydroxide to

produce a carboxylic acid and alcohol, or carboxylate salt and alcohol, respectively. *^

- In the acid-catalyzed reaction, the mechanism involves an initial protonation of the carbonyl oxygen atom that

facilitates nucleophilic attack of water. A proton transfer gives a tetrahedral carbonyl addition intermediate,

that can collapse upon departure of the alkoxide and a proton. The alkoxide is protonated to give an alcohol,

thus completing the reaction. Note that the acid is not consumed in the reaction, so it is catalytic.

Furthermore, this reaction is just the reverse of the Fischer esterification reaction.

- In the base-promoted reaction, the nucleophilic hydroxide attacks the carbonyl carbon atom to produce a

tetrahedral carbonyl addition intermediate, that collapses due to the departure of alkoxide that is protonated

by water to give the products.

REACTION 170: REACTION OF ESTERS WITH ALCOHOLS: TRANS-ESTERIFICATION
(Section 17.6C)

I V I I H^ I
° I I—C—C'-O—C"— + HO-C"'- —C—C'-O—C"'— + HO-C"-III III

- Esters react with alcohols in the presence of anhydrous acid in a process called

transesterification.*
- Transesterification is an equilibrium process, the position of which is determined by the experimental

conditions. For example, carrying out the reaction in the presence of a large excess of alcohol reagent, or

removal of the departing alcohol product from the reaction mixture as it is liberated, will drive the reaction to

completion.
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REACTION 17P: REACTION OF ESTERS WITH GRIGNARD OR ORGANO-LITHIUM
REAGENTS (Section 17.9A)

I

2 —C"'-MgX

I y I

I

I ?"i—C—C'-O—C"— + or ^ —Q-.Q<^Q»>^

I I I

2)H20, HCI
I

2 —C'"-Li —C"'-

I I

- Most esters react with two mol of Grignard or organolithium reagent to produce a tertiary
alcohol. An exception to this is that a secondary alcohol is produced from esters of formic acid *

- The mechanism involves an initial reaction of the Grignard or organolithium reagent with the ester to produce
a ketone, that itself reacts with another Grignard or organoUthium reagent to produce a magnesium or lithium
alkoxide salt that is protonated in an acid work-up to give the product alcohol.

REACTION 17Q: HYDROLYSIS OF NITRILES (Section 17.5E)

H

O—C=N 7-—— — —C—C: + H—N-'-H
H2O, heat T \q^

H

H

I

H2O, heat
I O- '

H
- Nitriles are hydrolyzed in the presence of acid or hydroxide to produce a carboxylic acid and
ammonium ion, or carboxylate salt and ammonia, respectively. *

- The reaction in acid involves an initial protonation of the niu-ile nitrogen atom, that facilitates nucleophilic
attack of a water molecule to produce an imidic acid that undergoes keto-enol tautomerization to give an
amide. The amide is then hydrolyzed according to the same mechanism described under Reaction 17J
Secuon 17.4D. It is possible to stop at the primary amide stage of the reaction if sulfuric acid and one mol
ot water are used in the reaction.

REACTION 17R: REDUCTION OF NITRILES (Section 17.11C)

I 1) LiAlH4
I V—C-C'sN —C-C'-N—

H

I
2)H20 III

' ' H H
- Nitriles are reduced by LiAlH4 to produce primary amines. *

REACTION 17S: THE HOFMANN REARRANGEMENT OF PRIMARY AMIDES (Section

I II Br2, NaOH
|y-C-N—H —0—N—H + C'02

H H

The Hofmann rearrangement involves the conversion of a primary amide to a primary amine with
loss of the original carbonyl carbon atom as CO2. *



Chapter 17: Derivatives of Carboxylic Acids Overview 483

- The mechanism involves initial deprotonation of the amide to produce an amide anion that reacts with
bromine to produce an N-bromoamide. The second amide hydrogen is then removed by base, followed by
migration of the alkyl group to nitrogen, and departure of the bromine. The resulting isocyanate reacts with
base to produce a carbamic acid, that imdergoes spontaneous decarboxylation to give the product amine and
CO2.

SUMMARY OF IMPORTANT CONCEPTS

17.0 OVERVIEW
• Nitriles, as well as the derivatives of carboxylic acids, namely acid chlorides, acid anhydrides, esters,

and amides all exhibit similar types of chemistry. This chapter covers two characteristic reactions of these

groups. *

17.1 STRUCTURE AND NOMENCLATURE
• The functional group of acid halides is a halogen atom, usually chlorine, attached to the carbon
atom of a carbonyl group. Acid halides are named the same as a carboxylic acid, but the ic acid suffix is

replaced by yl halide. ^
• The functional group of acid anhydrides is two acyl groups attached to an oxygen atom. Acid
anhydrides are usually symmetrical, that is both acyl groups are the same, although unsymmetrical acid

anhydrides can also be prepared and used. Acid anhydrides are named by adding the word anhydride to the

name of the corresponding carboxylic acid. Cyclic anhydrides may be formed from dicarboxylic acids. *
• The functional group of esters is an -OR group bonded to the carbon atom of a carbonyl group. The R
group may be an alkyl or aryl group. Esters are named by listing the name of the R group first, followed by the

name of the carboxylic acid, except the suffix ic acid is replaced by the suffix ate. Cyclic esters, derived

from molecules with both an alcohol and carboxylic acid function, are called lactones. *
• The functional group of amides is a trivalent nitrogen atom attached to the carbon atom of a carbonyl
group. Primary, secondary, and tertiary amides have two, one, or zero hydrogen atoms attached to the

nitrogen atom, respectively. Amides are named the same as a carboxylic acid, but the oic acid suffix of an

lUPAC name or ic acid suffix of a common name is replaced by amide. If there is an R group on the

nitrogen atom, it is listed first and designated with A^-. Cyclic amides are called lactams. Imides contain a

nitrogen atom attached to two acyl groups. *
• The fimctional group of nitriles is a nitrogen atom triple bonded to a carbon atom. Although nitriles do
not contain a carbonyl group, they undergo many of the reactions characteristic of carboxylic acid derivatives.

The lUPAC names are given as an alkanenitrile, while common names replace the ic or oic acid suffix of a

corresponding carboxylic acid with onitrile. *

17.3 SPECTROSCOPIC PROPERTIES
• In mass spectra, esters and amides usually produce a molecular ion peak. In addition, a-cleavage
and McLafferty rearrangements are common.

• In iH-NMR spectra, the signals due to the hydrogens a to a carboxyl group occur in the range 5 2.0 to

2.6. The H of a carboxyl group gives a signal in the range 6 10 to 13. The signals for the hydrogens on
carbon atoms attached to the oxygen atom of esters occur in the range 5 3.6 to 4.1.

• Infrared spectroscopy is especially useful with carboxylic acid derivatives, and the characteristic

absorptions are listed in Table 17.1.

17.4 CHARACTERISTIC REACTIONS
• The different groups (chloride, carboxyl, alkoxyl, amino) attached to the carbonyl groups of the

carboxylic acid derivatives can be considered as leaving groups of varying ability. Thus, when the

carbonyl group is attacked by a nucleophile, the tetrahedral carbonyl addition intermediate that

is formed can collapse by expulsion of the leaving group to regenerate a carbonyl group and give the

final product. This process is referred to as nucleophilic acyl substitution. ^ [Variations of this

mechanism operate in a large number ofdijferent reactions. It is helpful to distinguish these different reactions

by keeping track ofl)the nature of the nucleophile and 2) proton transfersfor each of the reactions described

throughout the chapter.]
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Can be protonated

here tofacUitate

nudeophilic attack

:Nu

Y = -CI, -O2CR, -OR, -NR2

:0:

P
Rlii..-C._

Tetrahedral carbonyl

addition intermediate

:o:

II

+ :y

R' 'Nu

Can be protonated
here tofacilitate

departure

In general, the chloride ion of acid chlorides is the best leaving group, followed by the carboxylate of

acid anhydrides, the alkoxy group of esters, and the amino group of amides, respectively. Note that when
sufficient acid is present, the leaving group can be protonated as it departs. This deprotonation can

assist in the departure of the more sluggish alkoxyl and amino leaving groups in esters and amides,

respectively.

Because of the relative leaving group abilities listed above, the acid chlorides are the most reactive class

of carboxylic acid derivatives; followed by anhydrides, esters, and amides, respectively.

Strong acid can protonate the carbonyl oxygen atom, resulting in an oxonium species that is a much
better electrophile. Thus, acid catalysis can be used to facilitate nudeophilic attack of the less reactive

carboxylic acid derivatives such as esters, nitriles, and amides.
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CHAPTER 17
Solutions to the Problems

Problem 17.1 Draw structural formulas for the following compounds.

(a) N-Cyclohexylacetamide.

O

CHoC-N
^

I

H

(c) Cyclobutyl butanoate

CH3CH2CH2COO
(e) Diethyl adipate

o o
II II

C2H50C(CH2)4COC2H5

(b) .sec-Butyl methanoate

O CHo
II I

^

HC-O-CHCH2CH3

(d) l-(2-Octyl)succinimide

O

N-CH(CH2)5CH3

CH,

(f) 2-Aminopropanamide

O
II

CH3—CH—CNH2

NHo

Problem 17.2 Will phthalimide dissolve in aqueous sodium bicarbonate?

In order to dissolve in water, the phthalimide must be deprotonated to give the negatively

charged phthalimide anion. The questions becomes whether sodium bicarbonate is a strong
enough base to deprotonate phthalimide according to the following equilibrium:

NH + NaHC03 N" Na* + H2O + CO2

The pKa of phthalimide is 8.3, while the pKa of carbonic acid H2CO3, which dissociates into

H2O and CO2, is 6.4. Since equilibria in acid-base reactions favor formation of the weaker
acid (phthalimide), the equilibrium will be to the left and the phthalimide will not dissolve.
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Problem 17.3 Complete and balance equations for the hydrolysis of each ester in aqueous solution. Show each

product as it is ionized under the indicated experimental conditions.

.COgCHg

+ NaOH ^^^>

HoO
+ 2NaOH —?—

HCI

CO2CH3

o o
II II

(b) CH3CCH2CH2CHPOC2H5 + HgO

II II HCI II II

CH3CCH2CH2CHPOC2H5 + H2O CH3CCH2CH2CHPOH + HOC2H5

Problem 17.4 Complete equations for the hydrolysis of the amides in Example 17.4 in concentrated aqueous
NaOH. Show all products as they exist in aqueous NaOH, and the number of mol of NaOH required for

hydrolysis of each amide.

Each product is shown as it would exist in aqueous NaOH.

O O
" HoO " - *

(a) CH3C-N-CH3 + NaOH ^ - CH3CO Na* + (CH3)2NH

(b) r 7" + NaOH "^^ > H2NCH2CH2CH2CH2CO" Na'

Problem 17.5 Synthesis of nitriles by nucleophilic displacement of halide from an alkyl halide is practical only
with primary and secondary alkyl halides. It fails with tertiary alkyl halides. Why? What is the major product of
the following reaction?

o<:-
KCN rvCH, + HON + KCI

ethanol, | / ^3
CI water

^^"^

Cyanide ion is both a base and a nucleophile. With a tertiary halide and moderate base,
moderate nucleophile such as CN% E2 is the principal reaction. Thus, the major product in
this instance is 1-methyicyclopentene.
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Problem 17.6 Complete the following transesterification reaction. The stoichiometry is given in the equation.

2 / \—COCH3 + HOCH2CH2OH ^\

•COCHjCHjOC-^^ y + 2CH3OHcy''
Problem 17.7 Complete and balance equations for the following reactions. The stoichiometry of each reaction is

given in the equation.

Each is an example of aminolysis of an ester.

II / \ II / \ II

(a) CHaCO-^ V-OCCH3+2NH3 "^"\ # ^" * 2CH3CNH2

OX
(b)

I

+ NH3 —- HOCH2CH2CH2CH2CNH2

Problem 17.8 Show how to prepare these alcohols by treatment of an ester with a Grignard reagent.

Each can be prepared by treatment of an ester with two mol of an organomagnesium reagent.
In these solutions, the ester chosen is the ethyl ester.

OH

(a) C^^CH^
O 1)2
II

'

HC--OC2H5

r \-MgBr , ether
^^^^^

OH ^^^^^^ ^ L V^""\ JUO, HOI "^^V V^2) H2O, HOI

OH
I

(b) CH2=CHCHpCHpH=CH2

Ph

O OH
II 1)2 CH2=CH-CH2MgBr, ether I

PhC-OC2H5 ^-^— .-CH2=CHCH2CCH2CH=CH2
2) H2O, HCI

^^
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Problem 17.9 Show how to bring about these conversions in good yield.

Both of these conversions can be brought about using a lithium diorganocopper reagent.

O O
II II

(a) CeHgCOH C6H5C(CH2)5CH3

o o o
II SOCI2 II

•) (CH3(CH2)4CH2)2CuLi
II

CgH^OH -CeH^CI —— ^ C6H^(CH2)5CH3
2) n2vJ

O
II

(b) CH2=CHCI CH2=CHC{CH2)4CH3

1. Mg, ether o O
2. COo II SOCI2 II

CH2=CHCI CH2=CHC0H ^ CH2=CHCCI
^ 3. HCI, H2O ^ ^

1) (CH3(CH2)3CH2)2CULI
II

CH2=CHC(CH2)4CH3
2) H2O ^ V 2/4 3

Problem 17.10 Show how to convert hexanoic acid to each amine in good yield.

In both cases, the conversions can be carried out through formation of an amide, followed by
reduction to give the desired amine.

O
SOCI2 II HN(CH3)2

(a) CH3(CH2)4C02H ^ CH3(CH2)4CC I

^
Hexanoic acid

O

CH3(CH2)4CN(CH3)2
I'

j"'^'""* CH3(CH2)5N(CH3)2
z. "2^

O
SOCI2 II HNCH{CH3)2

(b) CH3(CH2)4C02H ^ CH3(CH2)4CC I
^

Hexanoic acid
O

CH3(CH2)4CNCH(CH3)2
g h'"'o

'"'"
CH3(CH2)5NCH(CH3)2
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Problem 17.11 Show how to convert (R)-2-phenylpropanoic acid to these compounds:

(a)

(R)-PhCHC02H
^ i^i^i^

(R)-PhCHCH20H

(R)-2-Pheny|.
propanoic acid

2. H2O
(R)-2-Phenyl- 1-propanol

(b)

(Ri-PhCHCOoH
I + SOCI2
CH3

(R).2.Phenyl-
propanoic acid

(R)-PhCHCOCI NH3
I

CH,

(R)-PhCHC0NH2
'^- '-^^'^4, (R)-PhCHCH2NH2

I 2. H2O
CH3

(R)-2-Phenyl- 1 -propanamine

Problem 17.12 Show how to convert phenylacetic acid into the following in good yield.

,^. II 1. SOCU II 1. LiAIH4
(a) PhCHoCOH ^ PhCHoCNH, --—-—

^

Phenylacetic acid

O

2. NH3 2. H2O
PhCHgCHgNHj

Br2/NaOH
(b) PhCH2CNH2 ^ PhCHgNHg

From part (a)

PROBLKMS
Structure and Nomenclature
Problem 17.13 Draw structural formulas for these compounds:

(b) Benzonitrile

Q^CN
(a) Dimethyl carbonate

O

CH3OCOCH3

(c) Isopropyl 3-methylhexanoaie

CH3 O
I

^
II

CH3CH2CH2CHCH2COCH(CH3)2

(e) Ethyl (Z)-2-penienoate

O

CH3CH2^ COCH2CH3
^c=c^

H H

(d) Diethyl oxalate

00
II II

CH3CH20CCOCH2CH3

(f) Butanoic anhydride

(CH3CH2CH2CO)20
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(g) Dodecanamide

O
II

CH3(CH2)ioCNH2

(i) Octanoyl chloride

CH3(CH2)6CCI

(k) Methanesulfonyl chloride

O
II

CH3-S-CI
^

II

o

(h) Ethyl 3-hydroxybutanoate

OH O
I II

CH3CHCH2COCH2CH3

(j) Diethyl c/5 1,2-cyclohexane

dicarboxylate

O
II

^^N^^COC2H5

LA,COC2H5

o

(1) p-Toluenesulfonyl chloride

O

CH.
\ / SCI

Problem 17.14 Write the TUPAC name for each compound

O O

(a) I VcOC

Benzoic anhydride

(b)

O
II

SNH,

o
Benzenesulfonamide

(c) CH3(CH2)4CNHCH3

iV-Methylhexanamide

(d) CH3{CH2)6CNH2

Octanamide

(e) CH2(C02CH2CH3)2 (f) CH3OSOCH3

Diethyl propanedioate
(Diethyl malonate)

O O
II II

(g) PhCHpCCHCOCHo
I

^

CH3
Methyl 2-niethyl-3-oxo-

4-phenylbutanoate

(i) CH3(CH2)5CN

Heptanenitrile

Dimethyl sulfate

O O
II II

(h) CIC(CH2)4CCI

Hexanedioyl chloride

(Adipoyl chloride)
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Physical Properties
Problem 17.15 Both the melting point and boiling point of acetamide are higher than those of its N^-dimethyl
derivative.

o o
II II

CH3CNH2 CH3CN(CH3)2
Acetamide N/Z-dimethylacetamide

mp 82.30c, bp 2210c mp -20OC, bp 165oC

How do you account for these differences?

Acetamide has two amide N-H atoms that can take part in hydrogen bonding with carbonyl

oxygen atoms, while A^,A^-dimethylacetamide does not. Thus, due to this ability to hydrogen

bond, acetamide molecules can associate with each other more strongly, leading to higher

melting and boiling points compared to A^,A^-dimethyIacetamide. Additionally, in the case of

acetamide, overlap of unhybridized 2p orbitals of the carbonyl group and the amide nitrogen

results in delocalization and resonance stabilization of the molecule. For this overlap of 2p
orbitals to be possible, the six atom system of the amide group must be planar; only when
these atoms lie in a plane can the three 2p orbitals be parallel to each other and thereby

overlap. One of the graphic ways in which we indicate this overlap and electron delocalization

is by drawing contributing structures such as the ones shown below. These contributing

structures are possible only if the six-atom system of the amide bond is planar. With two

groups larger than hydrogen on the amide nitrogen, there is steric hindrance to planarity with

the result that the dipolar contributing structure shown makes less contribution to the hybrid,

the A^,A^-disubstituted amide is less polar, there is less intermolecular association, and
consequently a lower melting point and a lower boiling point.

non-bonded interaction between
these sets of groups hinders

achievement of planarity

H3C

the six atoms of the amide
bond must be planar in this

contributing structure

Spectroscopy
Problem 17.16 All methyl esters of long-chain aliphatic acids (for example, methyl tetradecanoate,

C13H27CO2CH3), show significant fragment ions at m/z 74, 59, and 31. What are the structures of these ions

and how do they form?

o ' »

^OCH 3 + C^
m/z = 31

OCH.

I

HjC^ OCH3

(by a-cleavage) m/z = 59 , _ ^^
(by a-cleavage) '"'^ " '^

(by McLafferty
rearrangement)
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Prpblgm 17.17 The two hydrogens of primary amides typically have separate IH-NMR resonances, as illustratedby the separate signals for the two amide hydrogens of propanamide. Furthermore, each methyl group of theNA-dunethylformamide has a separate resonance. How do you account for these observations'?

^C—

N

Propanamide

H

'5 6.22 and 6.58 ,C-N
H CH3

5 3.88 and 3.98

N^-Dimethylformamide

Tsi.'^^^^'oft.'Z^^^^
" ' resonance-stabilized amide group and the likely orientation in space of

Amide resonance causes a rotation barrier around the C(0)-N bond that prevents
interconversion of the two nitrogen substituents on the NMR time scale. For this reason the

Sfr^ed
^^'^^ ^^^^ ^ structural formula for compound A, C7H14O2, consistent with its iR-NMR and

C7H14O2

Compound A

10

pph

Micrometers

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200

Wavenumber (cm-')

1000 800



Chapter 17: Derivatives of Carboxylic Acids Solutions 493

0.95 1.7 2.2S|| -\j
CHoCHjCHJC-O^ /^"3

I
1.2

CH3

Isopropyl butanoate

Problem 17.19 Propose a structural formula for compound B, C6H13NO, consistent with its ^H-NMR and

infrared spectra.

5 4

Chemical Shift (6)

pptn

Micrometers

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000

Wavenumber (cm-')

800 400

0.9S 1.35 J-3S 1.7 2.2 || 6.0,6.5

CH3CH2CH2CH2CH2CNH2

Hexanamide
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Problem 17.20 Propose a structural formula for each compound consistent with its *H-NMR and ^^C-NMR

(b) C7H14O2
IH-NMR 13C-NMR

spectra,

(a) C5H10O2
IH-NMR 13C-NMR

0.96 (d, 6H)
1.96 (m, IH)
3.95 (d, 2H)
8.08 (s, IH)

161.11

70.01

27.71

19.00

0.96 i.9< 3.9S
II

8.08

(CH3)2CHCH2COH

(c)C6Hi202
IH-NMR 13C-NMR

1.18 (d, 6H)
1.26 (t, 3H)
2.51 (m, IH)
4.13 (q.2H)

177.16
60.17

34.04
19.0

14.25

1.18 2.S1II 4.13 1.26

(CH3)2CHCOCH2CH3

(e)C4H7C102
IH-NMR 13C-NMR
1.68 (d, 3H)
3.80 (s, 3H)
4.42 (q, IH)

170.51

52.92

52.32
21.52

0.92 (d, 6H) 171.15

1.52 (m,2H) 63.12
1.70 (m, IH) 37.31

2.09 (s, 3H) 25.05

4.10 (t, 2H) 22.45
21.06

2.09 II
4.10 1.52 1.70 0.92

CH3COCH2CH2CH(CH3)2

(d) C7H12O4
IH-NMR 13C-NMR
1.28 (t,6H) 166.52

3.36 (s, 2H) 61.43
4.21 (q, 4H) 41.69

14.07

1.28 4.21
II

3.36 || 4.21 1.28

CH3CH2OCCH2COCH2CH3

(f)C4H602
iH-NMR 13C-NMR
2.29 (m, 2H)
2.50 (t, 2H)
4.36 (t, 2H)

177.81

68.58
27.79

22.17

CH3CHCICOCH3

2.50 >^C.

HjCM /

H2C-CH2

Problem 17.21 Arrange these compounds in order of decreasing reactivity toward nucleophilic acyl substitution.

O

(1)

OCH2CF3

Q o

(4)

CI NEt

(2) (3)

oA rv^oE.
(5)

The order of reactivity of carboxylic acid derivatives is acid chlorides > anhydrides > esters >
amides. In addition, the fluorine atoms of (1) inductively stabilize the negative charge of
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2,2,2-trinouroethoxide making it a better leaving group than ethoxide, so (1) is more reactive

than the other ester compound, (5).

The order of reactivity, listed from most to least reactive is:

(1) > (4) > (1) > (g) > (3) I

Problem 17.22 Write the structural formula of the principal product formed when benzoyl chloride is treated with

the following reagents:

(a) Cyclohexanol

O

(C) CH3CH2CH2CH2SH, pyridine

/=\ "

(e) CHaCHgCHgCOa'Na"

ao o
II II

C-0-CCH2CH2CH3

(b) CH3CH2CH2CH2OH, pyridine

^ >—C-OCH2CH2CH2CH3

(d) CH3CH2CH2CH2NH2 (two equivalents)

^ ^C-NCH2CH2CH2CH3

(f) (CH3)2CuLi, then H30^

Qh^ch3

(g) CHgO-^ V-NH2, pyridine (h) C6H5MgBr (two equivalents)

, , O/^\ II

OH

VJ-'-''''^VJ
OCH.

Problem 17.23 Write the structural formula of the principal product fomed when ethyl benzoate is treated with

the following reagents:

(a) H2O. NaOH. heat (b) H2O, H2SO4. heat

O
" - *CO Na*

O
II

COH
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(C) CH3CH2CH2CH2NH2

O
(d) DIBALH (-78°C), then HgO

O

CNHCH2CH2CH2CH3

(e) LiAIH4, then HgO

CH2OH

(f) CgHsMgBr (two equivalents),

then H2O

OH ^=,

iy\o

Problem 17.24 The mechanism for hydrolysis of an ester in aqueous acid involves formation of a tetrahedral

carbonyl addition intermediate. Evidence in support of this mechanism comes from an experiment designed by
Myron Bender. He first prepared ethyl benzoate enriched with oxygen- 18 in the carbonyl oxygen and then carried

out acid-catalyzed hydrolysis of the ester in water containing no enrichment in oxygen- 18. He discovered that if

he stopped the experiment after only partial hydrolysis and isolated the remaining ester, the recovered ethyl

benzoate had lost a portion of its enrichment in oxygen- 18. In other words, some exchange had occurred between
oxygen- 18 of the ester and oxygen- 16 of water. Show how this observation bears on the formation of a

tetrahedral carbonyl addition intermediate during acid-catalyzed ester hydrolysis.

This observation can only be explained by proposing reversible formation of a tetrahedral
carbonyl addition intermediate, and the assumption that exchange of oxygen-18 in this manner
is more rapid than collapse of the intermediate to give benzoic acid and ethanol.

oxygen-18
oxygen-18

OH

PhCOCHgCHa + H2O ^h:^ PhCOCH2CH3

OH

H*.

oxygen-18

PhCOCH^CHo + HoO
Ij

2 3 2

O
Tetrahedral carbonyl
addition intermediate

Problem 17.25 Predict the distribution of oxygen-18 in the products obtained from hydrolysis of ethyl benzoate
labeled in the ethoxy oxygen under the following conditions:

oxygen-18

\ y—C-^CH2CH3

(a) In aqueous NaOH. (b) In aqueous HCl.

Under each set of experimental conditions, oxygen-18 will appear in ethanol.
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Problem 17.26 Write the structural formula of the principal product formed when benzamide is treated with the

following reagents:

(a) HgO, HCI, heat

f V-COH + NH4CI

(C) LiAIH4, then HgOOCH2NH2

(b) NaOH, H2O, heat

(d) Brg, NaOH, heat

+ NH3

CO,

Problem 17.27 Write the structural formula of the principal product formed when benzonitrile is treated with the

following reagents.

(a) H2O (one equivalent), H2SO4, heat (b) H2O (excess), H2SO4, heat

o — o

Q^^NH, f V-COH + NH4*HS04'

(c) NaOH, H2O, heat , (d) LiAIH4, then HgO

NH. OCH2NH2

Problem 17.28 Show the product expected when the following unsaturated 5-ketoester is treated with each

reagent.

O O

^^^^^^"^^^-^OEt

(a)

H2 (1 mol)

Pd, Eton' OEt

NaBH

CH3CH OEt

(c)

[d)

1. LiAIH4, THF

2. H2O

1. DIBALH, -78°

2. H2O

CH2OH + EtOH

CH + EtOH



498 Solutions Chapter 17: Derivatives of Carboxylic Acids

Problem 17.29 The reagent diisobutylaluminum hydride (DIBALH) reduces esters to aldehydes. When nitriles

are treated with DIBALH, followed by mild acid hydrolysis, the product is also an aldehyde. Give a mechanism
for this reaction,

A reasonable mechanism for this reaction involves an initial reaction of the hydride with the

nitrile carbon atom, followed by hydrolysis of the resulting imine anion.

Step 1:
H'

R—C=N: + H-AI[(CH2CH(CH3)2]2

DIBALH

-^ R—C—

H

Imine anion

Step 2:

W- H,0* :o:

R—C—H Several steps R—C—

H

Problem 17.30 Show the product of treatment of this anhydride with each reagent.

O

H

(a) HpO, HCI

^"\f..,,\C02H

(c)
1. LiAIH4

2. H2O

r"'co2H

.,x\CH20H

"CH2OH

(b) HpO, NaOH

(d)
CH3OH

(e)
NH3 (2 mol)^

H
^/\1..,X\C0NH;U

H
'"CO; NH4*
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Problem 17.31 The analgesic acetaminophen is synthesized by treating 4-aminophenol with one equivalent of
acetic anhydride. Write an equation for the formation of acetaminophen. {Hint: An -NH2 group is a better

nucleophile than an -OH group.)

Note how in the foliowing reaction scheme the acylation occurs at the more nucleophilic amino
group rather than the less nucleophilic hydroxyl group of 4-aminophenol.

O
/ \ NH,HO

4-Aminophenol

+

o o
II II

CH3COCCH3
Acetic anhydride

HO-^ II

NHCCH,

Acetaminophen

H:Ny^
CHgCO"

OH

Problem 17.32 Treatment of choUne with acetic anhydride gives acetylcholine, a neurotransmitter. Write an
equation for the formation of acetylcholine.

CH3
+ 1

CH3NCH2CH2OH

CH3

Choline

CH, O O

CH3NCH2CH2OH + CH3COCCH3

CH3

Choline

CH,
.1

- CH3NCH2CH2OCCH3 + CH3COH

CH3

Acetylcholine

Problem 17.33 Nicotinic acid, more commonly named niacin, is one of the B vitamins. Show how nicotinic acid

can be converted to (a) ethyl nicotinate and then to (b) nicotinamide.

a
o
II

COH

N

Nicotinic acid

(Niacin)

1 ) CH3CH2OH/H2SO4

2) Mild base (to

deprotonate the

pyridine N atom)

GOCH2CH3

Ethyl nicotinoate

(A)

Nicotinamide

(B)

NH.
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Problem 17.34 Complete these reactions.

O

(a) CH3O—^ >-NH2 + CH3C-O-CCH3

Q O
CH3OH />-NHCCH3

CH30^ ^NH3*0
^ ^ -OCCH3

o . . o

(b) CH3C-CI + HN \ CH3C-N y + ci" t^N \

(c) CH3COCH3+ HN y CH3C-N > + CH3OH

(d) ( \—NH2+ CH3(CH2)5CH + H2 ^^^^ / \—NHCH2(CH2)5CH3

Problem 17.35 Show the product of treatment of y-butyrolactone with each reagent.

O

(a) NH3 ^ HOCH2CH2CH2CNH2

.. . 1. LiAIH4
^^ TTTT; ^ HOCH2CH2CH2CH2OH

2. v\<^

OH
/px 1.2 PhMgBr, ether I

^^
2. H2O, HCI

^ HOCH2CH2CH2C-Ph

Ph

O
I

OH

(d) NaOH ^^ > HOCH,CH,CH,CO"Na*

, > 1.2 CHsLi, ether I

''*
rT^;5:TE

" hoch,ch,ch,c-ch3

CH,•3
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.,, 1. DIBALH, ether, -78°C II

(n _ - .. ^ HOCHXHoCHoCH
2. HgO, HCI

'2^"2^"2'

Problem 17.36 Show the product of treatment of the following y-lactam with each reagent

O

NCH.

" CI" o
(a)

H^O. HCI^
H-N^-CH^CH^CH^COH

heat I

CH3

O
(y.\ HoO.NaOH II _
<°) ^ ^ H-N-CH,CH,CH,CO N

heat
2^"2^"2

CH,

(c)
1. LiAIH4

2. H2O
-nNCH.

Problem 17.37 Draw structural formulas for the products of complete hydrolysis of meprobamate, phenobarbital,

and pentobarbital in hot aqueous acid. Meprobamate is a tranquilizer prescribed under 58 different trade names,
including Equanil and Miltown. Phenobarbital is a long-acting sedative, hypnotic, and anticonvulsant. Luminal is

one of over a dozen names under which it is prescribed. Pentobarbital is a short-acting sedative, hypnotic, and
anticonvulsant. Nembutal is one of several trade names under which it is prescribed. {Hint: Remember that

when heated, p-dicarboxyhc acids and p-ketoacids undergo decarboxylation.)

O CHo O
II I II

(a) H2NCOCH2CCH2OCNH2

CH2CH2CHQ

Meprobamate

CH3

NH4* + CO2 + HOCH2CCH2OH + NH,

CH2Cn2Cn2

CO,

(b)

CHoCH
I ^—NH
O

Phenobarbital

CeHg \ I'

CHCOH+ CO2 + 2NH4* + CO2
CH3CH2/
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CH3CH2 7—1
(c) V )=o
CH2CH2CH2CI;^

NH

>
NH

CH3CH2
\

CrloCHoCHoCH
teHCOH + CO2 + 2NH4* + CO2

H3C o
Pentobarbital

CH,

The Hofmann Rparranppmpnt
Problem 17.38 Following are steps in a synthesis of anthranilic acid from phthalic anhydride. Describe how you
could bring about each step.

O O
^.^rs^^Ca NH4

j^i,j ^^^^COH
acid

^^^NH.

(1) -UL
Phthahc anhydride

CNH^
il

^

O

(2) Uk
Br2, NaOH

O
II

COH

II ^

O

(3) U.„„,
Anthranilic acid

Problem 17,39 Hofmann rearrangements of lower-molecular-weight primary amides can be brought about using
bromme in aqueous NaOH. Primary amides larger than about seven or eight carbon atoms are not sufficienUy
soluble in aqueous solution to react. Instead, they are dissolved in methanol or ethanol, and the corresponding
sodium alkoxide is used as the base. Under these conditions, the isocyanate intermediate reacts with the alcohol to
form a carbamate.

rLh,. Br, ^^ RN=C=0?t!3gH^ F^«Lh3
CH3CJH

A primary amide An isocyanate A carbamate

Propose a mechanism for the reaction of an isocyanate with methanol to form a methyl carbamate.

A reasonable mechanism for this reaction involves addition of methanol to the carbonyl group
to give an enol or a carbamic ester, followed by keto-enol tautomerism to give the carbamic
ester product.

Step 1:

RN=C=0 + CH3OH *- RN=C

CH,
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Step 2:

x>-.. /y.' proton .QH
RN=C. transfer

.
.

*

|

:0^H ^ RN=C0CH3

CHo Enol of carbamic ester

Step 3:

:0H keto-enol :0'

. .

'

I .

.

tautomerization, . . || .

.

RN=C0CH3 ^ RNHCpCHg

Enol of carbamic ester A carbamic ester

Synthesis
Problem 17.40 ^//-Diethyl m-toluamide (DEET) is the active ingredient in several common insect repellents.

DEET can be synthesi2Led in two steps: (1) treatment of 3-methylbenzoic acid (m-toluic acid) with thionyl chloride

to form an acid chloride followed by (2) treatment of the acid chloride with diethylamine. Write equations for each

step in this synthesis of DEET.

O
II

COgH HoC^ ^^<<^ .CCI
SOCI2

]| ^T (CH3CH2)2NH

3-Methylbenzoic acid

(m-Toluic acid) q

H3CV. ^x^5!5^ XN(CH2CH3)2

N,A^-DiethyItoluamide
(DEET)

Problem 17.41 Following is the structural formula of isoniazid, a drug used to treat tuberculosis. It is estimated

that one-third of the world's jx)pulation is infected with tuberculosis, which results in approximately 3 million TB-

related deaths per year. Show how to prepare isoniazid from pyridine-4-carboxylic acid. (See The Merck Index,

12th ed., # 5203.)

O o /=\ o

N /)—C-OH ^ N /V-C-NH-NHg,,

Pyridine-4- Isoniazid

carboxylic acid

Isoniazid can be prepared by reaction of hydrazine (NH2-NH2) with a suitable carboxylic acid

derivative, such as an ester.
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\ /
C-OH

1. CH3OH/H2SO4

2. Mild base to deprotonate

pyridine group

N
v\ /

C-OCH3

NH2-NH2- N
v\ /

O
II

C-NH-NH2

Problem 17.42 Show how to convert phenylacetylene to allyl phenylacetate.

O

Phenylacetylene

\ /
CH2COCH2CH=CH2

Allyl phenylacetate

The key to this synthesis is the first step in which hydroboration / oxidation is used to make
the aldehyde. Oxidation to the carboxylic acid, conversion to the acid chloride, and reaction

with allyl alcohol give the desired product.

\ /
C=CH

1. (sla)2B H

2. H2O2, NaOH \ /
CH2CH

KgCrjOy, H2SO4
s

H2O, acetone

\ /
CH2COH

SOCI2

\ /
II HOCH2CH=CH2

CH,CCI ^ ^-^

\ /
CH,COCHXH=CH,

Problem 17.43 A step in a synthesis of PGEj (prostaglandin Ej, alprostadil) is reaction of a trisubstituted

cyclohexene with bromine to form a bromolactone. Alprostadil is used as a temporary therapy for infants bom
with congenital heart defects that restrict pulmonary blood flow. It brings about dilation of tiie ductus arteriosus,

which in turn increases blood flow in the lungs and blood oxygenation. Propose a mechanism for formation of

this bromolactone and account for the observed stereochemistry of each substituent on the cyclohexane ring.

»\CH2C02H

+ Bfc

CH2CO2H

CH.

'CH2CO2H

A bromolactone
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COgH

OH
PGEi (Alprostadil)

The mechanism likely involves formation of a bridged bromonium ion that is attacked by the

axial carboxylic acid group. It is the axial carboxylic acid group that is in the proper location

to attack the bromonium ion as shown:

Step 1

Br* O
II

CHjCOH

:0H

+ Br"

Step 2:

Br'

c^ CHgCOH

I

:0H

CHg

:0H

Step 3:

Br

*r^
CHgCOH

I

:0H

(-H*)

Br

' Ov CH

O
II

CH2COH

:0:

The stereochemistry is fixed by the bicyclic structure. The bromine atom is axial, while the

-CH2CO2H and methyl group are equatorial.
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Prpblgm 17.44 Barbiturates are prepared by treatment of a derivative of diethyl malonate with urea in the presence
of sodium eUioxide as a catalyst. Following is an equation for the preparation of barbital, a long-duration
hypnouc and sedanve, from diethyl diethybnalonate and urea. Barbital is prescribed under one of a dozen or more
trade names.

O

^ / \ /C-O ^ ^^5 2>=0 + 2CH3CHPOHC^h/ COC2H5 H^N-^ 2.H2O
c^Hs/V^^NH

o o
Diethyl diethylmalonate Urea 5,5-Diethylbarbituric acid

/ ^ r»_ .^ -. (Barbital)
(a) Propose a mechamsm for this reaction.

Treatment of ureai with ethoxide ion gives an anion that then attacks a carbonyl group of themalonic ester to displace ethoxide ion. This second reaction is an example of nucleophilic
displacement at a carbonyl carbon.

uv^icupiuuL

Step 1:

o o
H2NCNH2 + CzHgO" ' H2NCN: + CH3CH3OH

H
Anion from urea

Step 2:

O
II Q II IIC2H5\ /COC2H5

,1
. C2H5^ ^CNHCNH2

/^\ + H2NCN: ^ c + CH3CH2O"
C2H5 COC2H5 ^ C2H,^ COC2H5

O O

c'ompJ^te'Ktio^ Tl^'^I^Ji^ClTZT ''' "^''"'^ '""'^ '' ''' ""^'"^"^ "'^^ '^

11 II
II II..-

C2H5^ /CNHCNH2 CgHg^ ^CNHCN:
A + CH3CH20- ^^ C H + CH3CH2OH

C2H5/ COC2H5 C2H5/ COC2H5

o o
Step 4:

O O
O.

C2H5. CNHCN: C2H5^ V-NH
/K " ^ X >=0 + CH3CH2O

CJtA/ COC2H52 5
,1

2 5

o

C2H5 ^—NH

i
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(b) The pKa of barbital is 7.4. Which is the most acidic hydrogen in this molecule and how do you account for

its acidity?

The most acidic hydrogen is the imide hydrogen. Acidity results from the inductive effects of
the adjacent carbonyl groups and stabilization of the deprotonated anion by resonance
interaction with the carbonyl groups. Following are three contributing structures for the
barbiturate anion.

The two contributing structures that place the negative charge on the more electronegative
oxygen atom make the greater contribution to the resonance hybrid.

Problem 17.45 The following compound is one of a group of p-chloroamines, many of which have antitumor

activity. Describe a synthesis of this compound from anthranilic acid and ethylene oxide. [Hint: To see how the

seven-membered ring might be formed, review the chemistry of the nitrogen mustards (Section 8.5)].

> derived from molecules

of ethylene oxide

(CH2CH

+ 2 HpC—CHp
L ^^^ ^ \ / ^^^ COH O

II

several

steps
^-

Z-Aminobenzoic acid

(Anthranilic acid)

Reaction of the nucleophilic amine group with two molecules of ethylene oxide gives the diol

intermediate that is converted to the dichloride by treatment with HCl. The dichloride

intermediate is actually a nitrogen mustard derivative that will react with the -OH group of the

carboxyl function to give the desired lactone, presumably via the three-membered ring

intermediate characteristic of nitrogen mustards (Section 8.5).

2 H2C-CH2
O a

CH2CH2OH
I

N—CH2CH2OH

COH
II

O

1. HCl

2. Mild base

CH9CH0CI
I

N—CH2CH2CI

Reaction with

carboxyl -OH
via three-membered
ring intermediate
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Problem 17.46 Following is a retrosynthetic scheme for the synthesis of 5-nonanone from 1-bromobutane as the

only organic starting material. Show reagents and experimental conditions to bring about this synthesis.

5-Nonanone

1-Bromobutane is converted to pentanoic acid via the nitrile, which is hydrolyzed to the

carboxylic acid.

O

Br NaCN ,C=N H3O*

heat

1-Bromobutane is also converted to a Oilman reagent via the organolithium species.

2 Li
LI + LiBr

CuCI

Cu
LiBr

The key step in the synthesis involves reaction of pentanoyl chloride, produced from
pentanoic acid by reaction with SOCI2, with the Oilman reagent to give the product 5-nonone.
This is an example of a so-called "convergent synthesis" in which two pieces, themselves the
product of several synthetic steps, are combined in a late step in the reaction sequence.

Problem 17.47 Procaine (its hydrochloride is marketed as Novocaine) was one of the first local anesthetics for

infiltration and regional anesthesia. According to this retrosynthetic scheme, procaine can be synthesized from 4-

aminobenzoic acid, ethylene oxide, and diethylamine as sources of carbon atoms. Provide reagents and
experimental conditions to carry out the synthesis of procaine from these three compounds.

H,N^COCH2CH2N(CH2CH3).

Procaine

H,NY V-COH+ HOCH2CH2N(CH2CH3)

4-Aminobenzoic
acid

CH2~CH2

Oxirane
(Ethylene oxide)

HN(CH2CH3)2

Diethylamine
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A reasonable synthetic scheme is shown below. First, the amine is reacted with ethylene
oxide to create the corresponding p-aminoalcohol:

A
CH2-CH2 + HN(CH2CH3)2 HOCH2CH2N(CH2CH3)2

Next, /;-aminobenzoic acid is converted to procaine by Fischer esterification.

O
II HOCH2CH2N(CH2CH3)2

H2N—^ >—COH ; i-

\ _^ H (Fischer esterification)

Mild base ^—^ O
(to deprotonate amino groups) >/ \ "

-^^ ^^-^ H2N—^ V-COCH2CH2N(CH2CH3)2

Procaine

Problem 17.48 The following sequence of steps converts (R)-2-octanol to (S)-2-octanol. Propose structural

formulas for intermediates A and B, specify the configuration of each, and account for the inversion of

configuration in this sequence.

CHo el's
I p-TsCI ^ CH3C02'Na" ^1. LiAIH4 I

H''^ ^OH pyridine DMSO 2. HgO HO^ W "

CeHis
^6Hi3

(R)-2-Octanol (S)-2-Octanol

Formation of the tosylate ester (A) occurs with retention of configuration; reaction takes place

on oxygen of the alcohol and does not involve the tetrahedral stereocenter. Nucleophilic

substitution to form (B) occurs by an Sn2 pathway with inversion of configuration at the

stereocenter undergoing reaction. Reduction of the ester with LAH occurs at the carbonyl

carbon, not at the stereocenter. These relationships are shown in the following structural

formulas.

CH3 CH3 Q CH3
I p-TsCj I CH3C0; Na"

II

I

H^^/-OH pyridine H^^/^OTs DMSO ' CH3C0-\"'H

C6H13 C6H,3
C6H13

(R)-2-Octanol (A) (B)

CH3
1. LiAIH4 I

2. H2O HO^ ^ "

(S)-2.0ctanol

Problem 17.49 Reaction of a primary or secondary amine with diethyl carbonate under controlled conditions

gives a carbamic ester. Propose a mechanism for this reaction.

o o
I! II

EtOCOEt + H2NCH2CH2CH2CH3 .- EtOCNHCH2CH2CH2CH3+ EtOH

Diethyl carbonate Butylamine Ethyl N-butylcarbamate
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A reasonable mechanism for this reaction involves initial attack by the nucleophilic nitrogen

atom of butylamine on the carbonyl carbon atom of diethyl carbonate to create a tetrahedral

carbonyl addition intermediate that leads to the product carbamate after a proton transfer then

elimination of ethoxide.

Step 1:

EtOCOEt + H2NCH2CH2CH2CH3

:0:
I

EtOCOEt
U

H2NCH2Cri 2^112^113

Step 2:

:0:
I

EtOCOEt

Proton
transfer

H2NCH2Cn2CH2CH3

Step 3:

(:b-H

EtOCOEt

:0-H
I

EtOCOEt
I

HNCH2CH2CH2CH3

(-EtO-)

I

HNCH2CH2CH2CH3

11

EtOCNHCH2CH2CH2CH3

Step 4:

EtOCNHCH2CH2CH2CH3
(EtO)

:o:
II

EtOCNHCH2CH2CH2CH3 + EtOH

Problem 17.50 Several sulfonylureas, a class of compounds containing RSO2NHCONHR, are useful drugs as

orally active replacements for injected insulin in patients with adult-onset diabetes. It was discovered in 1942 that

certain members of this class cause hypoglycemia in laboratory animals. Clinical trials of tolbutamide were begun
in the early 1950s and since that time, more than 20 sulfonylureas have been introduced into clinical medicine.

The sulfonylureas decrease blood glucose concentrations by stimulating p cells of the pancreas to release insulin

and by increasing die sensitivity of insulin receptors in peripheral tissues to insulin stimulation.

Tolbutamide is synthesized by the reaction of the sodium salt ofp-toluenesulfonamide and ethyl N-
butylcarbamate (see the previous problem for the synthesis of this carbamic ester). Propose a mechanism for the

following step in the synthesis of tolbutamide:

o o
^/ ^^SNHNa + EtOCNH(CH2)3CH3 -

A carbamic ester

Sodium salt of

p-toluenesulfonamide

O O
II II

SNHCNH(CH2)3CH3

O

Tolbutamide

(Oramide, Orinase)
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A reasonable mechanism for this reaction involves initial attack by the nucleophilic nitrogen

atom of the sulfonamide sodium salt on the carbonyl carbon atom of the carbamic ester to

create a tetrahedral carbonyl addition intermediate that eliminates ethoxide to give the flnal

product.

Step 1:

CH. r\ -SNH Na* + EtOCNH(CH2)3CH;

:o:)

Step 2:

CH.
00 (OEt

II. >l
SNHCNH(CH2)3CH3

O :0^

00 OEt
II.. I

SNHCNH(CH2)3CH3

O :0:

00 O
il II

SNHCNH(CH2)3CH3

O

Problem 17.51 Following are structural formulas for two more widely used sulfonylurea hypoglycemic agents.

Show how each might be synthesized by converting an appropriate amine to a carbamic ester and then treating the

carbamate with the sodiimi salt of a substituted benzenesulfonamide.

(a) CH3-/ VsNH-C-N

Tolazamide

(Tolamide, Tolinase)

EtOCOEt -I- HNO (-EtO-) -I-„hQ

CH3-/ VsNH'Na*

(-EtO")

r\CH,-^ 7-SNH-C-N

O

(b) CH3 ^ ^SNH-C-NHN

O
Gliclazide

(Diamicron)

EtOCOEt + NH2N
(-EtO') II

i- EtO-C-NHN
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CHOl
o
SNH" Na*
II

O

("EtO")
CH, r\

o
11

SNH-C-NHNCO
Problem 17.52 Amantadine is one of the very few available antiviral agents and is effective in preventing

infections caused by the influenza A virus and in treating established illnesses. It is thought to block a late stage in

the assembly of the virus. Amantadine is synthesized as follows. Treatment of 1-bromoadamantane with

acetonitrile in sulfuric acid gives N-adamantylacetamide, which is then converted to amantadine. (See The Merck
Index, 12th ed., #389.)

CH3CSN
in H2SO4

Br (1

1-Bromoadamantane

NHCCH3 (2) NH,

Amantadine

(a) Propose a mechanism for the transformation in Step 1 . Consider the possibility of forming an adamantyl
cation under these experimental conditions and then the marmer in which this carbocation might undergo reaction

with acetonitrile.

A reasonable mechanism is shown below. The last proton transfer may occur at the same time
as formation of the carbonyl.

Step 1:

(-Br")

Step 2:

' N^CCHg
N=CCH3
+

Step 3:

H-O-H
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Step 4:

Step 5:
H^-^H

N=CCH,

H^-

^ LL^tI—N-CCH,

proton
transfer

(b) Describe experimental conditions to bring about Step 2.

Step 2 is a simple hydrolysis carried with HCl and H2O.

Problem 17.53 The following four-step sequence converts natural camphor, an enantiomerically pure compound,
to the product shown on the right. The configuration of camphor is shown, but the configuration of the product is

not shown.

O 1-
HoC CHo

Camphor

(C10H16O)

(C10H16O2) (C10H18O2) H3C
CH2CH=CHC02C.H3

Steps/reagents: 1.ArC03H 3. H2O, HCl

2. DIBALH {-78°C) 4. Ph3P=CHC02CH3

(a) Propose structural formulas for intermediates A and B. Also specify the configuration at all stereocenters in A
and B.

This is an example of a Baeyer-Villiger oxidation.

Note how the tertiary carbon atom ends up adjacent

to the ester oxygen atom.

(C10H16O2)

The ester is reduced to an aldehyde with

DIBALH and an acidic workup.

B

{C10H18O2)
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(b) Label all siereocenters in the product of this sequence and tell how many stereoisomers are possible for this

compound?

(D-^Q.
H3C yPH3

H3C
»x\CH2CH=CHC02CH3

There are two stereocenters and one double bond capable of cis-trans isomerization. Thus,
there are 2 x 2 x 2 =8 possible stereoisomers for this molecule.

(c) This synthesis is enantioselective, meaning that only one of the possible stereoisomers is formed. Which of

Uie possible stereoisomers is formed and how do you account for its formation?

As shown on the above structures, the configurations throughout the synthesis are S for both
stereocenters. This stereochemistry is set in the original camphor molecule since none of the

four reactions involves a change or loss of stereochemistry at these stereocenters.

Problem 17.54 When natural camphor is treated first with peroxybenzoic acid and then with lithium aluminum
hydride in diethyl ether, there is formed an optically active compound of molecular formula C10H20O2. Propose a

structural formula for this compound and show configurations at all of its stereocenters.

O 1. ArCOgH 2. LiAIH4, ether
-^—»

3. H2O

.xCHjCHjOH

©
Camphor
(CioH,60)

(C10H20O2}

As shown in Problem 17.54, the peracid results in a Baeyer-Villiger oxidation of the ketone
function to give a lactone intermediate. The LiAlH4 simultaneously cleaves and reduces the
lactone to the diol shown. The stereochemistry of the two stereocenters in the product is set

in the original camphor molecule so that both have the S configuration.

f*roblem 17.55 In a series of seven steps, (S)-malic acid is converted to the bromoepoxide shown on the right in

50% overall yield. (S)-Malic acid occurs in apples and many other fruits. It is also available in enantiopure form
from microbiological fermentation. This synthesis is enantioselective: of the stereoisomers possible for the

bromoepoxide, only one is formed. In thinking about the chemistry of these steps, you will want to review the

use of dihydropyran as an -OH protecting group (Section 11.7) and the use the p-toluenesulfonyl chloride to

convert the -OH, a poor leaving group, into a tosylate, a good leaving group (Section 9.6D).

H (DH

HO2C

</ 1. 2. 3. 4. 5.

^^X^^^^COgH —»- A (C8H14O5) —^ B —.- C (C9H18O4) —.- D -

6. 7. O,
E —^ F (C4H80Br2)—

^

Steps/reagents: 1 . CH3CH2OH, H''

2. Q.H^

3. LiAIH4, then H2O

4. TsCI, pyridine

5. NaBr, DMSO

6. H2O, CH3CO2H

7. KOH
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(a) Propose structural formulas for intermediates A through F. Also specify configuration at each stereocenter.

Transformation 2. deserves special comment. This reaction produces a tetrahydropyranyl
ether (intermediate B) that serves as an -OH protecting group. Note how a new stereocenter is

created as shown, but that it will be a mixture of stereoisomers (R,S). This center has no
influence over the stereochemistry of the product since the tetrahydropyranyl ether is cleaved

in acid during the second to last step of the sequence.

S)^ H OH

-»^
CH3CH2O2C

A (C8H14O5)

CO2CH2CH3

CH3CH2O2C
CO2CH3CH3

B

HOCH2

C (C9H18O4)

CH2OH

(ED

CH2OTS

[SJ H OH
>C/CH2Br

BrCH2'^ ^^

SL H O-' ^O

BrCH
^^^CH2Br

(b) What is the configuration of the stereocenter in the bromoepoxide and how do you account for the

stereoselectivity of this seven-step conversion?

S]^ H OH

BrCHĵ cCH2Br

©
CH2B

H

' -^ L>^^Br

As shown on the above structures, the configuration at the 2 position during the synthesis is

S. This stereochemistry is set in the starting material and maintained throughout the synthetic

sequence, since none of the reactions involves a change or loss of stereochemistry at this

position.
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Problem 17.56 Following is a retrosynthetic analysis for the synthesis of the herbicide (S)-Metolachlor. Ciba

synthesizes approximately 10,000 tons of this agrochemical per year. According to this analysis, starting

materials are 2-ethyl-6-methylaniline, chloroacetic acid, acetone, and methanol.

CIJ^^J^o

CH3CCH20CH3

2-Eihyl-6-amino

aniline

CH3OH

O
II

+ CH3CCH2CI ^
Methanol Acetone

Show reagents and experimental conditions for the conversion of these three organic starting materials to

Metolachlor. Note that your synthesis will most likely give a racemic mixture. The chiral catalyst used by Ciba
for Step 2 gives 80% enantiomeric excess of the S enantiomer.

O
11

CH3CCH3
01

Acid or base

(a-Halogenation)

O
II

CH3CCH2CI

4.1 o O
II solvolysis in CH3O H ||

CH3CCH2CI ^ CH3CCH2OCH3

o

CH3CCH20CH3 +
H*

HoO
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1. LiAIH4
2. H2O

or

1. NaBH4
2. H2O

O O
II SOCI2 II

CICHjCXJH ^— CICHjCXI

Note how a racemic
mixture is produced
at this sterocenter.

The commercial
process uses a special

chiral catalyst.

^X'
(racemic)-Metolachlor
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CHAPTER 18: ENOLATE ANIONS AND ENAMINES

SUMMARY OF REACTIONS

SUrting N^
Material \^

1

i
0)

<
>>
U

B
E o

A B
it o
2 «
>> >>
X X
£ £
>. So,

a s
CO. to.

ss

>>
x: M
•O B
"3 5
O 01

^ 9
CO. CO.

2

CO.

1

1
3

3
1/3

1

<

3

S
3
«5

1 s
s g

1 s
S g

= 1
u

B

1 =

<

Aldehydes, Ketones 18A
18.1*

Aldehydes, Ketones,

Esters
18B
18.1

Diesters 18C
18JB

Diethyl Malonate

Alkyl Halides
18D
18.7

Enamines
Acyl Halides

18E
18.5B

Enamines
Alkyl Halides

18F
18.5A

Enolates

Aldehydes, Ketones
18G
18.2B

Enolates

Conjugated Carbonyls
18H
18.8

181
18.8A

Esters 18J
18.3A,C

Ethyl Acetoacetate

Alkyl Halides

18R
18.6

Gilman Reagents

Conjugated Carbonyls
18L
18.8B

P-Hydroxyaldehydes

P-Hydroxyketones
18M
18.1

Secondary Amines
Aldehydes, Ketones

18N
18.5

Section in book that describes reaction.

REACTION 18A: THE ALDOL REACTION (Section 18.1)

NaOH
2 —C-C—

I

H

I
OH

I
O

I I I II—C-C'-C-C-

^ I I

In the aldol reaction, two aldehyde and/or ketone molecules react to form a p-hydroxyaldehyde
or p-hydroxyketone. *
The base-catalyzed mechanism involves the nucleophilic attack by an enolate anion of one aldehyde or ketone
on the electrophilic carbonyl carbon atom of another aldehyde or ketone to produce a tetrahedral carbonyl
addition intermediate that is protonated to yield the final product.

The acid-catalyzed mechanism involves reaction between the enol form of one aldehyde or ketone and the

highly electrophilic protonated form of another aldehyde or ketone.
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- This is an important reaction because it represents a relatively easy way to make a carbon-carbon bond, and
thus create a larger, more complex molecule from simpler ones. *

- Usually, the two molecules of the same aldehyde or ketone are used to produce the aldol product
- If attempts are made to react two different aldehydes or ketones, a mixture of aldol products results from the
various combinations of enolates and carbonyls that can react. However, these mixed aldol reactions are
more successftil if one of the aldehydes or ketones cannot form an enolate (such as formaldehyde), thus
limiting the possible reactions and ensuring that fewer products will be produced.

- The equilibrium constant for the aldol product formation is usually not large. However, product yields can
be improved by allowing the initially formed p-hydroxyaldehyde or ketone to eliminate water, thereby
generating the more stable a,p-unsaturated aldehyde or ketone (Reaction 18M, Section 18.1).

REACTION 18B: FORMATION OF ENOLATE ANIONS (Section 18.1)

I II Base:
•C-C—

I

H
resonance stabilized enolate ion

Base-H

- The a-hydrogen of carbonyl compounds is weakly acidic, so carbonyl compounds can be converted

to resonance-stabilized enolate anions by reaction with strong base. *
- Enolate anions are important because they are intermediates in reactions such as the aldol and Claisen

condensations, and they also take part as nucleophiles in Sn2 reactions.

- For ketones with non-equivalent a-hydrogens, different enolates can be formed by reaction with strong

bases such as lithium diisopropylamide (LDA). The predominant product formed depends on the

conditions.

Under conditions of thermodynamic control, for example when the ketone is in slight excess over
the base, the ketone and enolate are in equilibrium so that the more stable (more highly substituted)

enolate predominates.

Under conditions of kinetic control, for example when there is a slight excess of base, the enolate is

formed quantitatively and there is no equilibrium established. Therefore, the enolate that forms faster

predominates. This is usually the less substituted enolate since in this case there is less steric hindrance

around the a-hydrogen that must react with the base to create the enolate.

REACTION 18C: THE DIECKMANN CONDENSATION (Section 18.3B)

P O

1 ) -0-c"- ^\ r^ ^c"
I

0,0 I
/

u
Y \ ,1 \ ;

—C'-O-C'tCtC-O-C"— I Vi A 2

I

HO-C"—
I

The Dieckmann condensation is an intramolecular Claisen condensation reaction carried out on

an appropriate diester molecule to produce a five- or six-membered ring. *
The reaction mechanism involves initial deprotonaiion by the base to form an anion on the a-carbon of one

ester, that then attacks the other carbonyl carbon atom to produce a letrahedral carbonyl addition

intermediate. This collapses when the alkoxide departs. The resulting p-keto ester is deprotonaied under

these basic conditions, but then protonated by the acid work-up to produce the final product.
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REACTION 18D: MALONIC ESTER SYNTHESIS (Section 18.7)

1)NaOC2H5

O O ' —C'-X O
I

II II
I

II I

CsHgOCCH^OCgHs ^ HOCCHgC—
3) NaOH, H2O

I

4) HCI, H2O

5) heat

- Esters of malonic acid react with base to create enolate anions that can react with electrophiles

such as alkyl halides. Treatment of the resulting compound with aqueous hydroxide to hydrolyze the

esters, acid to protonate the carboxylate groups, and heat to cause decarboxylation produces substituted

acetic acid derivatives. This overall sequence of steps is referred to as the malonic ester synthesis. *

REACTION 18E: ACYLATION OF AN ENAMINE FOLLOWED BY HYDROLYSIS (Section

18. 5B)

V
\ ^N^Q..._

1^^ „^ 2)H20/HCI |,v llv I II

>=C' / + —C-C-CI —C-C-C-C"—
^ \ ^

I III
- Enamines react as nucleophiles wiUi acyl halides followed by hydrolysis to create p-

ketoaldehydes and p-diketones. *

REACTION 18F: ALKYLATION OF AN ENAMINE FOLLOWED BY HYDROLYSIS (Section

18.5A)

^ / o
\ yN^Q..._

1^^ 2) H2O/HCI |,v I II

n=C' / + —C—X —C-C—C—
/ ^ ^

I III
- Enamines react as nucleophiles with alkyl halides followed by hydrolysis to create a-substituted

aldehydes and ketones. *

REACTION 18G: DIRECTED ALDOL REACTIONS (Section 18.2B)

n- I
O _

I
OH

I
O\ /^ I II

2)H20
I I I II

C=C' + —C"-C"'— —C"-C"'-C—c

—

f > I III
preformed

enolate

- Directed aldol reactions can be carried out even if both carbonyl compounds contain a-hydrogen atoms
if the desired enolate is preformed by reaction with a strong base such as LDA. This scheme can
prevent the many unwanted products that would have formed by simply adding a base such as NaOH to a

mixture of the two carbonyl compounds. *

REACTION 18H: THE MICHAEL REACTION (Section 18.8)

O

r-— I I

O
\ /^ H-Base I I II

Nu:' + ,C=C: Nu—C—C'-C"— + :Base
/ \ II
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- Nucleophiles such as enolate anions can react via conjugate addition with electrophilic alkenes in a
reaction referred to as a Michael reaction. If the alkene is conjugated to a carbonyl group, then the
product of the reaction is a substituted carbonyl compound. The Ivfichael reaction can also t^e place with

a,p-unsubstituted nitriles and nitro compounds. *
- In the Michael reaction with an alkene conjugated to a carbonyl species, the reaction mechanism involves an
attack of the nucleophile onto the electrophilic alkene to produce a resonance-stabilized enolate anion.

Protonation of this enolate anion creates the enol, that rearranges to the more stable keto product.

REACTION 181: THE ROBINSON ANNULATION (Section 18.8A)

O
I I

r\ II IV I

V

"I ) Michael Reaction • v _

I II \ /^
I

2) Aldol Reaction ^C C^

I
/ \ "^ 3) (-H2O) —n X"'^

H / ^C" \

- The Robinson annulation is a Michael reaction that is followed by an intramolecular aldol

reaction. Dehydration of the aldol product leads to substituted cyclohexenones. ^

REACTION 18J: THE CLAISEN CONDENSATION (Section 18.3 A,C)

„ I I ? I y I

O 1)"0-C"— —C—C—C—C'-O-C"—

2 —C—C'-O—C"— •

I
I

2) H2O, HCI
H '

HO-C"—

- A Claisen condensation is carried out by treating an ester with base, to produce a p-ketoester. *
- The reaction mechanism involves initial deprotonation by the base to form an anion on the a-carbon of one

ester molecule, that then attacks the carbonyl carbon atom of another ester molecule to produce a tetrahedral

carbonyl addition intermediate. This collapses when the alkoxide departs. The resulting p-ketoester is

deprotonated under these basic conditions, but then protonated by the acid work-up to produce the fmal

product.
- Usually, the reaction takes place between two molecules of the same ester. However, crossed Claisen

condensations are possible if there is an appreciable difference in the reactivity between the two esters. For

example, crossed Claisen condensations can be carried out if one of the esters cannot form an enolate

because it does not have any hydrogens on the a-carbon atom.
- The Claisen condensation is important because it allows for the synthesis of a carbon-carbon bond imder

relatively mild conditions.

REACTION 18K: THE ACETOACETIC ESTER SYNTHESIS (Section 18.6)

1)NaOC2H5

^^ -C'-X O
I

II II I
II I

CH3CCH2COC2H5 CH3CCH2C'—
3) NaOH, H2O

I

4) HCI, H2O

5) heat

- Esters of acetoacetic acid react with base to create enolate anions that can react with

electrophiles such as alkyl halides. Treatment of the resulting compound with aqueous hydroxide

to hydrolyze the ester, acid to protonate the carboxylate groups, and heat to cause decarboxylation
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produces substituted methyl ketone derivatives. This overall sequence of steps is referred to as the

acetoacetic ester synthesis. *

REACTION 18L: ADDITION OF OILMAN REAGENTS (Section 18.8B)

o

C"— \ ' /2 I I I II\ -^ ^ —C"'-C—C'-C"—
y^-^\ 2)H20

I I I

- Lithium diorganocopper reagents (Oilman reagents) can react with electrophilic alkenes such

as a,p-unsaturated carbonyl species. ^

REACTION 18M: DEHYDRATION OF THE PRODUCT OF AN ALDOL REACTION (Section

18.1)

O
O

I

OH . II

—C-C'-C"— ^ V=C" + ^^o

H '

"^^ ^
- p-Hydroxyaldehydes and ketones (products of aldol reactions; Reaction 18A, Section 18.1) can be
dehydrated in the presence of acid catalysts, or sometimes even under the conditions of the

aldol reaction itself, to generate a,p-unsaturated aldehydes or ketones. *
- The a,p-unsaturated aldehyde or ketone is conjugated and more stable than the initial aldol products; the p-

hydroxyaldehyde or p-hydroxyketones. Thus, by adjusting conditions so that dehydration occurs the

usually small equilibrium constant can be increased in favor of products.

REACTION 18N: PREPARATION OF ENAMINES FROM SECONDARY AMINES AND
ALDEHYDES OR KETONES (Section 18.3)

\ ^

I ^ HN—C-- H^ \ ^N^C"'-^—c-c— +
I

^ ^c=c: / + H2O

'

I

- Enamines are prepared by the reaction of secondary amines with aldehydes or ketones. It is removal

of water that drives the reaction to completion. *
- Enamines are important because they can behave as enolate equivalents in reactions with strong electrophiies

such as alkyl halides and acyl chlorides (reactions 18C and 18D).
- Morpholine and pyrrolidine are two commonly used secondary amines for the formation of enamines.
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CHAPTER 18
Solutions to the Problems

Problem 18.1 Draw the product of the base-catalyzed aldol reaction of these compounds,
(a) Phenylacetaldehyde, C6H5CH2CHO

O
II

OH O

2 CeHgCHjCH —^ CeHgCHgCHCHCH

CfiHs

(b) Cyclopentanone

O HO

Problem 18.2 Draw the product of dehydration of each aldol product in Problem 18.1.

OH O
I II

UgHcCHoCHCHCH

CgHg

O
II

*- C6H5CH2CH=CCH + H2O

HO

+ HoO

Problem 18.3 Draw the product of the base-catalyzed crossed aldol reaction between benzaldehyde and 3-

pentanone and the product formed by its dehydration.

Q^^H. CH3CH2CCH2Cn3

aldol
reaction-^v

OH O
I II

CHCHCCH2CH3

CH,

dehydration^ /^ \ ^^_CCCH2CH3

CH,
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Problem 18.4 Show how you might prepare these compounds by directed aldol reactions.

(a)

HO O

LDA .M-K
1. o

2. HoO78°C
O O'LT " ' HO O

An enolate is made from 3-pentanone, and used to carry out an aldol reaction with 2,3-

dimethylbutanal.

OHO ^CHg

(b)

0-Li

LDA
-78**C

CH,

P HO CH,

2. HoO

An enolate is made from cyclohexanone that is used to carry out an aldol reaction with
cyclopropyl methyl ketone.

(c)

OH o

CgHsCH CH.

slight excess

3 of LDA

0°C

CH3 \_/-C" CeHgCH CH,

kinetic product

An enolate is made from 2-methylcyclohexanone. Note that; in this casc^ it is the kinetic
product, made with an excess of LDA, that is used to carry out an aldol reaction with
benzaldehyde.
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Problem 18.5 Show the product of Claisen condensation of ethyl 3-methylbutanoate in the presence of sodium
ethoxide followed by acidification with aqueous HCl.

CH3 O CH3 o o
I II EtO'Na* I II ..- II

2 CH3CHCHPOCH2CH3 CH3CHCH2C-C-COCH2CH3

H3C-CH

CH3 O O CHo
HoO, HCl I 11 II

^—^-^ ^ CH3CHCHPCHCOCH2CH3

H3C-CH
^

I

CH3

Problem 18.6 Complete the equation for this crossed Claisen condensation:

/~~\
"

/~~\
" I.EtO'Na

Problem 18.7 Show how to convert benzoic acid to 3-methyl-l -phenyl- 1-butanone (isobutyl phenyl ketone) by
the following synthetic strategies, each of which uses a different type of reaction to form the new carbon-carbon

bond to the carbonyl group of benzoic acid.

O O CH3
II ? II I

^

PhCOH PhCCH^HCH3

Benzoic acid 3-Methyl- 1 -phenyl- 1 -butanone

(a) A lithium diorganocopper (Oilman) reagent

Treatment of benzoic acid with thionyl chloride gives benzoyl chloride. Treatment of benzoyl
chloride with lithium diisobutylcopper followed by hydrolysis in aqueous acid gives the

desired product.

O CH3

PhCOH SQC'2.
ph^ci 1) [(CH3)2CHCH2hCuLi p,^cH2CHCH3

2) H2O, HCl

(b) A Claisen condensation

Crossed Claisen condensation of ethyl benzoate and ethyl 3-methylbutanoate gives a p-

ketoester. Saponification of the ester followed by acidification gives the p-ketoacid. Heating

causes decarboxylation and gives the desired product.

O CH, O CH3
II 11) CoHcO'Na* II I 1) NaOH, H2O

PhCOC2H5 + CH2CHCH3 J—L-l ^ PhCCHCHCHj
^^ ^. ^ ^^,

>

I
^ ^2) H2O, HCl I 2) H2O, HCl

CO2C2H5 CO2C2H5
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O CH, O CH,
> I heat II I

PhCCHCHCHg > PhCCHgCHCHg + COj

CO2H

Problem 18.8 Following are structural formulas for two enamines. Draw structural formulas for the secondary

amine and carbonyl compound from which each is derived.

(a)

The double bond of the product enamine forms so that it is conjugated with the aromatic ring.

HaC^ /CH3

(b)

H3C. .CH3 H*
+ N

I

H

+ H,0

Problem 18.9 Write a mechanism for the hydrolysis of the following iminium chloride in aqueous HCl:

O

Q..- - CJ •
r^^\^^^3^ HC1/H2O ^^-^^ Xcru

The positively-charged iminium ion is attacked by water acting as a nucleophile. A proton is

transferred to the nitrogen, followed by departure of the amine and formation of the carbon-
oxygen double bond. The reaction is completed with a proton transfer step to produce the
product ketone and protonated morpholine. Under the acidic conditions in this reaction, an
enamine is not formed, so hydrolysis predominates.
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proton

N' / u transfer

CH,

Step 3:

H
:0*

CH

Step 4:

H
:V

CH proton
transfer

N
I

H

N
I

H

CH3 .0,

&• o
H H

Problem 18.10 Show how to use alkylation or acylation of an enamine to convert acetophenone to the following

compounds.

o O ^,,3^ o o

(b)

^J^.
(c) ^ ^—CCH2CH2COCH2CH3

(a) C ^—CCH2CCH3 •CCH2CH2CCH3
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o o
\_/ \h

2) H2O/HCI

(a)

O O

CCH2CCH3

N
II

C. ^1) CICH2COCH2CH3

2 \ 2) H2O/HCI

cyCCH2CH2COCH2CH3

(c)

1) CH3CCH2CI

2) H2O/HCI

O

i ^—CCH2CH2CCH3

(b)

Problem 18.11 Show how the acetoacetic ester synthesis can be used to prepare these compounds:

O O /=.
II II / \

(a) CH3CCH2CH2C—^ ^

o o
II II

CH3CCH2COC2H5
1) EtO'Na

2) BrCH2C—
^ y

O O
II II

^ CH3CCHCOC2H5
I

CH2C-
II

o
\ /

o o
1) NaOH, H2O II II

-^ CH3CCHCOH
heat

2) HCI, H2O
CHjC

II

O

/=\ (.CO2) CH3CCH2CH2C-^
J
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O
II

(b) CH3C<D
O O
II II 1) EtO'Na'

CH3CCH2COC2H5 '

2) BrCHzCHzCHjCHaBr

EtOTNa
O,

CH3CCCOC2H5

CHjCHjCHgCHjBr

O O
II II

CH3CCHCOC2H5

CHjCHgCHjCHjBr

O O
II II

CH3C^ ^COCjHg

o
1) NaOH, H2O

2) HCI, H2O

O
II

•- CH3CiO~ -?<:
O^^OH

(c) CH3CCH{CH2CH3}2

o o o o
II II 1) EtO'Na* II II 1) EtOTNa"

CH3CCH2COC2H5 ^ CH3CCHCOC2H5
2) CH3CH2Br

Cn2di3
olo

CH2CH3

o

2) CH3CH2Br

9 COH

CH3CC^OC,H, ^> ^^°"' "'? CH3CC'(CH,CH3), '^«^«

CH ^^ 2) HCI, H2O
2^"3

(-CO2)

CH3 CCH(CH2CH3)2

Problem 18.12 Show how to convert ethyl 2-oxocycIopenianecarboxylate to this compound.

o

(VCHpOH



530 Solutions Chapter 18: Enolate Anions and Enamines

Jk^SoEt 1) Etc-

Ethyl 2-oxocyclo-

pentanecarboxylate

COEt
O
II

CHpOEt

2) CICHgCOEt

1) NaOH, H2O

2) HCI, H2O

COHO o
II

CHpOH
hea

(-CO2)

I
O

Note that, in the decarboxylation step, only the carboxyl group attached to the cyclopentane
ring is lost. This is because this is the only carboxyl group that is ^ to another carbonyl,
namely the ketone function on the cyclopentane ring. This p arrangement is required to allow
for the six-membered ring transition state leading to decarboxylation.

Problem 18.13 Show how the malonic ester synthesis can be used to prepare the following substituted acetic

acids.

O O
II

(a) C6H5CCH2CH2COH

CH,CH,OCCH,COCH,CH,
1) EtO'Na

CH2CCgH5

O
II

CH3CH2OCCHCOCH2CH3

2) CICH2CC6H5

O
11

CH2CC5H5

HOCCHCOH
1) NaOH, H2O

2) HCI, H2O

(b) (CH3CH2)2CHC02H

CH3CH2OCCH2COCH2CH3

heat

(-CO2)

O O
II II

C6H5CCH2CH2COH

1) 2 eq. EtO'Na*
^.

2)2 eq. CH3CH2Br

CH2CH3

CH3CH2OCCCOCH2CH3

CH2CH3
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1) NaOH, HzO^

2) HCI, H2O

CH2CH3

HOCCCOH
I

CH2CH3

heat

(-CO2)

(c) r V-CO2H

o o
II II

CH3CH20CCH2COCH2CH3

o
II

(CH3CH2)2CHCOH

1) 1 eq. EtO'Na

2)1 eq. BrCH2CH2CH2CH2Br

O O
II II

C2H5OCCHCOC2H5

CH2CH2CH2CH2Br

EtO'Na

O O
II .11

C2H5OCCCOC2H5

Cn2Cn2Cri2CH2Cr

C2H50C^^^COC2H5

^ ^ 1) NaOH, H2O

2) HCI, H2O

• Ji^.. HOC
:^^-.COH \^^

{ > heat { >

Problem 18.14 Show the product formed from each Michael product in the Solution to Example 18.14 after (1)

hydrolysis in aqueous NaOH, (2) acidification, and (3) thermal decarboxylation of each p-ketoacid or p-

dicarboxylic acid. These reactions illustrate the usefulness of the Michael reaction for the synthesis of 1 ,5-

dicarbonyl compounds.

CHX

EtOC
II

O

)cHCH2CH2COEt 1) NaOH, H20^

2) HCI, H2O

this group is lost upon
heating because it is p

to the ketone

CH,C
CHCH2CH2COH

3) heat

(-CO2)

CH3CCH2CH2CH2COH
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o o

EtO \ / 2) HCI, H2O HOC \ /

3) heat

(-CO2)

HOC

Problem 18.15 Show how the sequence of Michael reaction, hydrolysis, acidification, and thermal

decarboxylation can be used to prepare pentanedioic acid (glutaric acid).

O O
O II II

II II ii EtO'Na* EtOCCHCOEt
EtOCCHjPOEt + H2C=CHC0Et I

CHgCHjCOEt

O O O O
1) NaOH, HgO^ HOCCHCOH 3)_heat

HOCCH2CH2CH2COH
2) HCI, H2O I (-CO0)^ CH,CH,COH ^

^"2;
•2^"2'

Problem 18.16 Show how to bring about the following conversion.

CH3O CH3O

CH3O

O'LI*

CH3O
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CH2=CH-C-CH3

Michael reaction

CH2CH2CCH3

O
aldol reaction

CH3O

Problem 18.17 Propose two syntheses of 4-phenyl-2-pentanone, each involving conjugate addition of a Uthium
diorganocopper reagent

CHoCH=CHCCH, —
3 ^2. H2O, HCI

CH=CHCCH,
1. (CH3)2CuLi, ether, -78°C

2. H2O, HCI

Cri3CHCH2CCn3

4-Phenyl-2-pentanone

PROBLEMS
The Aldol Reaction
Problem 18.18 Draw structural formulas for the product of the aldol reaction of each compound and for the a,p-

unsaturated aldehyde or ketone formed from dehydration of each aldol product.

O
I!

(a) CH3CH2CH

OH O O
I II II

CH3CH2CHCHCH CH3CH2CH=CCH + H2O

CH,

3-Hydroxy-2-
methylpentanal

CH3

2-Methyl-2-pentenal
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(b) a
OH

O
li

CCHj

^UhA-^ -^ <Q^C=CH-S^ . H.

CHj,

l,3-DiphenyI-3-hydroxy-
3-niethyl-l-butanone

l,3-I)iphenyI-2-buten-l-one

(c)

O^ + H2O

2-(l-Hydroxycyclohexyl)- 2-Cyclohexenyl-
cyclohexanone cyclohexanone

Problem 18.19 Draw structural formulas for the product of each crossed aldol reaction and for the compound
formed by dehydration of each aldol product.

O O
II II

(a) (CH3)3CCH + CH3CCH3

OH O
I II

(CH3)3CCHCH2CCH3 (CH3)3CCH=CHCCH3 + HjO

(b) QkScH3 . Q^^H

aO OH ^=. ^^^^ O

CCH2CH-/ y -/^^CCH=CH
\ /

+ H2O
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+ HCH

CHgOH

+ H2O

(d) ^ y-CH + CH3(CH2)4CH

\ /

OH O
I II

CH-CH-CH
I

CH2CH2CH2CH3

— Q^CH=C-
o
II

CH + H2O

CH2CH2CH2CH3

Problem 18.20 When a 1: 1 mixture of acetone and 2-butanone is treated with base, six aldol products are

possible. Draw structural formulas for these six aldol products.

CH3CCH3
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CH2CH2CCng
NaOH
CH3CH2OH

O Na
I

CH3CH2C^-^|j

CH0CH2CCH3

OH
II 1

CH3CH2CCH2CCH2CH3

CH3

Crl3CH2CCH3
NaOH
CH3CH2OH

CH3CCH3 CH3Cn2CCH3

OH
II 1

CH3CCHCCH3

H3C CH3

O OH
II I

CH3CCHCCH2CH33
I I

2 3

H3C CH3

Problem 18.21 Show how to prepare these a,p-unsaturated ketones by an aldol reaction followed by dehydration

of the aldol product.

(a) / V-CH=CI-CCH,

Q^^H . CH3CCH3
NaOH

rr. f^CH-CH3CH2OH \ /

O
II

CHCCH,

O
II

(b) CH3C=CHCCH3

CH3

2CH3£CH3 ,^^Q"
^ ^ CH3CH2OH

O
II

CH3C—CHCCH3

CH,
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Problem 18.22 Show how to prepare these a,p-imsaturated aldehydes by an aldol reaction followed by
dehydration of the aldol product.

(a) ^ ^CH=CHCH

/\ II II NaOH /\ II

O"^" ^ ^"3CH
^^^^^^

^^CH=CHCH

Note that in the reaction above, some CH3CH=CHCH0 may form, but the product shown
should predominate because of conjugation with the aromatic ring.

O
II

(b) C7Hi5CH=CHCH

O O
II NaOH II

' ^^""^" Sii^^i^
C,H,,CH=CHCH

Problem 18.23 When treated with base, the following compound imdergoes an intramolecular aldol reaction to

give a product containing a ring (yield 78%). Propose a structural formula for this product.

O O
II bas6 /^CH3CH2CH=CHCH2CH2CCH2CH2CH » C10H14O + H2O

reaction

Analyze this problem in the following way. There are three a-carbons which might form an
anion and then condense with either of the other carbonyl groups. Two of these

condensations lead to three-membered rings and, therefore, are not feasible. The third anion
leads to formation of a flve-membered ring, so this is the pathway followed.

aldol condensation by
this a-carbon gives ^^
a five-membered ring \ O

j O O II

CH3CH2CH=CHCH2CH2CCH2CH2CH ^ CH3CH2CH=CHCH2

Problem 18.24 Cyclohexene can be converted to 1 -cyclopenienecarbaldehyde by the following series of

reactions. Propose a structural formula for each intermediate compound.

OsO^ - . . _ HIO4 ^ ^ ^ base /X^^^^
C6H12O2 ' > C6H10O2 -ii^^^^

\ //H2O2

1-CyclopentenecarbaIdehyde
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Oxidation of cyclohexene by osmium tetroxide gives a ci^-glycol, which is then oxidized by
periodic acid to hexanedial. Base-catalyzed aldol reaction of this dialdehyde followed by
dehydration of the aldol product gives 1-cyclopentenecarbaldehyde.

-I.*'

OH

HoO2^2

Cyclo-
hexene

cis-l,2-Cyclo-
hexanediol

HIO, CCHO base

CHO

Hexanedial

r
I-Cyclopentene-
carbaldehyde

Problem 18.25 Propose a structural formula for each lettered compound.

,0H
CrOs, pyridine

*- A(CiiHi802)
EtO'Na^

EtOH
B(CiiHi60)

OH

Oxidation of the starting material by CrOa gives the diketone, compound A. Base-catalyzed
aldol reaction of this diketone could potentially give cyclic products with either a four-

membered or six-membered ring. The six-membered ring is much more stable, so this product
predominates. Dehydration of the aldol product gives compound B

,0H
CrOs, pyridine

OH

EtCfNa^

EtOH

A (C11H18O2)

B (C11H16O)

Problem 18.26 How might you bring about the following conversions?

The alkene is oxidized to a diketone by OSO4/H2O2 followed by treatment with HIO4. Sodium
ethoxide or other base catalyzes an intramolecular aldol reaction of the diketone to give a p-

hydroxyketone. Dehydration of this aldol product under the conditions of the aldol reaction

gives the desired a,p-unsaturated ketone.
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OSO4

H2O2

OH

OH

OH

HIO.

dehydration

EtCTNa*

Eton

Problem 18.27 Pulegone, CioHj^O, a compound from oil of pennyroyal, has a pleasant odor midway between

peppermint and camphor. (See The Merck Index, 12th ed., # 8124.) Treatment of pulegone with steam produces
acetone and 3-methylcyclohexanone.

+ H2O
steam

Acetone

3-Methyl-

cyclohexanone

Pulegone

(a) Natural pulegone has the configuration shown. Assign an R,S configuration to its stereocenter.

^®

(b) Propose a mechanism for the steam hydrolysis of pulegone to the compounds shown.

An aldol reaction is reversible, and this steam hydrolysis of pulegone is formally the reverse

of an aldol reaction. Thus, a reasonable mechanism is exactly the reverse of what would be

written for an aldol reaction between acetone and 3-methylcyclohexanone.
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Step 1:

+ H,0
hydration

Step 2:

:5'"

Step 3:

:q^ proton
transfer

:o:A
Sl:^"m\^ty^»;r.„?pr"d"!.cf°'''

"* stereocenter; i, remains in the R configuration in

Sdol'mnd'''?
'^"'"^ ^ mechanism for mis acid-catalyzed aldol reaction and the deliydrauon of the resulting

HaC-fVsCH

+ H2O
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A reasonable mechanism for this acid-catalyzed aldol reaction involves attack of the enol

shown on the protonated carbonyl group, followed by acid-catalyzed dehydration. Note how
the first two steps could occur in either order.

Step 1:

H03S-/"^CH3

keto-enol equilibrium

^P^-H -^-H

:o: :o:

H-O-S—/ V-CH3 ":p-S—/ V-CHj

:0: "~ :0: ""

H-b-S-H^^CH,
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q: y
keto-enol

equilibrium

O-H

:o: /

0-H

:o:

:0:

p-H

:o:

:0:

Note that steps 7 and 8 may take place more or less simultaneously.
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Directed Aldol Reactions
Problem 18.29 In Section 18.2B, it was stated that four possible aldol products are formed when
phenylacetaldehyde and acetone are mixed in the presence of base. Draw structural formulas for each of these

aldol products.

C6H5CCH3

Phenyl-
acetaldehyde

O
II

CHgCCHg

Acetone

C6H5CCH3

NaOH
^ a mixture of four

CH3CH2OH aldol products

CH3CCH3

Problem 18.30 In the synthesis of a lithium enolate from a ketone and LDA, is it preferable (a) to add a solution

of LDA to a solution of the ketone, or (b) to add a solution of the ketone to a solution of LDA, or (c) to conclude

that the order in which the solutions are mixed makes no difference? Explain your answer.

It is important to (b), add a solution of the ketone to the LDA. This ensures that excess base

is available to convert all of the ketone to the enolate form as quickly as possible during the

addition. This prevents any ketone from being available to take part in an unwanted aldol

reaction.
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The Claisen Condensation
Problem 18.31 Show the product of Claisen condensation of these esters,

(a) Ethyl phenylacetate in the presence of sodium ethoxide.

O

CeHgCHjCOEt ^^^ ^^ » CeHgCHjCCHCOEt
Ethyl

phenylacetate

I

6"5

(b) Methyl hexanoate in the presence of sodium methoxide.

O
II CHgO'Na* II II

C5H11COCH3 2 ^ C5H11CCHCOCH3

Methyl
hexanoate

I

CM4"9

Problem lg.32 When a 1:1 mixture of ethyl propanoate and ethyl butanoate is treated with sodium ethoxide, four
Claisen condensation products are possible. Draw structural formulas for these four products.

CHgCHjCOEt
Ethyl propanoate

EtO'Na*

CHaCHjCHjCOEt
Ethyl butanoate

CHoCHoCOEt CH,CH,CH,COEt

O O
11 II

CHaCHgCHjCCHCOEt

CH2CH3
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Problem 18.33 Draw structural formulas for the P-ketoesters formed by Claisen condensation of ethyl propanoate
with each ester:

O O O
II II II

(a) EtOC-COEt (b) PhCOEt

11 II II II II

>C-C-CH-COEt Ph-C-CH-C(
I I

CH3 CH3

o
II

(c) HCOEt

H-C-CH-COEt
I

CH3

Problem 18.34 Draw a structural formula for the product of saponification, acidification, and decarboxylation of
each P-ketoester formed in Problem 18.33.

Following are the structures for the products of saponincation and decarboxylation of each p-

ketoester from the previous problem.

o O
II II II 11

(a) HOC-CCH2CH3 (b) PhCCH2CH3 (c) HCCHjCHg

Problem 18.35 The Claisen condensation can be used as one step in the synthesis of ketones, as illustrated by this

reaction sequence. Propose structural formulas for compounds A, B, and the ketone formed in this sequence.

O . ,
II 1 . EtO Na ^ NaOH, H2O ^ HCI, HgO ^ ^ ^

2 CHgCHpCHpCHpCOEt ^ A ' ^ - B ^ * CgHigO
2. HCI, H2O heat heat

Compound (A) is a p-ketoester, compound (B) is the sodium salt of a p-ketoacid, and the final

ketone is 5-nonanone.

O ^ ^
II LEtCfNa* II II

2 CHaCHoCHsCHoCOEt ^ CHaCHzCHzCHzCCHCOEt
^ ^ ^ 2. HCI, H2O I

CH2CH2CH3

A
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o o

^^50tMl2£cH,CH,CH,CHicHS0Na* "g'- "^9
heat

CrloCri^dio
heat

B

CnoCH2CH2Cri2CCri2wrl2Cri2wri3

CgHisO

5-Nonanone

Problem 18.36 Propose a synthesis for each ketone, using as one step in the sequence a Claisen condensation and
the reaction sequence illustrated in Problem 18.35.

(a) PhCHsCHgCCHgCHgPh

Each target molecule is synthesized using the sequence of Claisen condensation,
saponification, and decarboxylation as outlined in the previous problem.
(a) The starting ester is ethyl 3-phenylpropanoate.

O
'• Eto"Na* " " 1. NaOH, HoO

2 PhCH,CH,COEt -=^^^-^^^-i- PhCH2CH2CCHCOEt «^^
, 2^^'2^"2'

C2H5OH 2. HCI, H2O
CH2Ph 3. Heat

(b) PhCHgCCHgPh

PhCH2CH2CCH2CH2Ph

The starting ester is ethyl phenylacetate.

O
EtCfNa*

2 PhCHaCOEt
C2H5OH

o
«ur.u il^LjJl^rr* •• NaOH, H2O II^ PhCH2CCHC0Et ^ ._. ;. I > PhCH2CCH2Ph

Ph
2. HCI, H2O
3. Heat

(c)

The starting diester is derived from a m-4,5-disubstituted cyclohexene.
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H II

zXHjCOEt

^^CHoCOEt
H ^

II

O

O 1- NaOH, H2O

2. HCI, H2O

Problem 18.37 Propose a mechanism for the following conversion

O
1.NaH

^OEt T—

7

+ EtOH

A reasonable mechanism for this conversion involves an initial reaction of the ester with the

strong base NaH to give an enolate, that attacks the ethylene oxide.

Step 1.

:o: Na*

OEt

+ H,

Step 2:

••'6: Na*

OEt

Step 3: The alkoxide intermediate then undergoes an intramolecular reaction with the ester

function to give the product.
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Step 4:

+ :OEt

Problem 18.38 Claisen condensation between diethyl phthalate and ethyl acetate followed by saponification,

acidification, and decarboxylation forms a diketone, C9H6O2. Propose structural formulas for compounds A, B,

and the diketone.

COgEt

'COjEt

Diethyl phthalate

1.EtO"Na^
+ CHaCOgEt

Ethyl acetate 2. HCI, H2O
•- A

NaOH, H2O
=—

•

heat

^^'' ^2^ n CqH«0
heat

9''6^2

B

Compound (A) is formed by two consecutive Claisen condensations.

O
.COoEtaUU2lII

C02Et

NaOH, H2O^
heat

CHaCOjEt
2. HCI, H2O

C02Et

^
heat

+ CO,

Problem 18.39 In 1887, the Russian chemist Sergei Reformatsky at the University of Kiev discovered that

treatment of an a-haloester with zinc metal in the presence of an aldehyde or ketone followed by hydrolysis in

aqueous acid results in formation of a p-hydroxyester. This reaction is similar to a Grignard reaction in that a key
intermediate is an organometallic compound, in this case a zinc salt of an ester enolate anion. Grignard reagents,

however, are so reactive that they undergo self-condensation with the ester.

d [ZnBr]^

BrCH2C0Et Zn

benzene
CH2=C0Et

1)PhGH0
OH O

I II

^ PhCHCHgCOEt

(Zinc salt of an

enolate anion)

2) H2O, HCI

(A p-hydroxyester)
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Show how a Reformatsky reaction can be used to synthesize the following compounds from an aldehyde or

ketone and an a-haloester:

(a)

Br

°i^^

OCH3 OCH,

OCH,

6
O [ZnBr]* ^ '

(b)

OH O

OCH.

CH

Br
0CH3

2„ H3C

benzene

OCH3

O" [ZnBr]*

1

.

O
II

CH

2. H2O, HCI

OCH.

(c)
OC2H5
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.OC2H5
Br^Y =<

Jl benzene N

OC2H5 1.

O' [ZnBr]

OC2H5

2. H2O, HCI

Problem 18.40 Many types of carbonyl condensation reactions have acquired specialized names, after the 19th

century organic chemists who first studied them. Propose mechanisms for the following named condensations,

(a) Perkin condensation: Condensation of an aromatic aldehyde with a carboxylic acid anhydride.

(y
o o

CH + CH3COCCH3
II 1 . CH3CO2 Na

2. H2O, HCI
TV-

O
II

CH=CHCOH

Cinnamic acid

In the Perkin reaction, an enolate of the anhydride is formed with acetate acting as the base.

This enolate then attacks benzaldehyde reminiscent of an aide! reaction. Hydrolysis of the

anhydride and dehydration complete the mechanism.

Step 1:

O O

CHgCOCCHg'^ + "O2CCH3

O O
II II -

CH3COCCH2 + HOAc

Step 2:

II II ^_ ^ r^
CH3COCCH2 + HC-f ^>

Step 3:

o- , ,
II II I

/^\
CH3COCCH2CH-/ J

HOAc

O"
II II I

CH3COCCH2CH<J
OH , ,

II II I /^\
CH3COCCH2CH-^ J + OAc

Step 4:

OH
J , O OH

, ,

II II I /^X H2O II I
/^\

CH3COCCH2CH-/ y * H0CCH2CH-f J + HOAc
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Step 5:

OHO
II I

HCX^CHjCH<J
Elimination

-^ HOCCH=CH-f \
(-H2O) \_/

(b) Darzens condensation: Condensation of an a-haloester with a ketone or an aromatic aldehyde.

O ^ O o

=0 +CICH2C0Et ^ V—CHCOEt
2) H20 kyO'

In the Darzens condensation, the enolate of the a-haloester is formed, then this attacks the
ketone carbonyl group reminiscent of an aldol reaction.

Step 1:

EtOCCHzCi ^tert-BuO~K*
O
II -

EtOCCHCI

Step 2:

V—CHCOEt

The oxyanion displaces chloride via backside attack to create an expoxide.

Step 3:

y—CHCOEt

rci

I Y-CHCOEt + CI

Enamines
Problem 18.41 When 2-methylcyclohexanone is treated with pyrrolidine, two isomeric enamines are formed.

Why is enamine A with the less substituted double bond the ihermodynamically favored product? You will find it

helpful to build models.

O H"
+ H2O

A (85%) B(15%)

Remember that in the six atom system of an enamine, the nitrogen is sp^ hybridized, so that

there is overlap of the 2p orbital of nitrogen atom with the 2p orbitals of the carbon-carbon

double bond. This overlap allows electron delocalization and thus stabilization of the

enamine.
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H,C

Enamine A

steric

interactions

this six-atom
sytem is planar

sp^ carbon atom
Enamine B

In enamine B, non-bonded interactions force rotation about the C-N bond and reduction in

planarity of the enamine system, resulting in loss of stability. In enamine A, there is no such
non-bonded interaction, so the enamine system is planar providing for maximum stabilization.

Thus, enamine A predominates.

Problem 18.42 Enamines nomially react with methyl iodide to give two products: one arising firom alkylation at

nitrogen, the second arising from alkylation at carbon. For example:

CHol

25°C

Product of

C-alkylation

Product of

N-alkylation

Heating the mixture of C-alkylation and N-alkylation products gives only the product from C-alkylation. Propose
a mechanism for this isomerization.

The r that is in the solution can act as a nucleophile to regenerate CH3I from the A^-alkylated
product. This then reacts with the enamine to make the C-alkylated product.

Step 1:
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Step 2:

+
N

&
Problem 18.43 Propose a mechanism for the following conversion.

Q ^^^^2\ LEtgN.heat
+ ^CHCOoCHo

BfCh/ 2. H3O*

Step 1:

BrCHj
\. EUN

^ ^ .CHCO2CH3 —

^

BrCH/ ^^""'^

N* B r cHjBr

JL^CH^HCOCHg

Step 2:

a. o
N* B r cHzBr

( . h B r

)

'j* CH2Br

JL^CHjCHCOCHg Jss^^CH2CHCOCH3

S^e/? J;

I N^ ^CHjBr

P^^^i CHCOCH, ^ CH3OC
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Step 4:

CH3OC

O
Br H,0*

O
II

CH3OC

Problem 18.44 Many tumors of the breast are estrogen-dependent. Drugs that interfere with estrogen binding

have antitumor activity and may even help prevent tumor occurrence. A widely used antiestrogen drug is

tamoxifen. (See The Merck Index, 12th ed., # 9216.)

OCH2CH2N(CH3). OCH2CH2N(CH3)2

Tamoxifen

(a) How many stereoisomers are possible for tamoxifen?

There is one double bond in the molecule about which cis-trans isomerism is possible, so

there are two isomers of tamoxifen, E and Z.

(b) Specify the configuration of the stereoisomer shown here.

The configuration shown is the Z isomer.

(c) Show how tamoxifen can be synthesized from the given ketone using an enamine and a Grignard reaction.

OCH2CH2N(CH3)2

O/M^

,OCH2CH2N(CH3)j

Enamine N

1) CH3CH2Br

2) H3O*
*

OCH2CH2N(CH3)j

2) H3O*

MgBr
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OCH2CH2N(CH3)2

H2SO4

,OCH2CH2N(CH3)2

Problem 18.45 Propose a mechanism for the following reaction.

CHO CHO
+ CH3NH2

acid

N'
I

CH.

+ 2H2O

Step L

CHO CHO
+ CH3NH2

^C CHO
HO" \h

I

CH3

Step 2:

.C CHO
HO" \h

I

CH3

Step 3:

H*

CH,

OH
CH.

Step 4:

H*
X

»• ^o„
'"'°' "f

CH, CH.
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Acptnacetic Ester and Malonic Kster Syntheses

Problem 18.46 Propose syntheses of the following derivatives of diethyl malonate, each being a starting material

for synthesis of a barbiturate currently available in the United States.

O
II

C2H5. ,COEt
CHo -^ =V^

(a) CHaCHCHgCHg'^ COEt

O
Needed for the synthesis of amobarbital

O O
CoH^. COEt

EtOCCHjCOEt C
2) CzHgBr H COEt

II

O

o
II

1) EtO'Na" ^ CH3
^zHs^^/COEt

2)CH3CHCH2CH2Br CHgCHCHjCHj'^ "^COEt

CH3 O

CH3 o

(b) CH3CH2CH2CH COEt

CH2=CHCH2'^ COEt
II

O
Needed for the synthesis of secobarbital

CH, O

? ? 1) EtO-Na*
CH3CH2CH2CH COEt

EtOCCH^COEt
2) CH3CH2CH2CHBr '

''

H ""COEt

CH3

CH3 o

1) EtO'Na* CH3CH2CH2CH COEt
*" ^C

2) CH2=CHCH2Br CHjsCHCHj'^ ^COEt
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Problem 18.47 2-Propylpentanoic acid (valproic acid) is an effective drug for treatment of several types of

epilepsy, particularly absence seizures, which are generalized epileptic seizures characterized by brief and abrupt

loss of consciousness. (See The Merck Index, 12th ed., #10049.) Propose a synthesis of valproic acid starting

with diethyl malonate.

II II 1) EtO"Na* II II

EtOCCHXOEt ^ EtOCCHCOEt^ 2) CHgCHzCHjBr I

CH2Cn2CH2

1) EtO'Na* EtOa .COEt 1) NaOH, HjO
^ ^C '

2) CHaCHjCHzBr /^\ 2) HCI, HjO

"°\ /C°" heat. I

°"

C ^ CH3CH2CH2CHCH2CH2CH3

CH3CH2CH2 CH2CH2CH3 ( 2) 2-Propylpentanoic acid

(Valproic acid)

Problem 18.48 Show how to synthesize the following compounds using either the malonic ester syndiesis or the

acetoacetic ester synthesis,

a) 4-Phenyl-2-butanone

o o

EtOCCHjCCHg

O O
II II

1) EtO'Na" EtOCCH2CCH3

CH2

O .^^ P
^> "^^"- "-^. ^^CH2CH^CH3 il^^ 0-^H2CH2^CH3
2) HCI, H2O \ / I (-CO2) \=/

^^QW 4-Phenyl-2-butanone

(b) 2-Methylhexanoic acid

00
II II 1) EtO'Na* II II

EtOCCHjCOEt '
» EtOCCHCOEt

2) CH3I I

' CH3



558 Solutions Chapter 18: Enolate Anions and Enamines

1) EtO'Na

2)CH3CH2CH2CH2Br

o o
II

II

HOC COH
c

CHg CH2Crl2CH2CH3

(c) 3-Ethyl-2-pentanone

O
II

EtOC

O
II

,COEt

di4 di2V'ri2di2wii9

1) NaOH, H2O

2) HCI, H2O

heat

(-CO2)

EtOCCHjCHg

1) EtO'Na

1) EtOTNa*

2) CH3CH2Br

H3C O
n II

- CH3CH2CH2CH2CHCOH

2-MethyIhexanoic acid

O O
II II

EtOCCHCCH3
I

^

CH2CH3

2)CH3CH2Br

O O

EtOC icH3 1) NaOH, H2O

^C;^ 2) HCI, H2O
CH3CH2 CH2CH3

o
II

HOC
^c^

o
II

CCH3
heat CCH3

CH3CH2CHCH2CH3

3-Ethyl-2-pentanone

CHgCHj'^ CH2CH3 (-CO2)

(d) 2-Propyl-l,3-propanediol

HO OH
" II 1) EtO'Na^ II II LiAIH>, I I

EtOCCHpOEt ^^ ^^^ ^^
.^ EtOCCHCOEt ^> H^CCHCH

2) CH3CH2CH2Br

(e) 4-Oxopentanoic acid

o o
II II 1) EtO"Na*

EtOCCHjCOEt ^

2) BrCH2CCH3

CH2CH2CH3

o o
11 II

EtOCCHCOEt

1

CH2CH2CH3

2-Propyl-l,3-

propanediol

CH2 CCH3

O
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1) NaOH, H2O II II heat II II

.-HOCCHCOH
, ^^ ,

* CH3CCH2CH2COH
2) HCI, H2O 1

(-CO2) 2 2

CHo CCHo 4-Oxopentanoic acid

O

(f) 3-Benzyl-5-hexen-2-one

II II 1) EtO'Na* II II 1) EtO'Na*
CHaCCHgCOEt -^ ^ CHgCCHCOEt '

2) CgHgCHzBr I 2) CH2=CH2CH2Br
CH2CeH5

CHgC^ /COEt 1) NaOH, H2O CHgC^ ^COH ^ggt
c ^ c

heat u/^Jl^..HOCCH

CH2=CHCH2/ ^CH2C6H5 2) HCI, H2O
CH2=CHCH2/ ^CH2C6H5 ^'^^z)

O
II

CHoC

CH2—CHCn2CHCn2Cgne

3-BenzyI-5-hexen-2-one

(g) Cyclopropanecarboxylic acid

1) EtO'Na* O O
II II (1 eauiv.) II II

EtOCCHjCOEt ^ .- EtOCCHCOEt
2) BrCH2CH2Br I ^^ „^ CH2CH2Br

EtO-Na* II II 1) NaOH, H2O H II

.Jtl^±J2^ ^ EtOCCCOEt ^ HOCCCOH
(1 equiv.) / \ 2) HCI, H2O / \

H2C—CH2 H2C—CH2

(-CO2) /\
H2C CH2

Cyclopropane-
carboxylic acid

(h) Cyclobutyl methyl ketone

CH3CCH2COEt 1) EtO'NaNl eguiv.) ^ CHaCCHCOEt
2) BrCH2CH2CH2Br

(^H2CH2CH2Br
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EtO'Na
(1 equiv.)

O O
II II

CHoCCCOEt
/ \

H2C ,CH2

CH2

1) NaOH, H2O

2) HCI, H2O

O O
II 11

CH3CCCOH

H2C ,CH2

CH2

heat

(-CO2)

O
II

CH3CCH

H2C( >H.
CH,

Cyclobutyl methyl
ketone

Problem 18.49 Propose a mechanism for formation of 2-carbethoxy-4-butanolactone and then 4-butanolactone

(y-butyrolactone) in the following sequence of reactions.

O
II

. ,
,

/
^ ,

II II 1) EtO Na / \ 3) NaOH, HoO. heat / \
EtOCCHpOEt rf— —-»- / \:==r^ ^ ( >=^2-

-^^ ^'\-CH. \q/^0 4) HCI, heat \^/^02) CH2-CH2V 2-Carbethoxy-

4-butanoIactone

O
4-butanolactone

(y-butyrolactone)

Step 1:

O O
II II

EtOCCH2COEt

Step 2:

O 10
II J II

EtOCCHCOEt

Step 3:

O O)
II IK

EtOCCHCOEt

CH2CH2O"

EtO"Na*

C\
CHo—^CH'

O O
II _ II

EtOCCHCOEt + Eton

o o
II II

EtOCCHCOEt
I

CH2CH2O

O

COEt

0<°
OEt
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Step 4:

O
II

COEt

.0

Step 5:

COEt

O OEt O
OEt

NaOH, HjO, heat

HCI, heat

("CO2) C\,
f*roblem 18.50 Show how the scheme for formation of 4-butanolactone in Problem 18.49 can be used to

synthesize lactones (a) and (b). Each has a peach odor and is used in perfumery. As sources of carbon atoms for

these syntheses, use diethyl malonate, ethylene oxide, 1-bromoheptane, and 1-nonene.

1-Nonene

O O
II II

EtCX^CHjCOEt
1) EtO'Na

1) NaOH, H2O, heat

2) HCI, heat (-COg)



562 Solutions Chapter 18: Enolate Anions and Enamines

(b)

O O
II II

EtOCCHjCOEt

1) EtO"Na^

HgC—CH2
Ethylene oxide

1) EtO'Na
O O
II 11

EtOCCHCOEt

CH2(CH2)5CH3

1) NaOH, H2O, heat
^-

2) HCI, heat, (-CO2)

Michael Reactions
Problem 18.51 The following synthetic route is used to prepare an intermediate in the total synthesis of the

antichohnergic drug benzilonium bromide. Write structural formulas for intermediates(A), (B), (C), and (D) in

this synthesis.

C2H5NH2 + CH2=CHC02CH3
1 . BrCH2C02CH3 2. CH3O" Na""

-{A) -(B)
3. HaO^

4. NaOH, H2O 6. NaBH4 r^
(C) — (D) ^

I
V-OH

5. HaO.heat CgHgN.^/

C2H5NH2 + CH2=CHC02CH3

Michael
reaction

C2H5NHCH2CH2COCH3

(A)

1. BrCH2C02CH3
|| 2. CHgO'Na*

^ C2H5NCH2CH2COCH3

O
11

COCH,

(Sn2) I

CH2COCH3
II

^

O (B)

3. H3O*
Dieckmann C2H5N

condensation
(C)
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4. NaOH, H2O

5. H3O*, heat CgHgN^^
p-\ 6_NaBH,

C2H5N
OH

(-CO2)
(D)

Problem 18.52 Propose a mechanism for formation of the bracketed intermediate, and for the bicyclic ketone

formed in the following reaction sequence.

Q.
+ H2C=CHCCH3 O

I

Q
>^kv^CH2CH=CCH3

(an intermediate

not isolated)

I.HgO^

Step 1.

0\ Michael

M' ^—*. II reaction
^ + H2C=CHCCH3

N*

dr
o

I

CH2CH= CCH,

(an intermediate

not isolated)

Step 2:

Q o
I

1. H30*
CH2CH2CCH3

(an intermediate
not isolated)

Step 3:

O

(VCH2CH2CCH3
2. NaOH

u

^ CH2CH2CCH2
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Step 4:

CH2CHCCH2
(aldol

reaction)

Step 5:

H~0—

H

Step 6:

+ HO"

Synthesis
Problem 18.53 Show experimental conditions by which to carry out the following synthesis starting with
benzaldehyde and methyl acetoacetate.

\ /

O
( 1)CH3CCH,OCH3/^^ -^^

CH ^ ^CH=C
(aldol reaction \ //

^

with dehydration)

O
II

CCH.

COCH3

O

( 2 ) CH3CCH2COCH3 /
CH3O2C. CH,

(Michael reaction)

CH3O Na* /=\ /^^^o

CH3O2C CH3
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PrQt)lem lg,^4 Nifedipine (Procardia, Adalat) belongs to a class of drugs called calcium channel blockers and is

effective in the treatment of various types of angina, including that induced by exercise. (See The Merck Index,
12 ed., # 6617.) Show how nifedipine can be synthesized from 2-nitrobenzaldehyde, methyl acetoacetate, and
ammonia. {Hint: Review the chemistry of your answers to Problems 18.45 and 18.53, and then combine that
chemistry to solve this problem.)

CHO

O O
li II

+ CH3CCH2COCH3 + NH3
acid

CH3O2C

HoC

CO2CH3

Nifedipine

(Procardia)

CHO

O O
II II

CH3CCH2COCH3
^-

(Aldol condensation
with dehydration)

O O
II II

CH3CCH2COCH3

(Michael reaction)
H3C02C,^^^CH^^C02CH3

oA 0^CH3
CH,

CH3O2C CH3O2C

(-2H2O)

NH.

acid

CO2CH3

Nifedipine
(Procardia)
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Problem 18.55 The compound 3,5,5-trimethyl-2-cyclohexenone can be synthesized using acetone and ethyl

acetoacetate as sources of carbon atoms. New carbon-carbon bonds in this synthesis are formed by a combination

of aldol reactions and Michael reactions. Show reagents and conditions by which this synthesis might be

accomplished.

O O

? (1) NaOH ?'^^
II

(2)CH3CCH,COEt /^^O-^^.
3H3CCH3 ^ CH3C=CHCCH3 ^

(aldol reaction (Michael reaction)
with dehydration)

O CHo O _ ^ O CH3 O
II I Ml (3) NaOH, H2O, heat

|| |
'^

|| (5) heat
CH3CCHCCH2CCH3 —

—

*- CH3CCHCCH2CCH3 — -
11*^ (ester hydrolysis) II (decarboxylation)

EtOgC CH3
^4j ^Qi^ ^^Q HOgC CH3

O CH3 O
II I Ml (6) NaOH

CH3CCH^CH2CCH3
(intramolecular aldol H^C

QH3 reaction with dehydration)

3^^-Trimethy1-2-cyclohexanone

Problem 18.56 The Weiss reaction, discovered in 1968 by Dr. Ulrich Weiss at the National histitutes of Health,

is a route to fused five-membered rings. An example of a Weiss reaction is treating dimethyl 3-oxopentanedioate

with ethanedial (glyoxal) in aqueous base under carefully controlled conditions. The bicyclo[3.3.0]octane

derivative (A) is formed in 90% yield.

II II II

CH3OCCH2CCHPOCH3

Dimethyl 3-oxopentanedioate

The mechanism of the Weiss reaction has been investigated, and the overall steps, as presently understood,

involve a combination of aldol, Michael, and dehydration reactions. The molecule shown in brackets is assumed
to be an intermediate, but it is not isolated.

Propose a mechanism for the formation Compound A.

O H .CO2CH3 ^ H/^^zCHg ^Q CO2CH3

\ reaction li-^>^^a^ reaction ..^/^"^
COjCH3 HO

\c0jCH3 "° \o,CH3
Dimethyl

3-oxopentanedioate
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dehydration

CO2CH3

An intermediate

not isolated

Dimethyl

3-oxopentane-

dioate

Michael
reaction

CH3O2C

OH3O2C H PO2CH3

intramolecular X^-^-***^
Michael f"^ k^\
reaction CH3O2C H CO2CH3

(A)

Problem 18.57 The following P-diketone (A) can be synthesized from cyclopentanone and an acid chloride using

an enamine reaction.

O Q

I V-cci +

(a) Propose a synthesis of the starting acid chloride from cycloj)entene.

CI2O-gh temp,

(allylic

chlorination)

0-- ;-^^r^C>co.H
3. HCI, H2O

^ O
S0CI2 r^ II^ V-cci

(b) Show the steps in the synthesis of compound A using a morpholine enamine.

O o
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Problem 18.58 Cisplatin (See The Merck Index, 12th ed., # 2378) was first prepared in 1844, but it was not

until 1964 that its value as an anticancer drug was reahzed. In that year, Bamett Rosenberg and coworkers at

Michigan State University observed that when platinum electrodes are inserted into a growing bacterial culture and
an electric current passed through the culture, all cell division ceased within 1 to 2 hours. The result was
surprising. Equally surprising was their finding that cell division was inhibited by cis-

diamminedichloroplatinum(II), more commonly named cisplatin, a platinum complex formed in the presence of

ammonia and chloride ion. Cisplatin has a broad spectrum of anticancer activity and is particularly useful for

treatment of epithelial malignancies. Evidence suggests that platinum(II) in the complex bonds to DNA and forms

intrachain and interchain cross linkages. More than 1000 platinum complexes have since been prepared and tested

in attempts to discover even more active cytotoxic drugs. In spiroplatin, the two NH3 groups are replaced by

primary amino groups. This drug showed excellent antileukemic activity in animal models, but was disappointing

in human trials. In carboplatin, the two chloride ions are replaced by carboxylate groups (see The Merck Index,

12 ed., 1870). In 1989, carboplatin was approved by the FDA for treatment of ovarian cancers.

NH3^ /CI

NH/^.CI

Cisplatin

CHg-NHg^ /CI

CH2-NH/ ^ci

Spiroplatin

NH3^ P

O
Carboplatin

(a) Devise a synthesis for the diamine required in the synthesis of spiroplatin starting with diethyl malonate and
1,5-dibromopentane as the sources of carbon atoms.

EtOCCHgCOEt
LEtO'Na*

2. Br(CH2)5Br

O O , , ^^ _^
II II EtO"Na* / X/COjEt

EtOCCHCOEt ^ ( K
I \ /\

(CH2)5Br
'COjEt

2 NH3 / \/CNH2 LiAIH4 / \ .CH2NH2

^ VJ^CNH, ^
VJ^.CNH2

II

O

CH2NH2

(b) Devise a synthesis for the dicarboxylic acid required in the synthesis of carboplatin starting with diethyl

malonate and 1,3-dibromopropane as sources of carbon atoms.

» " 1 EtO"Na* II II

EtOCCH2COEt ii^i^ij:!^ ^ EtOCCHCOEt
2. BrCH2CH2CH2Br I

Cri2wri2Cri2Br

O O
II II

EtCfNa^ /\/^°^* 1- NaOH/H20^ /^V/^^"
V^COEt 2. HaO^ \/^COH

II (no heat) II

O O
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Problem 18.59 Oxanamide is a mild sedative belonging to a class of molecules called oxanamides (it contains an
oxirane (epoxide) group and an amide group). (See The Merck Index. 12th ed., #7053. As seen in this

retrosynthetic scheme, the source of carbon atoms for the synthesis of oxanamide is butanal.

O 9 O
/ \ II ^ II

CHaCHgCHgCH-CCNHg =>CH3CH2CH2CH=CCNH2
I

CH2CH3

2-Ethyl-2,3-€poxyhexanamide

(oxanamide)

O
I!=^ CH3CH2CH2CH=CCOH

CH2CH3

I

CH2CH3

O
II

CH3CH2CH2CH=CCCI

CH2CH3

H3CH2CH2CH—CCH

CH2CH3

^H3CH2CH2CH

Butanal

(a) Show reagents and experimental conditions by which oxanamide can be synthesized from butanal.

CH3CH2CH2CH
Butanal

NaOH

(aldol reaction
with

dehydration)

II SOCI2

ch3CH2CH2Ch=cx:h_JIh K2Cr207, H2S04^

I

Cn2Cri3

O
NH.

CH3CH2CH2CH=CX:OH

Crl2wH3

o

*- CH3CH2CH2CH=CCCI

Cn2Cn3

o o
II RC03H / \ II

CH3CH2CH2CH=CCNH2 ^—^ CH3CH2CH2CH-CCNH2

Cn2Crl3
I

CH2Cn3

2-EthyI-2,3-epoxyhexananiide
(oxanamide)

(b) How many stereocenters are there in oxanamide ? How many stereoisomers are possible for this compound?

CHjCHjCHjCHCCNHj

CH2CH3

There are two stereocenters in oxanamide (marked with the •) so there are 2x2 = 4 possible

stereoisomers.
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Problem 18.60 The widely used anticoagulant warfarin (see the Chemistry in Action box "From Moldy Clover to

a Blood Thinner") is synthesized from 4-hydroxycoumarin, benzaldehyde, and acetone as shown in this

retrosynlhesis. Show how warfarin is synthesized from these reagents.

O

o" ^o
Warfarin

(a synthetic anticoagulanO

OH

O" ^O
4-Hydroxy-
coumarin

O

X
HC

1 • H.C'^.

Benzaldehyde

3\^ CHg crossed aldol HC
r^dctioTi

Acetone
^jj,, dehydration

4-Hydroxy-
coumarin

proton transfer

and keto-enol
tautomerization

Michael reaction

O' "O
Warfarin

(a synthetic anticoagulant)

0" ^O
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CHAPTER 19: AROMATICS 1: RFN7ENE AND TTS DERTVATTVES

SUMMARY OF REACTIONS
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E
O
^E
'5

1

C/3

Alkylbenzenes 19A
19.6A*

19B
19.6B

Aryl Alkyl

Ethers
19C
19.5D

Benzenes 19D
19.1C

Benzyl ethers 19E
19.6C

Phenols 19F
19.5B,C

Phenols, Catechols

Hydroquinones
19G
15.5C

Phenoxides 19H
19.5E

Phenoxides
Alkyl Halides

191
19.5D

Quinones 19J
19.5F

Section in book that describes reaction.

REACTION 19A: OXIDATION
H

AT A BENZYLIC POSITION (Section 19.6A)

O

u \
H,CrO, a '\

OH

- Compounds with at least one benzylic hydrogen react with H2Cr04 to produce benzoic acid. Notice

that other groups attached to the benzyUc carbon atom are removed in the process. ^

REACTION 19B: HALOGENATION AT A BENZYLIC POSITION (Section I9.6B)

a^^^
heat or

light

- Benzylic hydrogens can be replaced by bromine or chlorine in the presence of light or heal. *
- In compounds such as toluene, more that one of the benzylic hydrogens can be replaced when excess

halogen in used.



572 Overview Chapter 19: Aromatics 1

- The reaction occurs via a radical chain mechanism initiated when the X2 is converted to two X- radicals. An
X- radical then abstracts the benzylic hydrogen to create a resonance stabilized benzylic radical that reacts

with another molecule of X2 to give the halogenated product and a new X- radical that continues the chain

reaction.

- In molecules with alkyl groups attached to the benzylic carbon, the reaction is selective for replacement of the

benzylic hydrogen because the benzylic radical is more stable than the other possible radicals.

- Bromine is more selective than chlorine in these reactions, because the transition slate for bromination is

reached later. The later transition state means more radical character, so the relative stability of the benzylic

radical becomes more important.

- A^-bromosuccinimide (NBS) in the presence of a radical initiator such as a peroxides will also lead to

benzylic halogenation.

REACTION 19C: CLEAVAGE OF ALKYL ARYL ETHERS WITH H-X (Section 19.5D)

o-°-?- -^^ {y-OH + X—C

—

- Alkyl aryl ethers are cleaved by H-X to form an alkyl halide and a phenol. *

REACTION 19D: HYDROGENATION OF BENZENE WITH Ni AND HIGH PRESSURES OF
H2 (Section 19.1C)

Ni

H 2/200-300 atm

Benzene can be converted into cyclohexane by hydrogenation over a Ni catalyst. Because benzene
is aromatic, it reacts very slowly under normal conditions. Hydrogen pressures of several hundred
atmospheres are usually used. *

REACTION 19E: HYDROGENOLYSIS OF BENZYL ETHERS (Section 19.6C)

I I
H3

•c-o-c—
VJ^i Pd/C Cy^r

'

HO-C—

Benzyl ethers react under catalytic hydrogenation conditions, H2 and Pd/C, to give a methylbenzene and
alcohol. *

REACTION 19F: ACID-BASE REACTIONS OF PHENOLS (Section 19.5B,C)

0-Na^

+ HoO

- Phenols are weak acids (pKg 9-10) that react with strong bases such as NaOH to form water-soluble

salts. *

REACTION 19G: OXIDATION OF PHENOLS, CATECHOLS, AND HYDROQUINONES TO
QUINONES (Section 19.5F)

%^
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- Phenols are susceptible to oxidation because of the electron-donating -OH group on the ring. As a
result, they react with strong oxidizing agents like potassium dichromate to give 1 ,4-benzoquinones. ^

- Catechols (1,2-benzenediols) and hydroquinones (1,4-benzenediols) are also oxidized to quinones
under these conditions.

REACTION 19H: KOLBE SYNTHESIS: CARBOXYLATION OF PHENOLS (Section 19.5F)

C'02, H2O

- Phenoxides react with CO2 under pressure to give a salicylate product. *
- The mechanism of the reaction involves nucleophilic attack of the phenoxide onto the CO2 carbon atom to

give a cyclohexadienone anion, that undergoes keto-enol tautomerization to give the product salicylate.

- This reaction is important because can it be used in the industrial synthesis of salicylic acid, from which
aspirin is synthesized.

REACTION 191: FORMATION OF ALKYL ARYL ETHERS FROM PHENOXIDES AND
ALKYL HALIDES (Section 19.5D)

o- + X—c— <\ /)—0-C

—

- The Williamson ether synthesis can be used to prepare certain alkyl aryl ethers. In these cases, the

weakly nucleophilic phenol must be converted to the much more nucleophilic phenoxide ion that then reacts

with an alkyl halide. Ether synthesis is often accomplished using phase transfer catalysis. *
- Note that the reverse reagents cannot be used, since aryl halides are not reactive enough to react with

alkoxides.

REACTION 19J: REDUCTION OF QUINONES TO HYDROQUINONES (Section 19.5F)

.0 .. «^ ^^ ^OH

- Quinones can be reduced to hydroquinones by reducing agents such as sodium dithionite in neutral or

alkaline solutions. ^

SUMMARY OF IMPORTANT CONCEPTS

19.0 OVERVIEW
• Benzene and its derivatives have marked distinctions from other types of unsaturated compounds, and they are

broadly classified as aromatic. They have remarkable stability that makes diem unreactive toward reagents

that attack other species such as alkenes and alkynes. Aromaticity is the term used to describe Uiis special

stability of benzene and il5 derivatives, and die term arene refers to aromatic hydrocarbons. *

19.1 THE STRUCTURE OF BENZENE
• An important development in the determination of benzene's structure was Kekul6"s proposal that benzene is

composed of six carbon atoms in a ring, with one hydrogen atom attached to each carbon. *
• The six carbon atoms of the ring are equivalent, and the carbon-carbon bond lengths are all miermcdiate

between a single and double bond. Thus, it is not accurate to think of benzene as simply having alicmaiing

single and double bonds Uiat are static, because this would predict alternating longer and shorter carbon-carbon

bonds.
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The concepts of hybridization of atomic orbitals and resonance provide an accurate picture of the

bonding in benzene. *
- Each carbon atom of the ring is sp2 hybridized.

- Each carbon atom of the ring makes sigma bonds by sp^-sp^ overlap with the two adjacent carbon atoms and

sp2-ls overlap with a hydrogen atom.
- Each carbon atom also has a single unhybridized 2p orbital containing one electron. These six 2p orbitals

overlap to form a continuous pi system that extends over all six carbon atoms. The electron density of this

pi system thus lies in two bagel-shaped regions, one above and one below the plane of the ring.

- Benzene can be represented as a resonance hybrid of two contributing structures in which the locations of the

double bonds are reversed. Alternatively, benzene is represented as a hexagon with a circle drawn on the

inside.

- Resonance energy is the difference in energy between a resonance hybrid and the most stable hypothetical

contributing structure in which electron density is localized on particular atoms and on particular bonds. The
resonance energy for benzene is large, namely 36.0 kcal/mol. What this means is that the pi system of

benzene is extremely stable, and dramatically less reactive than would be expected for a normal alkene under
conditions like catalytic hydrogenation (reaction 19E, Section 19. IC).

• Molecular orbitals of benzene. The six 2p orbitals give a set of six pi molecular orbitals. These
molecular orbitals are arranged in a 1:2:2:1 pattern with respect to energy. The six pi electrons fill the three pi

bonding molecular orbitals, all of which are at lower energy than the six isolated 2p orbitals. Thus, the

molecular orbital approach also explains the extra stability of benzene and its derivatives. *
• To be aromatic like benzene a molecule must be cyclic, planar, have one 2p orbital on each atom of the ring,

and contain (4n + 2) pi electrons, where n is zero or a positive integer (1, 2, 3, 4, 5, . . .). That is, a total of

2, 6, 10, 14, . . . pi electrons. These criteria are referred to as Hiickel's criteria for aromaticity, named
after the chemist who first described them. Note that all of the atoms in an aromatic ring must be sp2

hybridized, so there cannot be any -CH2- groups in the ring. *
• An antiaromatic hydrocarbon is the same as an aromatic hydrocarbon described above in that they are

cyclic, planar, and have one 2p orbital on each atom of the ring. On the other hand, antiaromatic hyckocarbons

are different because they have 4n pi electrons. *
- Unlike aromatic hydrocarbons that have extremely stable pi systems, antiaromatic hydrocarbons are less

stable than an acyclic analog with the same number of pi electrons.

- This instability can be explained for antiaromatic hydrocarbons such as cyclobutadiene by using molecular
orbital theory. The four 2p orbitals of the pi system form four molecular orbitals in a 1:2: 1 pattern. The
four pi electrons fill these orbitals to give one filled bonding pi molecular orbital and two half-filled

degenerate nonbonding molecular orbitals. It is the presence of the two unpaired electrons that makes
cyclobutadiene so reactive and unstable relative to aromatic hydrocarbons. See Figure 19.6 for the

molecular orbital energy diagram of cyclobutadiene.

• Some larger structures like cyclooctatetraene are only stable in a non-planar geometry. In this case, there are

alternating double and single bonds, and as a result, there are two different carbon-carbon bonds lengths

observed by experiment corresponding to single and double bonds, respectively. On the other hand, certain

large rings can adopt a planar geometry (see annulene below) so aromaticity is possible with monocyclic
systems larger than benzene.

<^^
• In order to predict the pattern of molecular orbitals to be found on a molecular orbital energy diagram, it is

helpful to use the inscribed polygon (Frost) method. Here the shape of the polygon being analyzed (for

example, a hexagon for benzene) is drawn in a ring with one point down, and the relative energies of the

molecular orbitals are indicated by the points of the polygon. A horizontal hne is drawn through the center of
the figure. Bonding molecular orbitals are below the line, nonbonding molecular orbitals (if any) are on the

line, and antibonding molecular orbitals are above the line.

• An annulene is a planar, cyclic hydrocarbon with a continuous overlapping pi system. Thus, cyclobutadiene
and benzene are annulenes, namely [4]annulene and [6]annulene, respectively. Annulenes can be much larger,

such as [14]annulene and [18]annulene. Annulenes that have (4n+2) pi electrons are aromatic as long as the

ring can accommodate a planar structure. For example, [14] annulene and [18]annulene are aromatic.
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[lOJannulene is not aromatic because it is too small to adopt a planar geometry due to nonbonded steric

interactions between hydrogen atoms on the interior of the ring. ^
• A heterocyclic compound is one that contains more than one kind of atom in a ring. Certain heterocycles
can be aromatic if the Huckel criteria are met Nature is filled with aromatic heterocycles such as indoles,
purines, and pyrimidines.

• An important parameter to keep track of in aromatic heterocycles is whether lone pairs of electrons are part of
the aromatic pi system or not *
- For example, in pyridine (C5H5N), the lone pair of electrons on nitrogen lies in an sp2 orbital that is

perpendicular to tfie six 2p orbitals of the aromatic 6 pi electron system. Thus, the lone pair of electrons on
the nitrogen is not part of the aromatic pi system, and is free to take part in interactions with other species.

- On the other hand, in compoimds such as pyrrole (C4H5N), the lone pair of electrons on nitrogen is part of
the pi system to allow for a total of 6 pi electrons and aromaticity. Thus, this lone pair of electrons is not as

available to take part in interactions with other species. [This is an important but subtle point, so drawing the

appropriate structures may be helpful]

• Cyclic hydrocarbon ions can also be aromatic. For example, the cyclopropenyl cation has 2 pi electrons, is

planar, and all of the carbon atoms are sp^ hybridized. Thus, this species satisfies the Huckel criteria for

aromaticity. Other aromatic hydrocarbon ions include the cyclopentadienyl anion and cycloheptatrienyl
cation. These ionic species are, of course, not anywhere near as stable as benzene or other neutral aromatic

compounds, but they are highly stabili2Led compared to other nonaromatic hydrocarbon cations or anions. *

19.3 NOMENCLATURE OF AROMATIC COMPOUNDS
• The lUPAC system retains certain common names for several of the simpler benzene derivatives

including toluene, cumene, styrene, xylene, phenol, aniline, benzoic acid, and anisole.
• In more complicated molecules, the benzene ring is named as a substituent on a parent chain.

- The CeHs group is given the name phenyl. For example, the lUPAC name for C6H5CH2CH2OH is 2-

phenylethanol.

- The C6H5CH2- group is given the name benzyl. These compounds are derivatives of toluene C6H5CH3.
[The terms phenyl and benzyl are often confused by students. Make sure you know when each should be

used.]
• For benzene rings with two substituents, the three possible constitutional isomers are named as ortho (1,2

substitution), meta (1,3 substitution), and para (1,4 substitution). These are abbreviated as o, m, and/i,

respectively. It is also acceptable to name these species with numbers as locators. When one of the

substituents has a special name (if NH2 is present, the molecule is an aniline, etc.) then the molecule is named
after that parent molecule. For example, 3-chIoroaniline and w-chloroaniline are both acceptable names for the

same molecule. If neither group imparts a special name, then the substituents are listed in alphabetical order.

For example, l-chloro-4-ethylbenzene and p-chloroethylbenzene are acceptable names for the same molecule.*
• Polynuclear aromatic hydrocarbons (PAH) contain more than one benzene ring, each pair of which

shares two carbon atoms. For example, naphthalene is two benzene rings fused together and anthracene is

three benzene rings fused together in a hnear fashion. Other common PAH's include phenanihrene, pyrene,

coronene, and benzo[a]pyrene. Benzo[a]pyrene has been especially well-studied because it is a potent

carcinogen. *

19.4 SPECTROSCOPIC PROPERTIES
• The mass spectra of aromatic hydrocarbons generally have a strong molecular ion peak. Alkyl-

substituted aromatic hydrocarbons also contain fragments derived from cleavage at the benzylic carbon.

Interestingly, there is some evidence that the benzyl cation (m/z 91) is not the compound observed in the mass

spectrum, but rather a rearrangement occurs to generate the more stable tropylium cation {miz 91).

• Hydrogens attached to benzene rings come into resonance at about 5 6.5 to 5 8.5 in the ^H-NMR
spectrum. These signals are this far downfield because of the induced ring current present in aromatic pi

systems.
- The ring current in the pi system of an aromatic compound is induced by the applied magnetic field

when the plane of the aromatic ring is perpendicular to that of the applied magnetic field. The pi electrons

are induced to circulate around the aromatic ring, which in turn, sets up a local magnetic field that reinforces

the applied field on the outside of the ring. As a result, the aromatic hydrogen atoms come into resonance at

a lower applied field (larger chemical shift). Note that hydrogens on the inside of a large aromatic

annulene, such as, those in [18]annulene, exhibit the opposite effect and these signals appear at

negative values relative to TMS.
- With multiple substituents, the aromatic hydrogen signals may be difficult to mterpret due to complex

splitting patterns. One splitting pattern thai is easy to recognize is the so-called para pattern that is a pair

of doublets resulting from 1,4 disubstitution.
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• In i^C-NMR, carbon atoms of aromatic rings give signals in the range of 5 110 to 6 160. The substitution

patterns of aromatic rings can usually be discerned by simply counting the aromatic signals in ^^C-NMR. Note
that alkene carbons come into resonance in the same region as the aromatic carbons, so care must be taken

when interpreting spectra for molecules that contain both types of carbon atoms.
• In infrared spectra, the C-H hydrogen stretching vibration shows up as a moderate peak near 3030
cm-i. There are C=C stretching peaks at 1600 cm-i and 1450 cm-i, and a strong out-of-plane C-H
bend in the region 690 cm-i to 900 cm-i.

• Molecules with aromatic rings show strong absorptions in ultraviolet-visible absorption spectra as a

result of 7c to k* transitions. There are usually two peaks, the first high intensity peak is near 205
nm, and a second, less intense peak near 270 nm.

19.5 PHENOLS
• The functional group of phenols is a hydroxyl group attached to a benzene ring.

• Phenols are more acidic than alkyl alcohols, because of weakening of the 0-H bond by the

inductive effect of the sp^ hybridized atoms of the aromatic ring. In addition, the phenoxide
anion is more stable than an alkoxide anion. This increased stability is due to resonance
stabilization of the phenoxide anion. In other words, upon deprotonation of a phenol, the resulting

phenoxide is more stable, because the phenoxide can be considered a resonance hybrid of three contributing

structures that delocalize the negative charge onto three different carbon atoms of the ring. This charge

delocalization means that no one atom must absorb the entire negative charge, and the delocalized anion is thus

more stable. There is no similar resonance stabilization possible for alkoxide anions. *
- Substituents on the ring can have a dramatic influence on the acidity of phenols.

The inductive effect is due to electron polarization caused by differences in relative

electronegativities of bonded atoms. Atoms or groups that are more electronegative than the

sp2 carbon atoms of the ring are said to be electron-withdrawing, while atoms or groups that

are less electronegative than the sp^ carbon atoms of the ring are said to be electron-
releasing. Electron-withdrawing groups help weaken the 0-H bond, while also stabilizing the

phenoxide anion by absorbing some of the negative charge. Electron-releasing groups destabilize a

phenoxide anion by dumping even more electron density into the ring. The bottom line is that phenols
with electron-withdrawing groups like fluorine atoms are more acidic than phenol, while

phenols with electron-releasing groups are less acidic than simple phenol. ^
Another important effect is the resonance effect. Certain groups, especially at the ortho and para

positions, also stabilize phenoxide anions because the negative charge can be further delocalized
into the group. For example, an ortho or para nitro (-NO2) group increases phenol acidity in part due to a

resonance effect, since the phenoxide negative charge can be distributed partially onto the nitro group

oxygen atoms. *
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CHAPTER 19
Solutions to the Problems

Problem 19.1 Construct a Frost circle for a planar eight-membered ring with one 2p orbital on each atom of the

ring and show the relative energies of its eight pi molecular orbilals. Which are bonding, which are antibonding,

and which are nonbonding?

Antibonding

eight uncombined 2p orbitals

715 1 Nonbonding

Bonding

Problem 19.2 Describe the ground-state electron configuration of the cyclopentadienyl cation and radical.

Assuming each species is planar, would you expect it to be aromatic or antiaromatic?

Cyclopentadienyl cation:

Ave uncombined 2p
orbitals, with four

electrons

ground state electron

configuration of the

cyclopentadienyl cation

Cyclopentadienyl radical:

five uncombined 2p
orbitals, with five

electrons

ground state electron

configuration of the

cyclopentadienyl anion

The cyclopentadienyl cation has 4 pi electrons so it is antiaromatic. The cyclopentadienyl

radical has five pi electrons, so it is neither aromatic (4n + 2) or antiaromatic (4n).
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Problem 19.3 Describe the ground-state electron configuration of the cycloheptatrienyl radical and anion.

Assuming each species is planar, would you expect it to be aromatic or antiaromatic?

Cycloheptatrienyl radical:

4- -1-4- 4- 4- 4- 4-
seven uncombined 2p
orbitals, with seven

electrons

ground state electron

configuration of the

cycloheptatrienyl radical

Cycloheptatrienyl anion:

4^4-4-4-4-4-4-
seven uncombined 2p
orbitals, with eight

electrons

ground state electron

configuration of the

cycloheptatrienyl anion

The cycloheptatrienyl anion has 8 pi electrons so it is antiaromatic. The cycloheptatrienyl
radical has seven pi electrons, so it is neither aromatic (4n + 2) or antiaromatic (4n).

Problem 19.4 Write names for these molecules.

1 y
Crig

(a) { Vc-OH
CH3

2-Phenyl-2-propanol

.CO2H

(b) CH3CH2CH2CNHC6H5 (c)

A^-Phenylbutanamide 3-Nitrobenzoyl
chloride

(d)

CO2H
1,2-Benzenedicarboxy lie

acid

(Phthalic acid)
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Problem 19.5 Which compound gives a signal in the 1H-NMR spectrum at a lower apphed field (with a larger

chemical shift): furan or cyclopentadiene? Explain.

Furan. Furan is an aromatic compound. Hydrogens on this aromatic ring are deshielded by
the induced ring current and appear farther downfield compared to those of the nonaromatic
cyclopentadiene.

Problem 19.6 Arrange these compounds in order of increasing acidity: 2,4-dichlorophenol, phenol,

cyclohexanol.

The following compounds are ranked from least to most acidic:

Cyclohexanol Phenol 2,4-Dichlorophenol

A good way to predict relative acidities between related compounds is to keep track of the

anionic conjugate bases produced upon deprotonation. In general, the more stable the

conjugate base anion, the stronger the acid. Anions become increasingly stabilized as the

negative charge is more delocalized around the molecule. Thus, phenol is more acidic than an
aliphatic alcohol like cyclohexanol, because resonance involving the aromatic ring of phenol

leads to increased charge delocalization and thus stabilization of the phenoxide anion
compared to the cyclohexylalkoxide anion. The electronegative chlorine atoms of 2,4-

dichlorophenol withdraw electron density from the aromatic ring and thus help to stabilize the

2,4-dichlorophenoxide anion even further than what is seen with phenoxide. The inductive

effect also operates to increase acidity by weakening the 0-H bond. The sp^ atoms of phenol

are more electron-withdrawing than the sp^ atoms of cyclohexanol, so the phenol 0-H bond is

weaker. The electron-withdrawing CI atoms of 2,4-dichIorophenol weaken the 0-H bond even

further than what is seen with phenol.

Problem 19.7 Predict the products resulting from vigorous oxidation of these compounds by l^-flx^-j in

aqueous H2SO4.

(a)
(b)

CO2H

CO2H

,CH2CH2CH3

CO2H

Nomenclature and Structural Formulas
Problem 19.8 Name the following molecules and ions.

(a)

4-Chloronitrobenzene

(b)

2-Bromotoluene
(o-Bromotoluene)

CH2CH2CH2OH

(c)

3-Phenyl-l-propanol
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(d)

OH
I

CHg CCH—CHp

(e)
(f) ^C^OH

1,5-Dinitronaphthalene 2-Phenyl-3-buten-2-ol 3-NitrophenyIethyne
(m-Nltrophenylacetylene)

(g) (h) CH3O-/ \cH2 (')

2-Phenylphenol
(o-Phenylphenol)

4-MethoxybenzyI cation (E)-1,2-Diphenylethene
(rrans- 1,2-Diphenylethylene)

Triphenylcyclopropenyl cation

Problem 19.9 Draw structural formulas for these molecules,

(a) l-Bromo-2-chloro-4-ethylbenzene (b) w-Nitrocumene

CHgCHj^ ^<!^ CH3CHCH3

NO.

(c) 4-Chloro-l,2-dimethylbenzene (d) 3,5-DinitrotoIuene

OoN
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(e) 2,4,6-Trinitrotoluene

(g) p-Cresol

OH

CH3

(i) 1-Phenylcyclopropanol

(k) Phenylethylene

/ VcH=CHj

(m) 1 -Phenyl- 1-butyne

C— CCrloCHg

(0 4-Phenyl.2-pentanol

OH ^

CHgCHCHjCH^ \
CH, ^=/

(h) Pentachlorophenol

OH

(j) Triphenylmethane

Ot<^
(1) Benzyl bromide

\ VCHgBr

(n) 3-Pheny1-2-propen- 1 -ol

Qkch=CHCH20H

Problem 19.10 Draw structural formulas for these molecules,

(a) l-Nitronaphthalene (b) 1,6-Dichloronaphthalene

NO. CI
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(c) 9-Bromoanthracene

Br

(d) 2-Methylphenanthrene

Problem 19.11 Molecules of 6,6'-(lmitrobiphenyl-2,2'-dicarboxylic acid have no tetrahedral stereocenter, and yet

they can be resolved to a pair of enantiomers. Account for this chiraUty. Hint: It will help to build a model and

study the possibility of rotation about the single bond joining the two benzene rings.

NO2 COgH
{e 2

CO2H

6,6'-Dinitrobiphenyl-2,2'-dicarboxylic acid

The key here is that the central bond between the benzene rings cannot rotate freely at room
temperature due to the steric hindrance provided by the nitro and carboxyl groups. In other

words, these groups run into each other as the molecule attempts to rotate around the central

bond, so it is prevented from rotating. As a result, the molecule is chiral because, like a

propeller, there are two different orientations possible. The two orientations represent non-
superimposable mirror images so they are a pair of enantiomers.

CO2H CO2H

Resonance in Aromatic Compounds
Problem 19.12 Following each name is the number of Kekule structures that can be drawn for it. Draw these

Kekule structures, and show, using curved arrows how the first contributing structure for each molecule is

converted to the second and so forth,

(a) Naphthalene (3)
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(b) Phenanthrene (5)

Problem 19.13 Each molecule can be drawn as a hybrid of five contributing structures: two Kekule structures and
three that involve creation and separation of unlike charges. For (a) and (b), the creation and separation of unlike

charges places a positive charge on the substituent and a negative charge on the ring. For (c), a positive charge is

placed on the ring and an additional negative charge is placed on the -NO2 group. Draw these five contributing

structures for each molecule,

(a) Chlorobenzene

bj^^^ ^Y 7?r

(b) Phenol

: OH /:0H

Problem 19.14 Following are structural formulas for furan and pyridine.

4, ,3

Furan Pyridine
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(a) Write four contributing structures for the furan hybrid that place a positive charge on oxygen and a negative

charge first on carbon 3 of the ring and then on each other carbon of the ring.

/^-0"-^-^-"U
(b) Write three contributing structures for the pyridine hybrid that place a negative charge on nitrogen and a

positive charge first on carbon 2, then on carbon 4, and finally carbon 6.

Ŵ^
rq — Pi
. N - N - N

The Concept of Aromaticitv
Problem 19.15 State the number of p orbital electrons in each of the following.

(a)

(b)

10
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(i) (J)

8 10

Problem 19.16 Which of the molecules and ions given in the previous problem are aromatic according to the

Hiickel criteria? Which, if planar, would be antiaromatic?

The following molecules are aromatic because they have 4n + 2 7c electrons: a, e, g, h, and j.

The following molecules would be antiaromatic if planar because they have 4n k electrons: b,

c, f, and i.

Problem 19.17 Construct MO energy diagrams for the cyclopropenyl cation, radical, and anion. Which of these

species is aromatic according to the Hiickel criteria?

Cyclopropenyl cation:

-4-4-
three uncombined 2p
orbitals, with two

electrons

ground state electron

configuration of the

cyclopropenyl cation

Cyclopropenyl radical:

4-4- --
three uncombined 2p
orbitals, with three

electrons

ground state electron

configuration of the

cyclopropenyl radical
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Cyclopropenyl anion:

three uncombined 2p
orbitals, with four

electrons

ground state electron

configuration of the

cyclopropenyl anion

Of these species, the only one that satisfies the Hiickel criteria is the first one, namely the

cyclopropenyl cation with 2 pi electrons, a Hiickel number (4n + 2, here n = 0).

Problem 19.18 Naphthalene and azulene are constitutional isomers of molecular formula CjoHg. Naphthalene is

a colorless solid with a dipole moment of zero. Azulene is a solid with an intense blue color and a dipole moment
of 1 .0 D. Account for the difference in dipole moments of these constitutional isomers.

Naphthalene Azulene

Naphthalene has no permanent dipole moment because it possesses a high degree of symmetry.
Azulene has a remarkably large permanent dipole moment (1.0 D) for a hydrocarbon. The
dipole moment of azulene can be explained using the contributing structure shown below on
the right:

Neither a cyclopentadiene or cycloheptatriene ring is aromatic in the neutral state. However,
by transferring electron density from the seven-membered ring pi system to the five-membered
ring pi system of azulene, the aromatic cyclopentadienyl anion and cycloheptatrienyl cation pi

systems are formed. This aromatic stabilization explains why the resonance structure on the
right makes an important contribution to the overall resonance hybrid, resulting in the large
observed permanent dipole moment.

Soectroscopv
Problem 19.19 Compound A, molecular formula C9H12, shows prominent peaks in its mass spectrum at miz 120

and 105. Compound B, also molecular formula C9H12, shows prominent peaks at mIz 120 and 91. On vigorous

oxidation with chromic acid, both compounds give benzoic acid. From this information, deduce the structural

formulas of compounds A and B.

B
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The compounds can be identified by the major fragments in the mass spectrum, both of which
are benzyhc cations. For compound A, the peak at m/z 105 corresponds to the cation shown
below:

Peak at m/z 105 for compound A

For compound B, the peak at m/z 91 corresponds to the tropylium ion that was produced by
rearrangement of the benzyl cation (Section 15.4)

Peak at m/z 91 for compound B

Both of the compounds will produce benzoic acid upon oxidation with chromic acid.

Problem 19.20 Compound C shows a molecular ion at m/z 148, and other prominent peaks at m/z 105, and 77.

Following are its infrared and ^H-NMR spectra.

Compound C

5H

i

3H

^^

5 4

Chemical Shift (5)

ppm

100

I 90

80

I
^

: ^ 70

a 60
c

I 50

1
I 40

[h
I 20

10

2.5

Compound C

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200

Wavenumber(cm ')

1000



588 Solutions Chapter 19. Aromatics 1

(a) Deduce the structural formula of Compound C.

7.45

H
7. 95

H

/ \ II 2.93 1.77 1.0

7 » H—^ ^—CCHjCHjCHg

H H
7.45 7.95

Compound C

This compound, C10H12O, has the correct molecular formula of 148. This compound also has

a carbonyl corresponding to the peak at 1680 cm-^ in the IR spectrum and the correct pattern
of hydrogens to explain the ^H-NMR spectrum.

(b) Account for the appearance of peaks in its mass spectrum at miz 105 and 77.

The peaks at mIz 105 and 77 correspond to the following fragments produced by a-cleavage
(Section 17.4) on either side of the carbonyl group.

O

Problem 19.21 Following are IR and ^H-NMR spectra of compound D. The mass spectrum of compound D
shows a molecular ion peaJc at m/z 136, a base peak at mIz 107, and other prominent peaks at m/z 118 and 59.

Micrometers

4000 3600 3200 2800 2000 1800 1600 1400 1200

Wavenumber (cm-')

1000 800 400
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f

Compound D

^

J

{

r
3H

I

f
2H

^ r i A . J

9 8 7 6 5 4 3 2 1 ppm

Chemical Shift (5)

(a) Propose a structural formula for compound D based on this information.

2.2S

OH
I 1.75 0.90

C~~CH2CH2

Compound D

This compound, C9H12O, has the correct molecular weight of 136. The hydroxy! group gives

the broad peak at 3300 cm-i in the IR spectrum and the pattern of hydrogens present explains

the iH-NMR spectrum.

(b) Propose structural formulas for ions in the mass spectrum at miz 1 18, 107 and 59.

The peaks at mIz 118, 107 and 77 correspond to the following fragments:

H OH

^^ OH
I

+C—CH2CH3

H

mIz 59

H

H

T CH3

H^ j^^H
_ H

mIz 118
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Problem 19.22 Compound E is a neutral solid of molecular formula CgHio02. Its mass spectrum shows a

molecular ion at miz 138 and prominent peaks at M-1 and M-17. Following are IR and ^H-NMR spectra of
compound E. Deduce the structure of compound E.

Micrometers

1800 1600 1400 1200

Wavenumber (cm-')

1000 800 600

5 4

Chemical Shift (6)

ppn

CHjOH

H H
7.0 7.0

Compound E

A molecule of molecular formula C8Hio02has an index of hydrogen deficiency of 4, which is

accounted for by the three double bonds and ring of the benzene ring of compound E.

Compound E also has an alcohol function corresponding to the broad peak at 3350 cm-i in the
IR spectrum, and the correct pattern of hydrogens to explain the iH-NMR spectrum. Notice
especially the distinctive para pattern near 6 7.0 and the methyl group signal at 5 3.85.



Chapter 19: Aromatics I Solutions 591

Problem 19.23 Following are ^H-NMR and ^^C-NMR spectral data for compound F, C12H16O. From this

information, deduce the structure of compound F.

IH-NMR l^c-NMR

0.83 (d, 6H) 207.82 50.88
2.11 (m. IH) 134.24 50.57
2.30 (d, 2H) 129.36 24.43
3.64 (s, 2H) 128.60 22.48
7.2-7.4 (m, 5H) 126.86

The signal in the i^C-NMR spectrum at 5 207.82 indicates the presence of a carbonyl group.

The signals around 6 130 indicate there is an aromatic ring. The doublet in the ^H-NMR at 5

0.83 that integrates to 6H indicates two methyl groups adjacent to a -CH- group. There are
also two -CH2- groups; one that is not adjacent to other hydrogens (the singlet at 5 3.64) and
one next to a -CH- group (the doublet at 5 2.30). The multiplet at 6 2.11 must be this -CH-
group that is also adjacent to the two methyl groups. Five aromatic hydrogens are found in

the complex set of signals at 5 7.2-7.4. The only structure that is consistent with all of these

facts is 4-methyl-l-phenyl-2-pentanone.

7.2-7.4

" 083

O CH3
3.64 II 2.30 I 2.11 0.83

CHo'—C CH2'~Cn~~Cn3

Compound F

A molecule of molecular formula C12H16O has an index of hydrogen deficiency of 5, which is

accounted for by the three double bonds and ring of the benzene ring plus the pi bond of the

carbonyl group in compound F.

Problem 19.24 Following are ^H-NMR and i^C-NMR spectral data for compound G, CiqHioO. From this

information, deduce the structure of compound G.

IH-NMR 13C-NMR

2.50 (I, 2H)
3.05 (t, 2H)
3.58 (s, 2H)
7.1-7.3 (m, 4H)

210.19 126.82

136.64 126.75

133.25 45.02

128.14 38.11

127.75 28.34

The signals at 5 210.19 in the "C-NMR indicate the presence of a carbonyl species. The six

signals between 5 126 and 6 137 indicate that there is a phenyl ring and the three signals

between 5 28 and 5 45 indicate there are three more sp^ carbon atoms. The signals between 6

7.1 and 5 7.3 in the iH-NMR integrate to 4H so the phenyl ring must have two hydrogens

replaced by other atoms. The three signals between 5 2.6 and 6 3.6 integrate to 2H each so

these must be three -CH2- groups. Furthermore, the splitting pattern indicates that two of

these are adjacent to each other (the two triplets) while one is not adjacent to any carbons with

hydrogen atoms attached. The only structure fully consistent with these spectra is p-tetralone.
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7. 1-7 .J

H
3.58

H H
7.1-7.3

1 \/
"^As(^.0

LJ-^^v^^s.'-A"
-H

H
I /\ Y. 3.05

7.1-7.3 ./\ H
H H H

7.1-7.3 2.50

Compound G

A molecule of molecular formula CioHioO has an index of hydrogen deficiency of 6, which is

accounted for by the three double bonds and ring of the benzene ring, the pi bond of the

carbonyl group, and the cyclohexane ring in compound G.

Problem 19.25 Compound H, CgH603, gives a precipitate when treated with hydroxylamine in aqueous ethanol,

and a silver mirror when treated with Tollens' solution. Following is its ^H-NMR spectnmi. Deduce the

structure of compound H.

ii^

r

CgHgOj r

2H

r
r-^

IH

-J

I \

IH .i

1 i

10 5 4

Chemical Shift (5)

ppm

The hydroxylamine reaction indicates the presence of a carbonyl species, and the positive

Tollens test confirms the presence of an aldehyde. The aldehyde is also indicated by the

singlet in the iH-NMR at 5 9.8. The splitting pattern of the aromatic hydrogen signals

between 5 6.95 and 7.5 indicates that the phenyl ring only has three hydrogens, two are
adjacent to each other (the two doublets), while the third is not adjacent to any hydrogens.
The singlet at 5 6.1, integrating to 2H, indicates the presence of a -CH2- group bound to two
very electronegative atoms (oxygen). Given the molecular formula, the only structure that
agrees with this information is piperonal.

II

7.3

H

9.8

^^^ /CH2
0

7.5

H
6.95

Compound H



Chapter 19: Aromatics I Solutions 593

A molecule of molecular formula CgHgOahas an index of hydrogen deficiency of 6, which is

accounted for by the three double bonds and ring of the benzene ring, the pi bond of the

carbonyl group, and the five-membered ring in compound H.

Problem 19.26 Compound I, C11H14O2, is insoluble in water, aqueous acid, and aqueous NaHC03 but

dissolves readily in 10% Na2C03 and 10% NaOH. When these alkaline solutions are acidified with 10% HCl,

compound I is recovered unchanged. Given this information and its ^H-NMR spectrum, deduce the structure of

compound I.

CiiH,402
Compound I

5 4 3

Chemical Shift (6)

ppm

Compound I dissolves in NaiCOa or NaOH so it must be deprotonated by these bases. This

behavior is expected for a weakly acidic species like a phenol. The ^H-NMR is also

consistent with the presence of a phenol since there is a broad singlet at 5 8.54 that integrates

to IH. There is no aldehyde hydrogen signal and the molecule does not undergo an aldol

reaction since it is recovered unchanged from alkaline solution, therefore there is no aldehyde

in the molecule. The two doublets at 5 6.9 and 6 7.9, each integrating to 2H, indicate a 1,4

disubstituted phenyl ring. The signals between 5 0.9 and 6 3.0 indicate a -CH2-CH2-CH2-CH3
group. Finally, the molecular formula indicates an index of hydrogen deficiency of 5. The

phenyl ring accounts for 4 so there must be one other % bond (or ring) in the molecule. The

only structure consistent with the molecular formula and the spectrum is l-(4-hydroxyphenyl)-

1-pentanone (4-hydroxy-valerophenone).

2.95

C~~CH2"CH2"CH2"CH3

Compound I
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Problem 19.27 Propose a structural formula for compound J, C11H14O3, consistent with its ^H-NMR and
infrared spectra.

10
5 4

Chemical Shift (6)

ppm

Micrometers

6 7

1800 1600 1400 1200

Wavenumber (cm-')

The strong peak at 1720 cm-i in the IR indicates the presence of a carbonyl group. The two
sets of doublets integrating to 2H each between 5 6.9 and 8.0 indicate the presence of a 1,4
disubstituted benzene ring. The two quartets integrating to 2H each at 5 4.35 and 5 4.05
indicate there are two -CH2- groups attached to oxygen atoms as well methyl groups. The
molecular formula has three oxygen atoms, so the -OCH2- groups are likely part of one ester
and one ether. The two triplets integrating to a total of 6H at 5 1.4 are the signals from the
two methyl groups, confirming the presence of two ethyl groups. The only structure that is
consistent with the molecular formula CiiHi403and the spectra is ethyl 4-ethoxybenzoate.

6-9 8.0

H H

14 4.07 / \ II 4.35 1.4

CH3CH2O—

d

J—COCHjCHj

H H
6.9 8.0

Compound J
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A molecule of molecular formula CnHi403has an index of hydrogen deficiency of 5, which

is accounted for by the three double bonds and ring of the benzene ring plus the pi bond of the

carbonyl group in compound J.

Problem 19.28 Propose a structural formula for the analgesic phenacetin, molecular formula C10H13NO2, based

on its iH-NfMR spectrum.

Phenacetin

C10H13NO2

2H

r

i

L

5 4

Chemical Shift (5)

ppm

This structure is not only consistent with the molecular formula, but also with the iH-NMR
spectrum. The characteristic two doublets centered at 5 6.8 and 7.5 indicate the presence of a

1,4-disubstituted benzene ring. The singlet at 5 9.65 integrating to IH indicates a primary

amide, and the singlet integrating to 3H at 5 2.05 indicates this is an acetamide. Finally, the

typical ethyl splitting pattern for the signals at 5 1.32 and 5 3.95 indicates the presence of an

ethyl group. These signals are shifted so far downfield that they must be part of an ethoxy

group.
6.8 7.5

H H

1.32 3.95

CH3CH2O

o
9.65|| 2.05

NHCCH3

Phenacetin

A molecule of molecular formula CioHuNOzhas an index of hydrogen deficiency of 5, which

is accounted for by the three double bonds and ring of the benzene ring plus the pi bond of the

carbonyl group in phenacetin.



596 Solutions Chapter 19. Aromatics 1

Problem 19.29 Compound K, C10H12O2, is insoluble in water, 10% NaOH, and 10% HCl. Given this

information and the following ^H-NMR and^3(;^-NMR spectral information, deduce the structural formula of
Compound K.

IH-NMR 13C.NMR
llO (s. 3H) 206.51 114.17
3.61 (s, 2H) 158.67 55.21

3.77 (s, 3H) 130.33 50.07
6.86 (d, 2H) 126.31 29.03
7.12 (d, 2H)

CH30

Compound K

Problem 19.30 Propose a structural formula for each compound given these NMR data.

(a) CgHgBrOa (b) CsHgNO (c) C9H9NO3

13r> MA>ro ^H-NMR ^^C-NMRH-NMR
1.39 (t,3H)

4.38 (q, 2H)

7.57 (d,2H)

7.90 (d, 2H)

C-NMR
165.73

131.56

131.01

129.84

127.81

61.18

14.18

4.38 1-39

^H-NMR ^^C-NMR
2.06 (s, 3H)

7.01 (t, IH)

7.30 (m, 2H)

7.59 (d, 2H)

9.90 (s, IH)

168.14

139.24

128.51

122.83

118.90

23.93

2.10(s, 3H)

7.72 (d, 2H)

7.91 (d, 2H)

10.3 (s, IH)

12.7 (s, IH)

COCHXH,

7.90

H

II 9.90 2.06 12.7

CNHCH,

> \=/ (

168.74

166.85

143.23

130.28

124.80

118.09

24.09

7.72

H

10.3 2.10

HOC—^ ^CNHCHg

H
7.91

H
7.72
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Problem 19.31 Given here are ^H-NMR and i^C-NMR spectral data for two compounds. Each shows strong,

sharp absorption between 1700 and 1720 cm-i, and strong, broad absorption over the region 2500 - 3000 cm-i.

Propose a structural formula for each compound.

(a) C10H12O3 (b)

'H-NMR ^X-NMR
2.49 (t, 2H) 173.89

2.80 (t, 2H) 157.57

3.72 (s, 3H) 132.62

6.78 (d, 2H) 128.99

7.11 (d,2H) 113.55

12.4 (s IH) 54.84

35.75

29.20

7.11

H
6.78

H
")

12.4 II 2.80 2.49 /
HOCCH2CH2—

(^
/-OCH3

/
H
7.11

\
H
6.78

C10H10O2

^H-NMR ^^C-NMR
2.34(s, 3H)

6.38 (d, IH)

7.18 (d, IH)

7.44 (d, 2H)

7.56 (d, 2H)

12.0 (slH)

7.44

H

167.82

143.82

139.%

131.45

129.37

127.83

111.89

21.13

7.56

H

2.34 / \ 6.38 7.18 II 12.0

CH3—^ >-CH=CH-COH
'^^ ^

H
7.44

H
7.56

Acidity of Phenols
Problem 19.32 Account for the fact that/?-nitrophenol is a stronger acid than phenol. Consider both the

resonance and inductive effects of the nitro group.

fVoH r^
Ka= l.Ox 10-10

OoN

Ka = 7.0 X 10-8

OH

As seen from the acid ionization constants, /;-nitrophenol is the stronger acid. To account for

this fact, draw contributing structures for each anion and compare the degree of delocalization

of negative charge (i.e., the resonance stabilization of each anion). Phenoxide ion is a

resonance hybrid of five important contributing structures, two of which place the negative

charge on the phenoxide oxygen, and three of which place the negative charge on the atoms of

the ring.

The /?-nitrophenoxide ion is a hybrid of six important contributing structures. In addition to

the five similar to those drawn above for the phenoxide ion, there is a sixth that places the

negative charge on the oxygen atoms of the p-nitro group.
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O:A
five contributing structures similar

to those drawn for the phenoxide ion
negative charge
delocalized to oxygens
of nitro group

:0< >0:

Thus, because of the greater delocalization of the negative charge onto the more
electronegative oxygen atoms of the nitro group, /?-nitrophenol is a stronger acid than phenol.

In addition to the resonance effect discussed above, the nitro group is highly electron-

withdrawing, thus decreasing the strength of the phenolic -OH bond by an inductive
mechanism and leading to increased acidity for 4-nitrophenol.

Problem 19.33 Account for the fact that water-insoluble carboxylic acids (pK^4-5) dissolve in 10% aqueous

sodium bicarbonate (pH 8.5) with the evolution of a gas but water-insoluble phenols (pK^ 9.5-10.5) do not

dissolve in 10% sodium bicarbonate.

In order to dissolve, the carboxylic acid or phenol must be deprotonated.

O O
II - II

R-COH + HCO3 — > R-CO + H2CO3
pK. = 4-5 pK. = 6.36

Equilibrium lies to

the right, and it

dissolves

(stronger acid) (weaker acid)

Ar-OH +

PK3 = 10

(weaker acid)

HCO", ^ Ar-d" + H2CO3
pKj, = 6.36

(stronger acid)

Equilibrium lies to

the left, and it

does not dissolve

Problem 19.34 Match each compound with its appropriate pK^ value.

(a) 4-Nitrobenzoic acid, benzoic acid, 4-chlorobenzoic acid pKg = 4.19, 3.98, and 3.41

pKa 3.41 4.19 3.98

Electron-withdrawing groups increase acidity through a combination of resonance and
inductive effects. The nitro group is more withdrawing than the chloro group, explaining the
observed trend.

(b) Benzoic acid, cyclohexanol, phenol

pKa 4.19 18.0 9.95

pKa= 18.0. 9.95, and 4.19

Acidity increases in the order of aliphatic alcohols, phenols, and carboxylic acids.

(c) 4-Nitrobenzoic acid, 4-nitrophenol, 4-nitrophenylacetic acid pK^ = 7.15, 3.85, and 3.41

pKa 3.41 7.15 3.85

From part (a) it is clear that 4-nitrobenzoic acid has a pKa of 3.41, meaning that the other
carboxylic acid, 4-nitrophenylacetic acid, must be slightly less acidic with a pKa of 3.85.

This makes sense since the electron-withdrawing nitro group is farther away from the
carboxylic acid group in 4-nitrophenylacetic acid compared to 4-nitrobenzoic acid. The 4-

nitrophenol is significantly less acidic with a pKa of 7.15.
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Problem 19.35 Arrange the molecules and ions in each set in order of increasing acidity (from least acidic to most
acidic),

(a) / VOH / VOH CH3COH

To arrange these in order of increasing acidity, refer to Table 4.2. For those compounds not

listed in Table 3.2, estimate pKa using values for compounds that are given in the table.

r\.(b) ^ ^OH

o-a
pKa - 18

HCO.

OH

pKa 9.95

CH3 COH

pKa 4.76

HoO

H2O HCOg"

pKa 15.7 pKa 10.33

Q^OH
pKa 9.95

(c, Q^C=CH Q^OH Q^CH2OH

(y-CH / \-CH2OH <Q-OH

pKa 9.95pKa - 25 pKa " 18

Problem 19.36 Explain the trends in the acidity of phenol and the monofluoro derivatives of phenol:

OH OH OH OH

^^^^

pKa = 10.0 pKa = 8.81 pKa = 9.28 pKa = 9.81

The electronegative fluoro substituent increases the acidity of the phenol through an inductive

effect, so all of the monofluoro isomers of phenol are more acidic than phenol itself. Because

this is an inductive effect, the closer the fluorine atom to the phenolic OH group, the stronger

the effect and the greater the acidity. Thus, the ortho fluoro derivative is most acidic,

followed by the meta fluoro derivative, then finally the para fluoro derivative.
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Problem 19.37 You wish to determine the inductive effects of a series of functional groups, for example CI, Br,

CN, CO2H, and C6H5. Is it best to use a series of ortho-, meta-, or para-substituted phenols? Explain your
answer.

The question to be addressed involves inductive effects only. It would be best to use the
derivatives with the substituents in the meta position, because this would minimize any
contributions from resonance effects. The resonance of effects are maximal when substituents
are in the ortho and para positions.

Problem 19.38 From each pair, select the stronger base.

To estimate which is the stronger base, first determine which conjugate acid is the weaker
acid. The weaker the acid, the stronger its conjugate base.

(a) O- or OH" OH"

Stronger base
(anion of weaker acid)

(b) / Vo" or / \—Q- / V-O"

Stronger base
(anion of weaker acid)

(c)
/~\

o r HCO3' 0--
Stronger base

(anion of weaker acid)

(d) Q^O- or CH3-C-O ^^
Stronger base

(anion of weaker acid)

Problem 19.39 Describe a chemical procedure to separate a mixture of benzyl alcohol and o-cresol and recover
each in pure form.

CH2OH

Benzyl alcohol

(bp 2050C)

o-Cresol

(bp 1910C)

Following is a flow chart for an experimental method for separating these two compounds.
Separation is based on the facts that each is insoluble in water, soluble in diethyl ether, and
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that 0-cresoI reacts with 10% NaOH to form a water-soluble phenoxide salt while benzyl
alcohol does not.

dissolve in diethyl ether

I

mix with O.IM NaOH

ether layer containing
benzyl alcohol

aqueous layer containing
sodium salt of o-cresol

distill ether

CH2OH

acidify with O.IM HCI

I

Benzyl alcohol o-Cresol

Problem 19.40 The compound 2-hydroxypyridine, a derivative of pyridine, is in equilibrium with 2-pyridone. 2-

Hydroxypyridine is aromatic. Does 2-pyridone have comparable aromatic character? Explain.

2-Hydroxypyridine

H
2-Pyridone

2-Pyridones have aromatic character because of the contribution from the contributing

structure shown on the right.
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Reactions at the Benzvlic Position

Problem 19.41 Write a balanced equation for the oxidation ofp-xylene to 1 ,4-benzenedicarboxylic acid

(terephthalic acid) using potassium dichromate in aqueous sulfuric acid. How many milligrams of K^x^^ is

required to oxidize 250 mg ofp-xylene to terephthalic acid?

Following are balanced equations for the oxidation half-reaction and the reduction half-

reaction. Because oxidation takes place in aqueous acid, the reactions are balanced with H2O
and H+.

CO2H

+ 4 H2O + 12 H + 12e'
oxidation

half-reaction

CH3 CO2H

2 CrgOy^" + 28 H* + 12e" —

^

>. ^ 3+ ^^ .. ^ reduction
4 Cr +14 H2O . ,„

^ half-reaction

CO2H

2-
+ 2 Cr207 + 16 H* ^ A nr^* ^ inuo balanced redox

+ 4 cr +10 H2O
equation

CO2H

"•^^o « -^^ ^ (iwf
\ /^moTKiCrjOA /294 g K2Cr.207\

f \ 1 mol Xyl )\ mol K2Cr207
j

= 1.39 g K2Cr207 =1390 mg K2Cr207

Problem 19.42 Each of the following reactions occurs by a radical chain mechanism. (Consult Appendix 3 for

bond dissociation energies.)

Toluene

Qhc„..

Brc
heat

*- \ V-CHgBr + HBr

Benzyl bromide

CI,

heat
rv

Toluene Benzyl chloride

(a) Calculate the heat of reaction, aH°, in kilocalories per mol for each reaction.

CH2CI + HOI

Following are the calculations of the enthalpies of reaction.

/ \-CH3 + Br2 ^ / \-CH2Br + HBr

+88 +46 -58 -88

(kcal/mol)

-12
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CH2CI + HCI (kcal/mol)

+88 +59 -72 -103 -28

(b) Write a pair of chain propagation steps for each mechanism, and show that the net result of the chain

propagation steps is the observed reaction.

(c) Calculate aH° for each chain propagation step, and show that the sum for each pair of chain propagation steps

is identical with the aH° value calculated in part (a).

Shown below are pairs of chain propagation steps for each reaction. Each pair adds up to the

observed reaction and the observed enthalpy of reaction. This answers both (b) and (c).

r

chain
propagation ^

CHg' + HBr

88+ 88

\
/-CH2 + Brg ^ / VCHjBr + • B r

+46 -58

aH°

(kcal/mol)

12

{^"'^"' * ^'' i^irr ^3"^^"'^' * "^' EE)

r

chain
propagation -^

/ VcH3+ CI ^/ VcHg' + HCI (kcal/mol)

/ \
V.

+ 88

-CH2 + CI2

+ 59

-Q
103 -15

CH2Ci + • CI

72 -13

O^^"^
* ^'^ 1^^ QkCH2CI + HCI g

Problem 19.43 Following is an equation for iodination of toluene.

/^^VcH3 + I2 / VcH^I -H HI

Toluene Benzyl iodide

This reaction does not take place. All that happens under experimental conditions for the formation of radicals is

iniuauon to form iodine radicals, 1«, followed by termination to reform Ij. How do you account for these

observations?
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Reaction of toluene and iodine to form benzyl iodide and HI is endothermic.

/ VcHg + l2 f VcHjl +

+88 +36 48

HI

-71

aH°
(kcal/mol)

+ 5

Using values for bond dissociation energies, calculate the enthalpy for each of the most likely

chain propagation steps. Abstraction of hydrogen by an iodine radical (an iodine atom) is

endothermic by 17 kcal/mol. The activation energy for this step is approximately a few
kcal/mol greater than 17 kcal/mol. Given this large activation energy and the fact that the

overall reaction is endothermic, it does not occur as written.

chain
propagation -^

QkcH3 . .

+88

* Q-CHi . HI

71

\
7-CH2I + I

+ 36 -48

aH°
(kcal/mol)

+ 17

-12

Problem 19.44 Although most alkanes react with chlorine by a radical chain mechanism when reaction is initiated

by light or heat, benzene fails to react under the same conditions. Benzene cannot be converted to chlorobenzene

by treatment with chlorine in the presence of light or heat.

r\ H + CI2
light or f~\
heat

CI HCI

(a) Explain why benzene fails to react under these conditions. Consult Appendix 3 for relevant bond dissociation

energies. {Hint: consider a possible radical chain mechanism, and the energetics of its rate-limiting step.)

r

chain
propagation .^

r\

\.

H + -01

+ 111

/ \- . CI,

+59

r\-

.

HCI

103

r\ CI

96

(kcal/mol)

+ 8

.37

r\ H + CI;
heat

f~\ CI HCIH
As can be seen in the above equations, the rate-limiting step is the abstraction of a benzene
hydrogen atom by a chlorine radical. This process is endothermic by 8 kcal/mol because the
C-H bonds are relatively strong (111 kcal/mol). Therefore, even though the entire process is

exothermic by 29 kcal/mol, the reaction does not proceed because of the endothermic rate-
limiting step.
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(b) Explain why the bond dissociation energy of a C-H bond in benzene is significantly greater than that in

alkanes. (Hint: Think of the orbitals forming the C-H bond in alkanes compared with those in benzene.)

The benzene carbon atoms are sp^ hybridized, so the C-H bonds are derived from sp^
hybridized orbitals. Compared with alkanes that use sp^ hybridized orbitals, the sp^ orbitals
of benzene have greater s character and thus the electrons are held closer to the nucleus. This
has the effect of increasing C-H bond strength in benzene relative to alkanes.

Problem 19.45 Following is an equation for hydroperoxidation of cumene.

CH3

CHo CHo

•OH

Cumene Cumene hydroperoxide

Propose a radical chain mechanism for this reaction. Assume that initiation is by an unspecified radical, R«.

The stability of the benzyl radical, especially with the added methyl groups, facilitates the

reaction with the radical initiator according to the following mechanism.

^f^.

Step 2: Propagation

r\ CH,
IC
I

CH,

CH,
I

^

C
I

CH,

CH,

H—

R

\o-o. ot^-^-
Step 3: 2nd Propagation Step

CH,

CH3

CH,

/ \—C-0-6-H

^ '
CH,

CH3 ^

^ ^ CH3
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Problem 19.46 Para-substituted benzyl halides undergo reaction with methanol by an Sj^l mechanism to give a

benzyl ether. Account for the following order of reactivity under these conditions.

R-f V-CHgBr +CH3OH
methanol

R-/ VCH2OCH3 + HCI

Rate of SnI reaction: R = CH3O- > CH3- > H- > NO2-

A reasonable SnI mechanism is shown below:

Step 1: Rate-limiting step

R^l CHjBr * R^l CH2* +

Step 2

R

Step 3:

R

OCH2+ + CH3OH - R

Br

H

^ ^CH2PCH3

-\ /-CH^CH3 + Br" R-/ ^CH2PCH3 + HBr

The rate-limiting step in this process is formation of the benzylic cation, so anything that
stabilizes the benzylic cation will speed up the SnI reaction. Electron-donating groups such
as the methoxy group are stabilizing to a benzylic cation. Electron-withdrawing groups such
as the nitro group are destabilizing to a benzylic cation. Thus, the groups are listed in order
from most electron-donating to most electron-withdrawing.

Problem 19.47 When warmed in dilute sulfuric acid, l-phenyl-l,2-propanediol imdergoes dehydration and
rearrangement to give 2-phenylpropanal.

HO OH O
II H 90 II

C6H5-CH-CH-CH3 ^ '^ " CgHg-CH-C-H + HgO

CH3

1 -Phenyl- 1 ,2-propanediol 2-Phenylpropanal

(a) Propose a mechanism for this example of a pinacol rearrangement (Section 9.8).

Step 1:

H-O: \ H-O-H
,

..+
I

CgHg-CH-CH-CHg + H-O-H ^ C6H5-CH-CH-CH3 + :0-H

OH H OH H



Chapter 19: Aromatics I Solutions 607

Step 2:

..+

H-Q-H

CgHg-CH-CH-CHa .- CeHg-CH-CH-CHj + HjO

:

OH OH

Step 3: Note that the intermediate produced in this step is resonance stabilized

^^CHg CHg CH3

CgHg-CH-C-H CgHc-CH-C-H ^ CeHc-CH-C-H
I r\ II

:pH ^:p-H +q-H

Step 4:

CH<j CHo
I

^ ..
I

^ ..+

CgHc-CH-C-H + :0-H ^ CcHg-CH-C-H + H-O-H
II ) \

^ '
II I

+ p-H.,._yH O: H

(b) Account for the fact that 2-phenylpropanal is formed rather than its constitutional isomer, 1 -phenyl- 1-

propanal.

O CH,
II I

^

C6H5-C-CH2-CH3 CgHs-CH-C-H

O
1-Phenyl-l-propanal 2-Phenylpropanal

In the observed reaction that leads to the aldehyde product, protonation of the benzylic

hydroxyl followed by loss of H2O gives a benzylic carbocation (Step 2). 1-Phenyl-l-propanal

would result from protonation and loss of the other -OH group, but that would give a less

stable secondary carbocation so it is not observed.

Problem 19.48 In the chemical synthesis of DNA and RNA, hydroxyl groups are normally converted to

triphenylmethyl (trityl) ethers to protect the hydroxyl group from reaction with other reagents.

tertiary / neutralized by the

RCH2OH -H PhgCCI
^'"^

> RCH20CPh3 + HCI tertiary amine

triphenylmethyl chloride a uiphenylmethyl ether

(trityl chloride) (a trityl ether)

Triphenyhnethyl ethers are stable to aqueous base, but are rapidly cleaved in aqueous acid.

RCH20CPh3 + H2O -^^ RCH2OH + PhaCOH

(a) Why are triphenylmethyl ethers so readily hydrolyzed by aqueous acid?

The triphenylmethyl ethers are hydrolyzed according to the following mechanism.

Step 1.

Ot^-C^ (C
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Step 2:

H

/ XLo-o't.^ / \Uc^ . R—0-H
'3 \ /3

Note that the cation produced in this step is a highly resonance-stabilized benzylic cation due
to the three adjacent phenyl rings.

Step 3:

fy^f. ...

Step 4:

H

(a-^

r^c-^fi i:^ fy^o-OH

(b) How might the structure of the triphenylmethyl group be modified in order to increase or decrease its acid

sensitivity?

Electron-releasing substituents like methoxy groups stabilize the triphenylmethyl cation and
thereby increase the sensitivity of these triphenyl methyl ethers to acid. On the other hand,
electron-withdrawing groups like nitro groups destabilize the triphenyl methyl cation and
thereby decrease the sensitivity of these triphenylmethyl ethers to acid.

Synthesis
Problem 19.49 Using ethylbenzene as the only aromatic starting material, show how to synthesize the following
compounds. In addition to ethylbenzene, use any other necessary organic or inorganic chemicals. Note that any
compound already synthesized in one part of this problem may then be used to make any other compound in the

problem.

(a) ^ ^COH

Oxidation of ethylbenzene using K2Cr207 in H2SO4 gives benzoic acid.

O

COH/ ^CH,CH3 JiE^li^Il^!!!^ r\,

(b) (y-
Br
I

CHCH3

Bromination of the benzylic position using bromine or at elevated temperature or NBS in the
presence of peroxide. The reaction involves a radical chain mechanism.
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Q^CH,CH3 . Br, -_Q^
Br

I

CHCH3 + HBr

(c) / VCH=CH2

Dehydrohalogenation of the alkyl bromide from (b), brought about by a strong base such as
KOH.

Br
I E2
CHCH3 + KOH

\ / ethanol \ /
f\- ~f^CH^CHj + KBr + HjO

(d) OOH
I

CHCH,

Acid-catalyzed hydration of a carbon-carbon double bond of (c). The same reaction may also

be brought about by oxymercuration followed by reduction with NaBH4.

/ V / \ ^"
/ \-CH=CH2 + HoO / ^—CHCH3
\ / ' ' H2SO4 \_/ '

(e) Oo
II

CCH3

Oxidation of the secondary alcohol of (d) using chromic acid in aqueous sulfuric acid. The
same oxidation may be brought about using the more selective oxidizing agents chromium
trioxide in pyridine or pyridinium chlorochromate.

, , OH J V
O

(0 Qk-.
Hydroboration/oxidation of styrene from part (c).

•CH2CH2OH

^CH=OH,
1) B2H6 ^ /~V-
2) H2O2, NaOH \—

/

CH2CH2OH
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fV.(g) ^ V-CHgCH

Oxidation of the primary alcohol of (f) using pyridinium chlorochromate.

O

/ ^—CHjCHjOH + PCC -7^77-7^7*- f V—

<

C H 2^12 \ /
CH,CH

(h) r\
o
II

CHgCOH

Oxidation of the primary alcohol of (f) using chromic acid. The same product may be formed
by similar oxidation of the aldehyde (g).

/~\ KzCrzOy, H2SO4 /"~V II

(i) / y~CHCH2

Addition of bromine to the carbon-carbon double bond of styrene from part (c).

.—^ / \ B'' Br

/ \-CH=CH2 + Brj ^ / \—CHCH2

(J)
/"V.=CsCH

A double dehydrohalogenation of product (i) using sodium amide as the base.

'^ ^^—CHCH2+ 2NaNH2 .^^A.c.CH. 2NaBr +2NH3
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1

(k) / VcsCCHpH=CH2

The terminal alkyne from (j) is deprotonated with sodium amide to produce the anionic species
that reacts with allyl chloride to produce the desired product.

// \ NaNHj
fi

\ CICH2CH=CH2
(/ Vc^CH ^

(^ Vc^C:- Na* ^^
^

^' ^CsCCH2CH=CH2(y
(I) / yc=Q(CH2)5CH3

The deprotonated terminal alkyne from (k) reacts with hexyl chloride to produce the desired
product.

/"A-r-n.-Ki * CICH2(CH2)4CH3 r^
i >-C=C: Na —^ ^

^
^C=C(CH2)5CH3

(m) )C=K
H ^CH2)5CH3

The alkyne produced in part (1) is reduced with sodium metal in liquid ammonia to produce the

desired trans alkene.

jr~\ 2Na ^^Hs. H

{ VcsC(CH2)5CH3 »- C=C
\=/ ''

' NHaf/; H^ ^(CH2)5CH3

^el^Sv /(CH2)5CH3
(n) ;c=c;

H H
The alkyne produced in part (1) is reduced with hydrogen and the Lindlar catalyst to produce

the desired cis alkene.

f—\ H2 CeHs^ /(CH2)5CH3
(f vv_r=r/ru \ r»u • C=C

Lindlar / ^C=C(CH2)5CH3 C=C
^* ^ Lindlar / \.

Catalyst
"
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Problem 19.50 Show how to convert 1-phenylpropane into the following compounds. In addition to this starting

material, use any necessary inorganic reagents. Any compound synthesized in one part of this problem may then

be used to make any other compound in the problem.

Br
I

(a) C6H5-CHCH2CH3

Radical chain bromination of 1-phenylpropane. Bromination is highly regioselective for the
benzylic position.

Br
I

C6H5-CH2CH2CH3 + Br2 ^ C6H5-CHCH2CH3 + HBr

(b) C6H5-CH=CHCH3

Dehydrohalogenation of product (a) using KOH or other strong base.

Br
I

CeHg-CHCHjCHo + KOH «- C6H5-CH=CHCH3 + KBr + H2O
^ ^ ^ ^ ethanol ® ^ ^ ^

CI CI
I I

(c) C6H5-CH-CHCH3

Addition of chlorine to the double bond of product (b) by electrophilic addition.

01 01
I I

06H5-OH=OHOH3 + OI2 O6H5-OH-OHOH3

(d) C6H5-CSCCH3

Double dehydrohalogenation of product (c) using sodium amide as the base.

01 01
I I

O6H5-OH-OHOH3 + 2NaNH2 ^ O6H5-OSOOH3 + 2NaBr + 2NH3

(e) ;c=c(
H CH3

Chemical reduction of the alkyne from part (d) to a cis alkene using sodium metal in liquid
ammonia.

O6H5-OSOOH3 + Na "^"^^'^ ^0=0
H^ \h^
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^el^Sv /CH3
(f) /C=C^

H H

Catalytic reduction of the alkyne using the Lindlar catalyst to reduce the alkyne to the alkene.

Lindlar CcHc CH,
CgHs-C^CCHg + H2 ^^^^'y^^ \=C''

H \
OH OH

I I

(g) C6H5-CH-CHCH3

Oxidation of the alkene from part (b) to a glycol with osmium tetroxide in the presence of
hydrogen peroxide.

OH OH
OsO^ I I

C6H5-CH=CHCH3 ^ - CgHg-CH-CHCHa
H2O2

OH
I

(h) GeHs—CHCH2CH3

Acid-catalyzed hydration of the alkene from part (b). The reaction is highly regioselective
because of the stability of the benzylic carbocation formed by protonation of the alkene.
Alternatively, oxymercuration followed by reduction with NaBH4 forms the same secondary
alcohol.

OH
I

C6H5-CH=CHCH3 + H2O CsHc—CHCH2CH3
6 5 3 2 H2SO4 ® * ^ ^

O
II

(i) GeHg—CCH2CH3

Oxidation of the secondary alcohol of (h) using chromic acid in aqueous sulfuric acid and the

alcohol dissolved in acetone. Alternatively use chromium trioxide in pyridine or pyridinium
chlorochromate as the oxidizing agent.

OH O
I KgCfjOy, H2SO4 II

CgHs—CHCH2CH3 ——^
i- C6H5-CCH2CH3
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Problem 19.51 Propranolol is a p-adrenergic receptor antagonist. Members of this class have received enormous

clinical attention because of their effectiveness in treating hypertension (high blood pressure), migraine headaches,

glaucoma, ischemic heart disease, and certain cardiac arrhythmias. Starting materials for the synthesis of

propranolol are propene, 1-naphthol, and isopropylamine. Show how to convert propene to epichlorohydrin in

stage 1, and then complete the synthesis of propranolol in stage 2.

Stage 1: Synthesis of epichlorohydrin

CH3CH-^CH2

CI2

heat

(Allylic
Propene halogenation)

Stage 2: Synthesis of propranolol

OH

NaOH

- CICH2CH=CH2
RCO3H ^O

CICH2CH-CH2

3-Chloropropene

(Allyl chloride)

3-Chloro- 1 ,2-epoxypropane

(Epichlorohydrin)

O
CICHgCH-CHg^

(Williamson
ether synthesis)

1-Naphthol

p
OCHpH-CHg

(CH3)2CHNH2

OH
I /

OCHpnCHNHCH
CHr

CM.

Propranolol

Problem 19.52 Side effects of propranolol (Problem 19.51) are disturbances of the central nervous system (CNS)
such as fatigue, sleep disturbances (including insomnia and nightmares), and depression. Pharmaceutical
companies wondered if this drug could be redesigned to eliminate or at least reduce these side effects. Propranolol

itself is highly lipophilic (hydrophobic) and readily passes through the blood-brain barrier, a lipid-like protective

membrane that surrounds the capillary system in the brain and prevents hydrophilic compounds from entering the

brain by passive diffusion. Propranolol, it was reasoned, enters the CNS by passive diffusion because of the

hpid-like character of its naphthalene ring. The challenge, then, was to design a more hydrophilic drug that does
not cross the blood-brain barrier but still retains a p-adrenergic antagonist property. A product of this research is

atenolol, a potent P-adrenergic blocker that is hydrophilic enough that it crosses the blood-brain barrier to only a
very limited extent.

OH
I

OCHpCHCHNHCH

Atenolol

(a p-adrenergic antagonist)

4-Hydroxyphenylacetic acid

Propose a synthesis for atenolol starting with 4-hydroxyphenylacetic acid, epichlorohydrin (Problem 19.51), and
isopropylamine.

H*/ CH3OH
Fischer

esterification

CH3OCCH2
NH.
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O
II

H2NCCH2 r^ OH
1. NaOH

p
2. CICH2CHCH2

O J , OH
(CH3)2CHNH2 II / \ I /

H2NCCH2-/ ^OCHjCHCHNHCH

H2NCCH2—f y—OCH2CHCH2

CH,

\=/ CH3

Problem 19.53 Benzylic bromination followed by loss of HBr by heating at high temperatures can be used to

generate reactive intermediates such as (1). How do you take advantage of this observation to synthesize

hexaradialene. (See L. G. Harruff, M. Brown, and V. Boekelheide, J. Am. Chem. Soc, 100, 2893, 1978).

700°C
^,s*«\^CH2

CHgBr
'^^^^

+ HBr

CH.

(1)
Hexaradialene

Using the above observation as a starting point, hexaradialene could be synthesized from the

starting material shown below.

CHjBr

CH,

BrH2C'^^^CH2Br

hea t '^'^^^-^

CH, ^T"
Problem 19.54 Carbinoxamine is a histamine antagonist, specifically an Hj-antagonist. The maleic acid salt of

the levorotatory isomer is sold as the prescription drug Rotoxamine. Propose a synthesis of carbinoxamine from

the three compounds shown on the left of the reaction arrow. (Note: Aryl bromides form Grignard reagents much

more readily Uian aryl chlorides.)

OH

N
+ GICH2CH2N(CH3)2 Cl-f V-CHOGH2CH2N(CH3)2

N

Carbinoxamine
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MgBr ^

Mg, ether

2. H3O*

1. NaNHz

2. CICH2CH2N(CH3)2 \
Cl-f V-CHOCH2CH2N(CH3)2

Carbinoxamine

Problem 19.55 Cromolyn sodium, developed in the 1960s, is used to prevent allergic reactions primarily

affecting the lungs, as for example exercise-induced emphysema. It is thought to block the release of histamine,

which prevents the sequence of events leading to swelling, itching, and to constriction of bronchial tubes.

Cromolyn sodium is synthesized in the following series of steps. Treatment of one mol of epichlorohydrin with

two mol of 2,6-dihydroxyacetophenone in the presence of base gives I. Treatment of I with two mol of diethyl

oxalate in the presence of sodium ethoxide gives a diester II. Saponification of the diester with aqueous NaOH
gives cromolyn sodium.

O.

Q|_| Epichlorohydrin

base

2,6-Dihydroxy-

acetophenone

O O Na"'"0

EtOC-COEt NaOH.HpO
: r^ II ^—

EtO Na OH

Cromolyn sodium

O" Na"
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(a) Propose a mechanism for the formation of compound I

Step 1:

H-bi ^ H.*6;

>:Base
O :0-'H

+ H-Base

O :0:

* 't>o5':^

Base"

:0: ^r >r ^rr T^ :0H

:0: •9\^x'^\/P' :0: :0: :9\^^^^^/P' -O:

(b) Propose a structural formula for compound II and a mechanism for its formation.

Step 1:

":OEt HOEt

H-OI
.^t-

:0H

:0: :0^ J^ ^O- :0:

H-0 O:

:0H

O: :0^ J^ ^O- :0:
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Step 2:
'O' 'O'J

..II ii.r

EtOC—COEt

:0: :9\/^\^P* •^•

The same sequence occurs on the other phenolic -OH group to give compound II.

EtO OEt

II
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CHAPTER 20: AROMATTCS TTt REACTTONS OF BENZENE AND ITS
DERIVATIVES

SUMMARY OF REACTIONS

X 3\ ^^
starting \
Material \.

c

c

CQ

<
'S
<

S

<

1
N
U
•o

X
">.

<

C
o

-<

"3

<
"S

"a

o
c
0)

'*>

2
<
ou

Z

>

Aromatic Rings 20A
20.1A"

20B
20.18

20C
20.18

Aromatic Rings
Acid Chlorides

20D
20.1C

Aromatic Rings
Alcohols

20E
20. ID

Aromatic Rings
Alkenes

20F
20. ID

Aromatic Rings
Alkyl Halides

20G
20. IC

Aryl Halides 20H
20.3A

201
20. 3B

20J
20.3A

20K
20.38

Nitro Aromatics
20L
20. IB

*S ection inboc)kihat describes rejicuon.

REACTION 20A: BROMINATION AND CHLORINATION (Section 20.1A)

X2, FeXa
'^^ '^

X = Br, 01

Aromatic rings react with Br2 in the presence of a Lewis acid catalyst, such as FeBrj, to give an

aryl bromide. This is an example of electrophilic aromatic substitution. *
- The mechanism involves an initial reaction between Btj and FeBrs to generate a molecular complex that can

rearrange to give a Br+ FeBr4- ion pair. This reacts as a very strong elccu-ophile with the weakly

nucleophilic aromatic pi cloud to form a resonance-stabilized cation that loses a proton to give the final

product.
- An analogous reaction can be carried out with CI2 and FeCb to give an aryl chloride.

SO3H
REACTION 20B: SULFONATION (Section 20.1B)

H2S04
*^

- Aromatic rings react with SO3 in the presence of sulfuric acid to yield aryl sulfonic acids via

electrophilic aromatic substitution. *
. ,

,

- The mechanism involves reacUon of SO3 as a very strong elecu-ophile with the weakly nucleophihc aromauc

pi cloud to form a resonance-stabilized cation that loses a proton to give the final product

- In strongly acidic conditions, the elecD-ophile can be the proionaicd form. SO3H+. instead of SO3.
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REACTION 20C: NITRATION (Section 20.1B)

HNO^

H2SO4

- Aromatic rings react with nitric acid in the presence of sulfuric acid to yield nitro aromatic

compounds via electrophilic aromatic substitution. ^
- The mechanism involves an initial reaction between nitric acid and sulfuric acid to yield die nitronium ion,

NO2*. This reacts as a very strong electrophile with the weakly nucleophilic aromatic pi cloud to form a

resonance-stabilized cation that loses a proton to give the final product.

REACTION 20D: FRIEDEL-CRAFTS ACYLATION (Section 20.1C)

w I

,C'-C-

I

I //—C-CL
AlCI.

^Cl

- Aromatic rings react with acyl chlorides in the presence of a Lewis acid catalyst, such as AICI3, to

produce an aryl ketone via electrophilic aromatic substitution. *
- The mechanism involves an initial reaction between the acyl chloride and AICI3 to yield the acylium ion R-

C+=0. This reacts as a very strong electrophile with the weakly nucleophilic aromatic pi cloud to form a

resonance stabilized cation that loses a proton to give the final product.
- Rearrangement is not a problem with acylium ions as it is with carbocations.

REACTION 20E: REACTIONS OF ALCOHOLS WITH AROMATIC RINGS IN THE
PRESENCE OF STRONG ACID (Section 20.1D)

H"
+ —C-OH

I

- Aromatic rings react with alcohols in the presence of a strong acid catalyst, such as H3PO4,
H2SO4, and HF, to produce an alkyl benzene via electrophilic aromatic substitution. *

- The mechanism involves an initial reaction between the alcohol and strong acid to yield a carbocation. This
reacts as a very strong electrophile with the weakly nucleophilic aromatic pi cloud to form a resonance
stabilized cation that loses a proton to give the final product.

- Because carbocations are involved in the mechanism, rearrangements can be a problem, especially with
primary or secondary alcohols.

REACTION 20F: REACTIONS OF ALKENES WITH AROMATIC RINGS IN THE
PRESENCE OF STRONG ACID OR A LEWIS ACID (Section 20.1D)

H"" or AICI3

- Aromatic rings react with alkenes in the presence of a strong acid catalyst, such as H3PO4,
H2SO4, and HF, or a Lewis acid, such as AICI3, to produce an alkylbenzene via electrophilic

aromatic substitution. *
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• - The mechanism involves an initial reaction between the alkene and strong acid or Lewis acid to yield a
carbocation. This reacts as a very strong electrophile with the weakly nucleophilic aromatic pi cloud to form
a resonance-stabilized cation that loses a proton to give the final product

- Because carbocations are involved in the mechanism, rearrangements can be a problem.

REACTION 20G: FRIEDEL-CRAFTS ALKYLATION (Section 20.1C)

—C—

X

AlCI
+ HX

- Aromatic rings react with alky! halides in the presence of a Lewis acid catalyst, such as AICI3, to

produce an alkylbenzene via electrophilic aromatic substitution. ^
- The mechanism involves an initial reaction between the alkyl halide and Lewis acid to yield an intermediate

that can be thought of as a carbocation. This reacts as a very strong electrophile with the weakly
nucleophilic aromatic pi cloud to form a resonance-stabilized cation that loses a proton to give the final

product.
- Because carbocations are involved in the mechanism, rearrangements can be a problem, especially with

primary or secondary alkyl halides.

REACTION 20H: REACTION OF AN ARYL HALIDE WITH SODIUM AMIDE (Section

20.3A)

NH3(/)

+ NaNHg

- Aryl halides react with strongly basic nucleophiles, such as sodium amide, to yield anilines.

The -NH2 group ends up on the ring carbon atom that was originally bonded to the halogen, as well as

positions adjacent (ortho) to it *
- The mechanism involves an initial reaction between the aryl halide and strong base to give a benzyne

intermediate. This undergoes addition at either sp carbon atom to give the aniline products.

REACTION 201; REACTION OF AN ARYL HALIDE WITH HYDRAZINE (Section 20.3B)

NHoNH,

NHNH.

,2.>. 'NO2 O2N' ^ NOg

- Activated aryl halides react with strong nucleophiles such as hydrazine to give aryl hydrazines

in a regioselective manner via nucleophilic aromatic substitution. The -NHNH2 group ends up on

the ring carbon atom that was originally bonded to the halogen. This reaction does not occur unless there arc

electron-withdrawing groups, such as nitro goups, ortho and/or para to the halogen. The electron-

withdrawing groups activate the ring toward nucleophilic attack. *
- Unlike Reaction 20H that involves a benzyne intermediate, this reaction involves a nucleophilic attack of the

ring carbon containing the halogen to give a negatively-charged Meisenheimer complex. Loss of

halogen results in formation of the product.

REACTION 20J: REACTION OF AN ARYL HALIDE WITH SODIUM HYDROXIDE (Section

20. 3A)

1) NaOH Heat, Pressure

2) HOI, H2O

^^^/^^^
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- Aryl halides react with strongly basic nucleophiles such as sodium hydroxide to yield phenols

via a benzyne intermediate. The -OH group ends up on the ring carbon atom that was originally

bonded to the halogen, as well as positions adjacent (ortho) to it. *
- The mechanism involves an initial reaction between the aryl halide and strong base to give a benzyne

intermediate. This undergoes addition at either sp hybrid^ed carbon atom to give the aniUne products.

- This process requires extreme conditions and is generally not useful as a laboratory method.

REACTION 20K: REACTION OF AN ACTIVATED ARYL HALIDE WITH AQUEOUS BASE
(Section 20.3B)

1) Na2C03, H2O Heat, Pressure

2) HCI, H2O
^2*^ i'MV-'2 ^21^ i'«iv^2

- Activated aryl halides react with aqueous base to give phenols via nucleophilic aromatic
substitution. The -OH group ends up on the ring carbon atom that was originally bonded to the halogen.

This reaction does not occur unless there are electron-withdrawing groups, such as nitro groups, ortho

and/or para to the halogen. The electron-withdrawing groups activate the ring toward nucleophilic attack. *
- This reaction involves a nucleophilic attack of the ring carbon containing the halogen to give a negatively

charged Meisenheimer complex. Loss of halogen results in formation of the product.

REACTION 20L: REDUCTION OF AROMATIC NITRO COMPOUNDS TO GIVE ANILINES
(Section 20.18)

H2/Ni
or

1) Fe, HCI

2) NaOH, H2O

- Aromatic nitro compounds react with H2 in the presence of a transition metal catalyst such
as Ni, or alternatively using Fe and HCI followed by a basic workup, to give aniline derivatives.

This is an important reaction because nitration of aromatic rings is easily accomplished and anilines are

useful for a large number of other useful transformations. *
- Note that nitro groups are meta directing, while amino groups are ortho-para directing. This change in

orientation preference can be exploited in the synthesis of complex aromatics.

SUMMARY OF IMPORTANT CONCEPTS

20.0 OVERVIEW
• Aromatic rings, such as benzene, react with strong electrophiles in a reaction that results in

substitution of a ring hydrogen. Electrophilic aromatic substitution is extremely useful for
preparing benzene derivatives. Nucleophilic attack on aromatic rings is much less common, but still

possible when an aromatic ring has electron-withdrawing substituents. *

20.1 ELECTROPHILIC AROMATIC SUBSTITUTION
• A variety of electrophiles react witii aromatic rings via electrophilic aromatic substitution. Examples
include reactions 20A-20G. The general mechanism involves attack on the electrophile by the weakly
nucleophilic aromatic pi cloud to form a resonance-stabilized cation intermediate that loses a proton to

give the final product. *

&-0' + H*
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20.2 DISUBSTITUTION AND POLYSUBSTITUTION
• Substituents other than hydrogen on an aromatic ring can have a profound influence on the reaction
rate and substitution pattern of electrophilic aromatic substitution reactions. In particular, groups
can either speed up or slow down the reaction, and can direct new groups meta or ortho-para. *

• These effects are the result of two types of interactions:
- 1) A resonance effect in which the positively-charged cation intermediate in an electrophilic

aromatic substitution is stabilized, or destabilized. Groups such as -NH2 or -OH in which different
contributing structures reveal that lone pair electron density is added to the ring help to

stabilize the cation intermediate, thereby lowering the activation energy of the reaction,
thereby speeding up the reaction. These groups are referred to as activating. Other groups like -NO2 or

-CsN in which different contributing structures reveal that electron density is removed
from the ring destabilize the cation intermediate, thereby raising the activation energy of

the reaction, thereby deactivating the ring. *
- 2) An inductive effect in which atoms that are more electronegative than the sp^ ring carbons pull

electron density out of the aromatic ring, or conversely, atoms that are less electronegative than

the sp^ ring carbons add electron density into the aromatic ring. Since the aromatic ring is acting as a
weak nucleophile in the electrophilic aromatic substitution reactions, the more electronegative atoms
or groups (electron-withdrawing) reduce electron density and thus the nucleophilicity of the
ring, so they are deactivating. "Hie less electronegative atoms or groups (electron-

releasing) increase electron density and thus the nucleophilicity of the ring, so they are

activating. Alkyl groups are electron-releasing and thus activating due to

hyperconjugation.*
• These inductive and resonance effects have different levels of influence depending on their position

relative to the incoming electrophile. These effects can be seen by drawing all of the contributing structures for

the positively-charged intermediate formed when an electrophile reacts with the weakly nucleophilic aromatic pi

cloud. [Being able to draw all of the important contributing structures of this positively-charged intermediate is

the key to understanding substituent effects. Practice drawing the contributing structures with different types of
substituents (activating, deactivating, halogens), andfor substitution at the different positions, (ortho, meta,

para.)] *
- The effects of substituents that activate the ring are most activating ortho and para. For this reason,

the incoming electrophile reacts predominantly ortho and para to the existing activating

substituent. Such activating substituents are referred to as being ortho-para directing.

- The effects of most substituents that deactivate the ring are maximally deactivating ortho and
para. For this reason, the incoming electrophile reacts predominantly meta to the existing

activating substituent, that is, the less-deactivated positions. Such deactivating substituents are referred 10 as

being meta directing. Halogens are the exception since they are deactivating, but ortho-para directing.

• Substituents can be divided into three broad classes:*

- 1) Alkyl groups and all groups in which the atom bonded to the ring has an unshared pair of

electrons are ortho-para directing. With the exception of the halogens discussed below, these

groups are electron-releasing and are thus activating toward electrophilic aromatic substitution.

Examples include -R, -OH, -NH2, -OR, etc.

- 2) Groups in which the atom bonded to the aromatic ring bears a partial or full positive charge

are meta directing. These groups often have multiple bonds such as =0 on the atom bonded

to the aromatic ring. These groups are electron-withdrawing and are thus deactivating toward

electrophihc aromatic substitution. For example, -CN, -NO2, -C(0)R. CO2H, C(0)NH2, -SO3H, etc.

- 3) Halogens are unique in that they are ortho-para directing but deactivating. This is not a

contradiction, but rather the result of competing effects. Halogens show overall inductive

deactivation of the aromatic ring due to their electronegativity, but resonance stabilization

of the cation intermediate due to their lone pair and thus ortho-para direction.

• These effects have a large practical significance, since, in synthesizmg polysubstituied aromatics. the order of

addition of the substituents must be taken into account. For example, when making m-

bromoniu-obenzene from benzene, the nitro group (meta directing) must be added before the bromme atom

(onho-para directing). Adding the bromine atom first followed by the nitro group would result m the majority

of product being the unwanted ortho and para isomers.*
r ,

• When there are more than one substituent already on the ring, the following rules apply:

- 1) The more activating substituent dominates when different groups are directing an incoming group

to different positions. * r ^ . .- •. •.

- 2) Non-bonded interactions prevent any reasonable amount of substitution at the position that is

between two meta substituents. *
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CHAPTER 20
Solutions to the Problems

Problem 20.1 Write the stepwise mechanism for sulfonation of benzene by hot, concentrated sulfuric acid. In this

reaction, the electrophile is SO3 formed as shown in the following equation. Hint: In thinking about a mechanism

for this reaction, consider formal charges on sulfur and oxygen in the Lewis structure of sulfur trioxide.

H2SO4 ^ ^ SO3 + H2O

In sulfonation of benzene, the electrophile is sulfur trioxide. In step 1, reaction of benzene
with the electrophile yields a resonance-stabilized cation. In step 2, this intermediate loses a
proton to complete the reaction: water is shown as the base accepting the proton. A second-
proton transfer reaction in step 3 gives benzenesulfonic acid.

Step 1:

(A resonance-stabilized cation intermediate)

Step 2:

+

:0-H f ^>—SO, + H-O-Hcx:?-^-" -^ '3

Step 3:

•O- . , :o:

, SOj +'*HO-S-OH ^ f \)—SO3H + :0-S-OH
\=/ .:^r \=/

.I,-
Benzenesulfonic acid

^V=

Note that in more strongly acidic conditions, the electrophile can be the protonated form,
namely HSO3+, instead of SO3.

Problem 20.2 Write structural formulas for the products you expect from Friedel-Crafts alkylation or acylation of
benzene with

O rv.
(a) (CH3)3CCCI (^> CH3CH2CH2CI (c) Y y-CHCH,

CI

° ^"' /=v CH3 CH,

y-r-r" OiHCH. OinlQ
(Rearrangement

occurred)
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Problem 20.3 Write a mechanism for the formation of rer/-butylbenzene frcwn benzene and tert-butyl alcohol in the

presence of phosphoric acid.

A reasonable mechanism for this reaction involves formation of the tert-buty\ carbocation, that
then reacts with benzene via electrophilic aromatic substitution.

Step 1:

HgC H

:S^ H3C-C-OH3
,

..

H3C

H3C H

H3C-C7-OH

H3C

H3C-C+ + H2O

H3C

Step 3:

H3C

H3C-C+

H,C

H,C CH3

Step 4:

H,C

hJ ^CH3
H,C" \

Problem 20.4 Complete the following electrophilic aromatic substitution reactions. Where you predict meta

substitution, show only the meta product. Where you predict ortho-para substitution, show both products.

O
ii

COCH3
o
II

COCH3

(a) ^ HNO3
^^^soT

+ H2O

The carboxymethyl group is meta directing and deactivating.
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(b) + HNO3
H2SO4 I

+H2O

The acetoxy group is ortho/para directing and activating.

Problem 20.5 Predict the major product(s) of each electrophihc aromatic substitution.

When there is more than one substituent on the ring, the predominant product is determined by
the more activating (less deactivating) substituent. In addition, steric hindrance precludes
reaction between two substituents that are meta with respect to each other.

Less
deactivating
(6>,p-directing)

SO,
HO3S

H2SO4

SO3H

COgH-

Less
deactivating
(w-directing) CO2H

HNO,

HpSO,
OoN

Problem 20,6 In 8^2 reactions of alkyl halides, the order of reactivity is RI > RBr > RCl > RF. Alkyl iodides are
considerably more reactive dian alkyl fluorides, often by factors as ^eat as 10^. All l-halo-2,4-dinitrobenzenes,
however, react at approximately the same rale in nucleophilic aromatic substitutions. Account for this difference
in relative reactivities.

Recall that the overall rate of a reaction is determined by the rate-limiting (slow) step. In an
Sn2 reaction, departure of the leaving group is involved in the rate-limiting step, thus the
nature of the leaving group influences the rate of the overall reaction. As shown in the text,
the mechanism of nucleophilic substitution with l-halo-2,4-dinitrobenzenes involves addition
to the ring to form a Meisenheimer complex. Since this is the rate-limiting step and departure
of the halide is not involved, the nature of the halogen has little influence on the overall rate
of the process.
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PRORrKMS
ElectroDhilic Aromatic Substitution: Monnsiii bstitution
Problem 20.7 Write a stepwise mechanism for each of the following reactions. Use curved arrows to show the

flow of electrons in each step.

CI

(a) + CI' AlCI. HCI

Chlorination of naphthalene in the presence of aluminum chloride is an example of
electrophilic aromatic substitution. It is shown in three steps.

Step 1: Activation of chlorine to form an electrophile.

01 CI

:CI—Ci: + AI-CI
I

01

:0I—OI-AI-OI
•• ••

I

01

Step 2: Reaction of the electrophile with the aromatic ring, a nucleophile.

Ok H

^ ?'.

+ :CI--OI-AI-CI
•• v^- I

01

A resonance stabilized

cation intermediate

Step 3: Proton transfer and reformation of the aromatic ring.

01

01

+ HOI + AI-CI
I

01

(b) / \ ^ CICH2CH2CH3 A^b_ / \ CH(CH3)j

The reaction of benzene with l-chloropropane in the presence of alummum chloride involves

initial formation of a complex between l-chloropropane and aluminum chloride, and its

rearrangement to an isopropyl cation. This cationic species is the electrophile that undergoes

further reaction with benzene.

Step 1: Formation of a complex between l-chloropropane (a Lewis base) and aluminum

chloride (a Lewis acid).

CI .
C'

CHjCHjCHjCi^^AI-CI =^=^ CHjCH^CHjCI-AI-CI

CI CI
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Step 2: Rearrangement to form an isopropyl cation.

H CI

CH3CHCH2C1-A1-C1 —^ CH3CHCH3 AICI4

CI

Step 3: Electrophilic attack on the aromatic ring.

+ CH3CHCH3 ^ / V
\=/ CH(CH3)2

Resonance-stabilized
cation intermediate

Step 4: Proton transfer to regenerate the aromatic ring.

-t^ u^^~^ CI .=v 9'

f X + :ci-AI-CI —--^ >-CH(CH3)2 +H-Ci:+ AI-CI

\=/ CH(CH3)2 ^' €> I

A

»3/2 ^
Qi

^^ ^ CI

(c) r\ . CH3ici J^lCk^ r\-lcH, * HCI

Friedel-Crafts acylation of furan involves electrophilic attack by an acylium ion.

Step 1: Formation of resonance-stabilized acylium ion.

O CI CI
II .. I + + .. I .

CH3—CCI: + AI-CI .-CH3—C=0:-—^CHg—CsO:+ :CI-AI-CI

^-^Cl CI

A resonance-stabilized acylium ion

Step 2: Reaction of acylium ion (an electrophile) and furan (a nucleophile).

O

Step 3: Proton transfer and regeneration of aromatic ring.

-O-
O CI

II •• I

CCHo + HCi:+ AI-CI
3 ..

,

CI
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,d) 2{~\ .CH,C,,^!2]3^fA-cH,Y^^ 2HCI

Formation of diphenylmethane involves two successive Friedel-Crafts alkylations.

Step 1:

CI

CICHj—ci: + AI-CI
I

CI

CICHj—CI-AI-CI
"

I

CI

Step 2:

f V + CICHo—CI-AI-(

C' /-\ H CI

\ / T CiCH2--CI-AI-CI .- \ X + :ci-AI-CI

Step 3:

+
CI

\=/ CH2CI •

^1

CI

^ A^—CH2CI +Hci:+AI-CI

CI

Formation of benzyl chloride completes the first Friedel-Crafts alkylation. This molecule then
is a reactant for the second Friedel-Crafts alkylation.

Step 1:

( VcH^-ci: + AI-CI ^=^ ( y-C^o + -QI-AI-

^ ^ CI ^—

^

CI
I

CI

Step 2:

QO^H, r\_/ H

=/ CH, r\

CI

CHj-f 7+ :Cj-AI-CI

CI

QCI
CH2-f V HCj- + AI-CI

CI
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Problem 20.8 Pyridine undergoes electrophilic aromatic substitution preferentially at the 3 position as illustrated

by the synthesis of 3-nitropyridine.

not pyridine, but its conjugate acid.

Note that, under these acidic conditions, the species undergoing nitration is

+ HNO3
H2SO4

300°C

3-Nitropyridine

Write resonance contributing structures for the intermediate formed by attack of NOj"*" at the 2, 3, and 4 positions

of the conjugate acid of pyridine. From examination of these intermediates, offer an explanation for preferential

nitration at die 3 position.

Pyridine is a base, and in the presence of a nitric acid-sulfuric acid mixture, it is protonated.

It is the protonated form that must be attacked by the electrophile NOi*^. For nitration at the
3-position, the additional positive charge in the cation intermediate may be delocalized on
three carbon atoms of the pyridine ring. None of the contributing structures, however, places
both positive charges on the same atom.

For nitration at the 4-position or the 2-position, the additional positive charge in the cation
intermediate is also delocalized on three atoms of the pyridine ring, but one of these
contributing structures has a charge of +2 on nitrogen. This situation is thus less stable than
that which occurs for nitration at the 3-position.

A very poor contributing
structure because it places a
charge of +2 on nitrogen

O2N
I

H

A very poor contributing
structure because it places a
charge of +2 on nitrogen
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Problem 20.9 Pyrrole undergoes electrophilic aromatic substitution preferentially at the 2 position as illustrated by
the synthesis of 2 nitropyirole.

N 5 C N NOo

Pyrrole 2-Nitropyrrole

Write resonance contributing structures for the intermediate formed by attack of N02"*" at the 2 and 3 positions of

pyrrole. From examination of these intermediates, offer an explanation for preferential nitration at the 2 position.

Pyrrole is nitrated under considerably milder conditions than pyridine. For nitration at the 2-

position, the positive charge on the cation intermediate is delocalized over three atoms of the

pyrrole ring whereas for nitration at the 3-position, it is delocalized over only two atoms. The
intermediate with the greater degree of delocalization of charge has a lower activation energy
for formation and hence it is formed at a faster rate.

//
->

N NO, N NO,NO

H

N
I

H

2 ^

H

N
I

H

Problem 20.10 Addition of m-xylene to the strongly acidic solvent HF/SbFs at -45° gives a new species, which

shows IH-NMR resonances at 5 2.88 (3H), 3.00 (3H), 4.67 (2H), 7.93 (1 H), 7.83 (IH), and 8.68 (IH).

Assign a structure to the species giving this spectrum.

The strong acid results in protonation of the aromatic ring to create a positively charged

species as shown below.

CH,

HoC

H^+^bF.
Zn-^^

SbF,

Problem 20. 11 Addition of r^rr-butylbenzene to the strongly acidic solvent HF/SbFs followed by aqueous work-

up gives benzene. Propose a mechanism for this dealkylation reaction.

A reasonable mechanism for this reaction involves protonation of the aromatic ring, followed

by heterolytic bond cleavage and release of the r«rr-butyl cation.
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Step 1:

CH,

CHo—C—CH

H* ^=^

Step 2:

CH3—C-CH3

CH,

Problem 20.12 What product do you predict from the reaction of SCI2 with benzene in the presence of AICI3?

What product results if diphenyl ether is treated with SCI2 and AICI3?

The Lewis acid, AICI3, facilitates departure of one of the chlorine atoms from SCI2, and the

resulting electrophile takes part in electrophilic aromatic substitution reaction to create the

-SCI derivative that then reacts again to create diphenyl sulfide. The diphenyl sulfide is

activated compared to benzene, so this will react further to generate a polymeric product as

shown.

+ SCI'
AlCI

SCI
AICI3

AICI3

If diphenyl ether were treated in a similar manner, the resulting polymeric species will have
alternating ether and thioether functions.

+ SCI.
AICI3

'n

Problem 20.13 Other groups besides H"*" can act as leaving groups in electrophilic aromatic substitution. One of
the best leaving groups is the trimethylsilyl group (Me3Si-). For example, treatment of Me3SiC5H5 with

CF3CO2D rapidly forms 1X^6^5. What are the properties of a silicon-carbon bond that allows you to predict this

kind of reactivity?

Based on simple electronegativities, the C-Si bond is polarized such that a partial positive
charge is on the Si atom. Furthermore, the heterolytic bond cleavage is facilitated because the
(CH)3Si+ cation is so stable.
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Disubstitution and Polvsuhstitiition

Prob>gm2QJ4 The following groups are ortho-para directors. Draw a contributing structure for the resonance-
stabilized aryl cation formed during electrophilic aromatic substitution that shows the role of each group in
stabilizing the intermediate by further delocalizing its positive charge.

O
(a) —OH

o*" :>o^-

(b) —0-CCH3

O
II

CCH,

(c) —N(CH3)2

H

=\ . .CH
=V

\
CH.

(d) —NHCCH3 (e) O
E. /^=\ /=T=\

[>0-r"' ;>CK3""H

Problem 20.15 Predict the major product or products fiom treatment of each compound with HNO3/H2SO4.

When there is more than one substituent on a ring, the predominant product is derived from
the orientation preference of the most activating substituent.

(a)

OCH

HNO.

H2SO4

OCH, OCH

(b)

(c)
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(d)
HNO.

H2SO4

Nitration occurs as shown above, because the ring without the nitro group is less deactivated
and reacts at the a-positions. The a-positions are more reactive, because in this case, none of
the contributing structures place the positive charge adjacent to the existing nitro group. For
example, the following five contributing structures can be drawn for the intermediate leading
to the first product.

H NO, NO2 H NO2 NO2 H NO2 NO2

A similar set of contributing structures drawn for reaction at the p-position includes one that
places the positive charge adjacent to the existing nitro group. This structure makes a
negligible contribution to the resonance hybrid, so the positive charge is less deiocalized and
this intermediate is less stable than that for a-position substitution.

positive charge
adjacent to nitro

group
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PrQ^lem 20,16 How do you account for the fact that N-phenylacetamide (acetanilide) is less reactive toward
electrophilic aromatic substitution than aniline?

Y y—NhCCH3

N-Phenylacetamide
(Acetanilide)

The unshared pair of electrons on the nitrogen atom of acetanilide is involved in a resonance
interaction with the carbonyl group of the amide, and, therefore, less available for
stabilization of an aryl cation intermediate compared to aniline.

Problem 20.17 The trifluoromethyl group is almost exclusively meta directing as shown in the following
example.

+ HNO3
H2SO4

+ H2O

Draw contributing structures for the cation intermediate formed during nitration. First assume para attack and then

meta attack. By reference to contributing structures you have drawn, accoimt for the fact that nitration is

essentially 100% in the meta position.

Following are contributing structures for meta and para attack of the electrophile. For meta
attack, three contributing structures can be drawn and all make approximately equal

contributions to the hybrid. Three contributing structures can also be drawn for ortho/para

attack, one of which places a positive charge on carbon bearing the trifluoromethyl group; this

structure makes only a negligible contribution to the hybrid. Thus, for meta attack, the

positive charge on the aryl cation intermediate can be delocalized almost equally over three

atoms of the ring giving this cation's formation a lower activation energy. For ortho/para

attack, the positive charge on the aryl cation intermediate is delocalized over only two carbons

of the ring, giving this cation's formation a higher activation energy.

meta attack:

5"

CF

ortho/para attack:

Adjacent positive

charges
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Adjacent positive

charges

Problem 20.18 Suggest a reason why the nitroso group, -N=0, is ortho-para directing although the nitro group,

-NO2, is meta directing.

Like other ortho-para directing groups, the -N=0 group has a lone pair of electrons that can
stabilize an adjacent positive charge of ortho or para attack via the resonance structures shown
below. Without a lone pair of electrons on nitrogen, the nitro group cannot take part in

similar stabilization. In fact, an adjacent positive charge is destabilized by the electron-

withdrawing nature of the nitro group.

or

ortho attack HE HE
para attack

Problem 20.19 Arrange the following in order of decreasing reactivity (fastest to slowest) toward electrophilic

aromatic substitution.

(a) r\
(A) (B)

O
li

OCCH. o-
o
II

COCH3 B>A>C

(C)

(b) / ^—NO2 / V-CO2H

(A) (B)

o
(C)

C>B>A

(c) ^ >-CH3 / \~CH2CI

(A) (B)

/ V-CHCig [a>B>C

(C)
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(d)

(A)

(e)

(A)

NH.

(B)

f Vnhcch.

(B)

(C)

OCH2CH3 C>A>B

(C)

o
II

CNHCH3 A>B>C

Problem 20.20 For each compound, indicate which group on the ring is the more strongly activating and then
draw the structural formula of the major product formed by nitration of the compound.

In the following structures, the more strongly activating group is circled and arrows show the
position(s) of nitration. Where both ortho and para nitration is possible, two arrows are
shown. A broken arrow shows a product formed in only negligible amounts.

OCH,

(a)

O
NH-C-CHg

(b)

CO2H CO2H

(c)

SO3H

(e) (f)

CO2H CO2H
NH-C-CH3

II "^

O

SO3H
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OCH.

(g)

COgH N, ^A^^^^^OOzH
(h)

Problem 20.21 The following molecules each contain two rings. Which ring in each undergoes electrophilic

aromatic substitution more readily? Draw the major product formed on nitration.

(a) O^"-^"^^
The nitrogen side of the amide group is more activating, so nitration produces the ortho/para
products on this ring.

NO2

Q^^NH^^ Q^^MH^^NO,

(b) V^^^ /
NO,

Phenyl groups are activating at the para position and therefore ortho/para directing. Note that
nitration takes place on the ring that does not already possess the nitro group. Furthermore,
nitration does not take place at the ortho position because of steric interactions between the
rings.

NO, NO,

(c)

\^//-\ //

0-"-"-0
The oxygen side of the ester is more activating, so ortho/para nitration takes place on this
ring.

NO2
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Problem 20,22 Reaction of phenol with acetone in the presence of an acid catalyst gives a compound known as
bisphenol A. Bisphenol A is used in the production of epoxy and polycarbonate resins. Propose a mechanism for
the formation of bisphenol A.

o
/~~\

" ^3P04

\
/~0H + CH3—C-CH3 .-

HO- r\
CH3

c OH HoO

CH3
—

Bisphenol A

The reaction begins by proton transfer from phosphoric acid to acetone to form its conjugate
acid which may be written as a hybrid of two contributing structures. The conjugate acid of
acetone is an electrophile and reacts with phenol at the para position by electrophilic aromatic
substitution to give 2-(4-hydroxy-phenyl)-2-propanoI. Protonation of the tertiary alcohol in
this molecule and departure of water gives a resonance-stabilized cation that reacts with a
second molecule of phenol to give bisphenol A.

Step 1:

:o:

CH,—C—CH.

V"
H3PO4 'v
~ ^ ^ • CH3—C

—

CH3

:0^
H

*- CH3—C—CH3

Step 2:

HO-
/^

H

CH3
I ..

C-O:

CH3
"

Step 3:

HO f~^

CH3
I ..

C-O:

H
CH,

H
(-H*)

HO- r\
CH3

C-O:

CH,
"

HO /^

?"i/ (-H2O)
HO r\

CHo u
I /"
C-O: +

CH,
H

CH3

I

C +
I

CH3
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Step 6:

Step 7:

Bisphenol A
Problem 20.23 2,6-Di-rerf-butyl-4-methylphenol, alternatively known as butylated hydroxytoluene (BHT), is

used as an antioxidant in foods to "retard spoilage" (See the box Radical Autoxidation, pp. 261-262). BHT is

synthesized industrially from 4-methylphenol (p-cresol) by reaction with 2-methylpropene in the presence of

phosphoric acid. Propose a mechanism for this reaction.

CH3

+ 2CH3-C=CH2

4-Methylphenol

(p-cresol)

OH
{CH3)3C I C{CH3)3

H3PO4. V 1— V
CH3

2,6-Di-rerf-butyl-4-methylphenol

"butylated hydroxytoluene"

(BHT)

The reaction involves an initial proton transfer from phosphoric acid to 2-methylpropene to
give an electrophilic tert-huiyX cation that then reacts with the aromatic ring ortho to the
strongly activating -OH group to form 2-r&r/-butyl-4-methyiphenol. A second electrophilic
aromatic substitution gives the Hnal product.

Step 1:

CH,

CH3-C=CH2 ^^zz^^^ CH3—C'

CH,

,C(CH3)3
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Step 4:

OH

U
CH,

OH

C(CH3)3 <^"3)3CsJi*:,^^C(CH3)3

Step 5:

(CH3)3C>, ^x!^ ^C(CH3)3
^ _ ^ .

^

(CH3)3C C(CH3)3

Problem 20.24 The insecticide DDT is prepared by the following route. Suggest a mechanism for this reaction.

The abbreviation DDT is derived from the common name dichlorodiphenyltrichloroethane.

" H2SO4 / \ I /^^
+ CI3CCH * CI { 7—C—\ /—CI + H2O2 CI<}

Chlorobenzene
Trichloro-

acetaldehyde

CCI3

DDT

\ /

Propose a mechanism that is highly analogous to that proposed for the formation of Bisphenol
A in Problem 20.22 above.

Step 1:

:0:
VH

CI,C-C—H ^'H*
''^

CI3C—C-H
I

CUC-C-H

Step 2:

+ + C-Q: *- CI- r"
CGI. H H

H
I ..

C-O:

CCI3 "
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Step 3:

CI-
/^

H
I ..

C-O:

H
ecu

H
(-H*)

CI / V_Lo:
CCI,

H

Step 4:

CI

Step 5

CI

/ V-l-i
H*

CCI3

H

H
CI r\ H

CI

H

CCI3 "

Sr«/? <J:

CI r\ I

"

c

CCI3

Step 7:

CI

. /
CI

H

r\ c

ecu

'. /
CI (-H*)

CI r\ H

ecu
DDT

Problem 20.25 Treatment of salicylaldehyde (2-hydroxybenzal(iehyde) with bromine in glacial acetic acid at 0°C
gives a compound of molecular formula C7H4Br202 which is used as a topical fungicide and antibacterial agent.

Propose a structural formula for this compound.

Since the -OH group is more activating, it will direct the two bromine atoms ortho and para to

give 3,5-dibromo-2-hydroxybenzaldehyde as the product.

Br.

CH3CO2H

2-Hydroxybenzaldehyde
(Salicylaldehyde)

3,5-Dibromo-2-hydroxybenzaldehyde
(3,5-Dibromosalicylaldehyde)

(C7H4Br202)
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Problem 20.26 Propose a synthesis for 3^-dibromo-2-hydroxybenzoic acid (3,5-dibromosalicylic acid) from
phenol. [Hint: Recall the Kolbecarboxylation of phenol (Section 19.5E)].

A Kolbe reaction followed by bromination in glacial acetic acid leads to 3,5-dibromo-2-
hydroxybenzoic acid.

O

COH

1. NaOH

2. CO2, H2O
3. H3O*

(Kolbe
synthesis)

OH Br2, CH3CO2H

3,5-Dibromo-2-hydroxybenzoic acid
(3,5-Dibromosalicylic acid)

Problem 20.27 Treatment of benzene with succinic anhydride in the presence of polyphosphoric acid gives the

following Y-ketoacid. Propose a mechanism for this reaction.

O O

b
^^3PQ4

^

^^^^^^^CHPOH

Succinic anhydride 4-Oxo-4-phenylbutanoic acid

Step 1.

H3PO4
:0*-H + H2PO4

Step 2:

:0-H
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Step 3:

Step 4:

(-H*) a
o o
II II

CCHjCHjCOH

Nucleophilic Aromatic Substitution

Problem 20.28 Following are the final steps in the synthesis of trifluralin B, a pre-emergent herbicide.

CoH .C,H:

N

(1)

NO,

CF.

(a) Account for the orientation of nitration in Step (1).

The trifluoromethyl group is strongly deactivating and meta directing (Problem 20.17).
Chlorine is weakly deactivating and ortho/para directing. In this case, orientation is

determined by chlorine, the weaker of the deactivating groups.

(b) Propose a mechanism for the substitution reaction in Step (2).

The second step of this transformation is an example of nucleophilic aromatic substitution. In
the following structural formulas, the propyl group of dipropylamine is abbreviated R.

NRj yO}

0,N

A Meisenheimer
complex
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Step 2:

OoN
Ck) NRj ^Q:

A Meisenheimer
complex

^3^7^ /C3H7
N

Trinuralin B

Syntheses
Problem 20.29 Show how to convert toluene to these compounds.

<"' \ /^'^"^ Tiiin^ \ /
Br2

hi

or heat

CHgBr + HBr

(b)

\ /
CH.

Br.

FeBr
Br

\ /
•CH3 + HBr

Problem 20.30 Show how to convert toluene to (a) 2,4-dinitrobenzoic acid and (b) 3,5-dinitrobenzoic acid.

Methyl is ortho/para directing. Therefore, toluene can be nitrated twice then oxidized with
chromic acid to convert the methyl group into the carboxyl group.

O

(a)

(b)

The reaction sequence is very similar to the last one, except now the order of the reactions is

reversed because the carboxylic acid group is a meta director.
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Problem 20.31 Show reagents and conditions to bring about the following conversions.

(a) CH3CI, AICl3^
I

H2Cr04

CO2H

CO2H

(b)

(1)

NaOH, then

di3Cn2B r

OCH2CH3

(c)

(d)

OCH.

HNO,

H2SO4

CH3CCI, AICI3

OCH

NO2
CH30"Na

CH3OH

CCH,

OCH.

02N
HN03 ^
H2S04

CCH3
II ^

(e)

Cn2Cn3

Br2, heat

CH=CH.

PrQt>lgm 20,32 Propose a synthesis of triphenylmethane from benzene as the only source of aromatic rings, and
any other necessary reagents.

Reaction of 3 mol benzene with 1 mol trichloromethane (chloroform) will give
triphenylmethane.
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AlCI

\ /
+ CHCI3

6
3HCI

Problgm 20,33 Propose a synthesis for each compound from the given starting material(s). Show all reagents
and products in each step of your syntheses.

O
II

CH3CH2CCI

AICI3

Zn(Hg), HCI
or

1. H2NNH2
2. KOH

CH3CH2CH2OH
K2Cr207, H2SO4

CH3CH2COH
II SOCI2

*- CH3CH2CCI

NHCCH2CH3

+ CH3CH2CCI

In the above synthesis scheme, the benzene ring is nitrated then chlorinated followed by

reduction with Fe/HCl to give the 3-chloroaniline. The 1-propanol Is converted to propanoic

acid then the acid chloride to get ready for the final step in which the 3-chloroaniline is treated

with propanoyl chloride to give the desired amide product.
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Problem 20.34 The first widely used herbicides for the control of weeds were 2,4-dichlorophenoxyacetic acid

(2,4-D) and 2,4,6-trichlorophenoxyacetic acid (2,4,6-T). Show how each might be synthesized from phenol and
chloroacetic acid by way of the given chlorinatal phenol intermediate.

Phenol 2,4-Dichlorophenol 2,4-Dichlorophenoxy-

acetic acid

(2,4-D)

1) NaOH, H2O
2) CICH2CO2H
3) HCI, H2O

,^f~V.

\ /

Phenol

(1)
OH -^—^ CI

CI ^ ^OCHzCOH

CI

01

OH -^-^^ CI ( V0CH2COH

2,4,6-Trichlorophenol

CI

2,4,6-Trichlorophenoxy-

acetic acid

(2,4,6-T)

CI

Ch CI2/CH2C02H
OH ^ CI

/ 1) NaOH, H2O
CICH2CO2H

CI

HCI, H2O
CI

CI ^ y-OCHgCOH

CI

PrQblgm 20.3^ Phenol is the starting material for the synthesis of 2,3,4,5,6-pentachlorophenol, known
alternatively as pentachlorophenol or more simply as "penta." At one time, penta was widely used as a wood
preservative for decks, siding, and outdoor wood fumimre. Draw the structural formula for pentachlorophenol
and describe its syndiesis from phenol.

"Penta" is synthesized industrially from phenol. Because the -OH group is strongly
activating, reaction of phenol with chlorine in a polar solvent such as acetic acid at room
temperature gives 2,4,6-trichIorophenol. Further chlorination of this intermediate gives
pentachlorophenol.
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2,4,6-Trichlorophenol 2,3,4,5,6-Pentachlorophenol

Problem 20.36 Starting with benzene, toluene, or phenol as the only sources of aromatic rings, show how to

synthesize the following. Assume in all syntheses that mixtures of ortho-para products can be separated into the

desired isomer.

(a) l-Bromo-3-nitrobenzene

Nitro is meta directing; bromine is ortho/para directing. Therefore, to have the two
substituents meta to each other, carry out nitration first followed by bromination.

Br 2 ,

FeBr-

Benzene Nitrobenzene l-Bromo-3-nitrobenzene

(b) l-Bromo-4-nitrobenzene

Reverse the order of steps from part (a). Nitro is meta directing; bromine is ortho-para

directing. Therefore, to have the two substituents para to each other, carry out bromination

flrst followed by nitration.

Br.

FeBrg

HNO,

H2SO4

Benzene Bromobenzene l-Bromo-4-nitrobenzene

(c) 2,4,6-Trinitrotoluene (TNT)

The methyl group is ortho/para directing. Therefore, nitrate toluene three successive times.

HNO.

H2SO4

Toluene

OoN

NO2
2,4,6-Trinitrotoluene
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(d) m-Chlorobenzoic acid

The carboxyl group and chlorine atom are meta to each other, an orientation best accomplished

by chlorination of benzoic acid (the carboxyl group is meta-directing). Oxidation of toluene

with chromic acid followed by acidification gives benzoic acid. Treatment of benzoic acid

with chlorine in the presence of ferric chloride gives the desired product.

Toluene

CO2H CO2H

H2Cr04

Benzoic acid 3-Chlorobenzoic acid

(e) p-Chlorobenzoic acid

Start with toluene. The methyl group is weakly activating and directs chlorination to the
ortho/para positions. Separate the desired para isomer and then oxidize the methyl group to a
carboxyl group using chromic acid.

CI

AICI3

CO2H

H2Cr04

Toluene

CI

4-Chlorotoluene

CI

4-Chlorobenzoic
acid

(f) p-Dichlorobenzene
,

Treatment of benzene with chlorine in the presence of aluminum chloride gives chlorobenzene.
The chlorine atom is ortho/para directing. Treatment with chlorine in the presence of
aluminum chloride a second time gives 1,4-dichlorobenzene.

CI 2-^
AICI3

CI

AICI3

Benzene Chlorobenzene p-Dichlorobenzene
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(g) m-Nitrobenzenesulfonic acid

Both the sulfonic acid group and the nitro group are meta directors. Therefore, the two
electrophilic aromatic substitution reactions may be carried out in either order. The sequence
shown is nitration followed by sulfonation.

HNO. SO.

H2SO4 »*55;^>^ H2SO4

Benzene Nitrobenzene

SO3H

m-Nitrobenzenesulfonic acid

Problem 20.37 3,5-Dibromo-4-hydroxybenzenesulfonic acid is used as a disinfectant. Propose a synthesis of

this compound from phenol.

SO3-^
H2S04

S03H S03H
3,5-Dibromo-4-hydroxy-

benzenesulfonic acid

Problem 20.38 3^-Dichloro-2-methoxybenzoic acid is used as a herbicide. Propose a synthesis of this

compound from salicyUc acid.

CO2H

0"Na*

CO2H
2 eq. NaOH

CH3CO2H

OCH.

C'-YX^C0-2Na*

V
1) 1 eq. CH3 I

2) H3O*

CO2H

3,5-Dichloro-2-methoxy-
benzoic acid

Note that in the methylation step, the methyl iodide could have reacted with either the

phenoxide or carboxylate groups. Recall that phenoxide is a stronger base, and thus, a

stronger nucleophile, so the product shown is the predominant one.
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Problem 20.39 The following compound used in perfumery has a violet-like scent. Propose a synthesis of this

compound from benzene.

O
II

CCHo(CH3)2CH—>v ^

4-Isopropylacetophen(Mie

The isopropyl group is weakly activating and ortho-para directing; the acetyl carbonyl group
of the acetyl group is deactivating and meta directing. Therefore, start with benzene, convert

it to isopropylbenzene (cumene) and then carry out a Friedel-Crafts acylation using acetyl

chloride in the presence of aluminum chloride. Alkylation of benzene can be accomplished
using a 2-halopropane, 2-propanol, or propene, each in the presence of an appropriate
catalyst.

AICI3
CfiH6"6

CfiH6"6

CH3CHCH3

CI

CH3CHCH3

OH

CgHg + CH3CH—CH2

CH(CH3)2
O
II

CH3CCI

CH(CH3)j

AlCI:

Isopropylbenzene
(Cumene) CCH,

O
4-Isopropyl-
acetophenone

Problem 20.40 Following is the structural formula of musk ambrette, a synthetic musk, essential in perfumes to

enhance and retain odor. Propose a synthesis of this compound from m-cresol (3-methylphenol).

CH3

OoN

CH
0H{ \h.

Both methyl and methoxyl groups are ortho/para directing. The methoxyl group is a
moderately strong o,p-directing group while the methyl group is only weakly 0,/7-directing.
Introduction of the isopropyl group by Friedel-Crafts alkylation gives a mixture of 4-

isopropyl-3-methoxytoluene and 2-isopropyl-5-methoxytoluene. Following separation of the
desired isomer, nitration both ortho and para to the methoxyl group gives the product.

CH,

1) NaOH, H2O

2) CH3I rS CM3Cn~~CM2

\^^K^ H2SO4
OCH, OCH,

.CH

CH3'^ ^CHj
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CH.

H2SO4 K^,

NO,

.CH

CH3/ 'CH3

Problem 20.41 Propose a synthesis of this compound starting from toluene and phenol.



654 Solutions Chapter 20: Aromatics 11

Problem 20.42 The World Health Organization estimates that the tropical disease schistosomiasis (bilharziasis)

affects between 180 and 200 million persons and, next to malaria, is tfie world's most serious parasitic infection in

humans. The disease is caused by blood flukes, small flatworms of the family Schistosomatidae, which live in

the blood vessels of humans and other mammals. Female blood flukes release from 300 to 3000 eggs daily into

the bloodstream. Those evacuated in the feces or urine into fresh water hatch to larvae, which find tiieir way to

host water snails, and develop further. The disease is most often contracted by humans from contaminated water
populated by snails that carry the worms. Symptoms of the disease range from cough and fever to liver, lung,

and brain damage. As one attack on this disease, the compound Bayluscide (niclosamide) has been developed to

kill infected water snails.

CO2H H2N

5-Chloro-2-hydroxy-

benzoic acid

2-Chloro-4-

nitroaniline

C—NH
O CI

Bayluscid

(Niclosamide)

CO2H

(a) Propose a synthesis of 5-chloro-2-hydroxybenzoic acid from salicylic acid.

The chlorine atom can be introduced para to the activating -OH group via reaction of salicylic
acid with CI2 in glacial acetic acid.

CO2H
CI

CH3CO2H

COoH

(b) Propose a synthesis of 2-chloro-4-nitroaniline from chlorobenzene. Note that aniline and substituted anilines
cannot be nitrated directly. Besides being a nitrating agent, nitric acid is also an oxidizing agent and destroys the
aromatic amine by oxidation. It is necessary, therefore, to protect the -NH2 group by reacting it first with acetic
anhydride to form an amide. Following nitration, the protecting acetyl group is removed by hydrolysis of the
amide.

A reasonable synthetic plan is shown below. Note that for the reduction of the first nitro
compound, Fe/HCI could have been used in place of Hi/Ni.
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HNO,

H2SO4
OoN

H2SO4 rw.-^

(c) What is the function of PCI3 in the final stage of this synthesis?

The PCI3 converts the carboxylic acid to an acid chloride, that then reacts with the amino
group to create the desired amide bond.
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CHAPTER 21: AMINES

SUMMARY OF REACTIONS

H) 5
N. V „ g Vt
\. 3
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Material X S

1
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E
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E

H e
a
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S

1

•c

8

1

e

i
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e

E
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i

n
u e
" Sa e
O-E

8
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Alkji Halides 21A
Azide 21.8B*

Amines 21B
21.8A

21C
21.6

21D
21.10

Cyclic 21

F

^Aminoakohols 21.9D

Primary Aliphatic 21F
Amines 21.9D

Primary Aromatic 21G 21H 211 21J 21K 21L
Amines 21.9E 21.9E 21.9E 21.9E 21.9E 21.9E

Quaternary Ammonium 21M
Hydroxides 21.10

Secondary Aliphatic 21N
Amines n.9c

Tertiary Amines
210
21.11

Tertiary Aromatic 21P
Amines 11.9B

Section in book that describes reaction.

REACTION 21A: ALKYLATION OF AZIDE ION TO PREPARE PRIMARY AMINES (Section
21. 8B)

—0—

X

K'^N
"

1^ _<i_,3 iUzi^
I

2)H20
•C—NH,

- Primary amines can be synthesized by alkylation of the azide ion, followed by reduction with

LiAIH4. *
- This strategy eliminates the problem of overalkylation that occurs with the alkylation of ammonia or amines.
- The azide ion can also be used to open epoxide rings, to produce |3-aminoalcohois after reduction.

REACTION 21B: ALKYLATION OF AMMONIA AND AMINES (Section 21.8A)

X"

—N— + —C-X ^ _Nt_c—

- Ammonia or amines can be alkylated with primary or secondary alkyl halides. Unfortunately, this

approach is not generally synthetically useful because mixtures of overalkylated products usually

result. The problem is that the initially alkylated product is also a good nucleophile and reacts further. *
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REACTION 21C: PROTONATION OF AMINES (Section 21.6)

H A

—N— + H-A ^ —N—

- Amines are bases due to the lone pair of electrons on nitrogen. *
- Aliphatic amines have pKb's near 4, which is slightly more basic than ammonia itself.

- Aromatic amines are much less basic, having pKb's near 9, because the nitrogen lone pair is conjugated

with the adjacent aromatic ring. Electron-withdrawing groups on the aromatic ring decrease base strength of

aromatic amines, and electron-donating groups increase base strength.

- Aromatic heterocyclic amines are less basic than non-aromatic heterocyclic amines, particularly if the

lone pair of electrons is part of the aromatic (4« + 2) pi electrons.

REACTION 21D: EXHAUSTIVE METHYLATION (Section 21.10)

—C'-N—H + CH3I —C'-N—CHo
I

I
I '

' H ' CH3

- Quaternary ammonium salts are produced when amines are treated with excess methyl iodide. *

REACTION 21E: p-AMINOALCOHOLS TREATED WITH NITROUS ACID UNDERGO
REARRANGEMENT (Section 21.9D)

OH

C'HgNHg + HNO2 ^

- Cyclic p-aminoalcohols react with nitrous acid to give ring-expanded cyclic ketones. This

process is referred to as the Tiffeneau-Demjanov reaction. *
- The mechanism of the reaction involves initial formation of a diazonium ion, that then undergoes ring

expansion through a concerted loss of N2 and rearrangement via a 1,2 shift to give a cation, which then

loses a proton to give the ring-expanded cyclic ketone.

REACTION 21F: REACTION OF PRIMARY ALIPHATIC AMINES WITH NITROUS ACID
(Section 21.9D)

y NaNOs, HCI
|

—C-NHp ^ —9* •" ^2

I
'

H H

- Treatment of primary amino groups with nitrous acid produces a number of products that are derived

from carbocation intermediates. * . ., u u ^ • 1

- The mechanism of this reaction involves initial formaUon of an yV-mtrosamme, which undergoes keio-enol

tautomerization to give a diazoUc acid. ProtonaUon and loss of water produces an unstable aliphauc

diazonium ion that loses N2 to give the carbocation intermediate.

- The carbocation intermediate can take part in a vaneiy of different reacuons such as subsutuuon. ehminauon.

rearrangement, or a combination thereof, to give muluple products.



658 Overview Chapter 21: Amines

REACTION 21G: SANDMEYER REACTION (Section 21.9E)

NaNOg, HOI CuX

X = CI, Br, CN

- A primary aromatic amine can be reacted with nitrous acid, followed by CuBr, CuCl, or CuCN to

produce an aryl bromide, chloride, or cyanide, respectively. This reaction is referred to as the

Sandmeyer reaction. *

REACTION 21H; FORMATION OF ARENEDIAZONIUM IONS (Section 21.9E)

NaNOg, HCI

- Primary aryl amines are converted to arenediazonium ions by treatment with nitrous acid. *
- Arenediazonium ions are important, because they can be converted to a large number of other aryl species by
treatment with various reagents. For example, see reactions 21G-21L. Thus, primary aromatic amino
groups can be replaced by other important functional groups via an arenediazonium intermediate.

REACTION 211: SCHIEMANN REACTION (Section 21.9E)

1) NaNOs, HCI

2) HBF4 *"

N2" BF4-

heat
+ N2 + BF3

- A primary aromatic amine can be reacted with nitrous acid, followed by HBF4 or NaBF4,to
produce an arenediazonium fluoroborate, which is converted to an aryl fluoride upon heating. This

process is referred to as the Schiemann reaction. *
- The Schiemann reaction is thought to involve an aryl cation intermediate.

REACTION 21J: TREATMENT OF AN ARENEDIAZONIUM ION WITH KI (Section 21.9E)

NaNOg, HCI
N,*

KI

A primary aromatic amine can be reacted with nitrous acid, followed by KI, to produce an aryl
iodide. *

REACTION 21K: REDUCTION OF AN ARYL DIAZONIUM ION WITH
HYPOPHOSPHOROUS ACID (Section 21.9E)

NaNOp, HCI

- A primary aromatic amine can be reacted with nitrous acid, followed by HjPOiito produce a product
in which the aryl amine function is replaced by hydrogen. *

- This reaction is useful for a variety of synthetic applications, especially when the amino group is desired to
control temporarily orientation or reactivity during electrophiUc aromatic substitution.
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REACTION 21L: CONVERSION OF A PRIMARY ARYL AMINE TO A PHENOL (Section
21.9E)

NaNOg, HCI

- Heating an aryl diazonium salt in water results in fonnation of a phenol. *
- An aryl cation intermediate is formed, that reacts with water to produce the phenol.

REACTION 21M: HOFMANN EXHAUSTIVE METHYLATION/ELIMINATION (Section
21.10)

II 1) CH3I I I I
^ OH" Heat \ / ^2©—C'-C-NHo —C'-C"-N—CHo C'=C" +

I I

2)AgO.H20
I I (Ih

^ ^ N(CH3)3

- Heating of a quaternary ammonium hydroxide results in formation of an alkene, water, and tertiary

amine. This reaction is referred to as the Hofmann elimination. *
- The quaternary ammonium hydroxide can be produced by treating a quaternary ammonium halide with AgO.
- The reaction follows Hofinann's rule, in that elimination occurs predominantly in the direction of the least

substituted carbon atom.

REACTION 21N: FORMATION OF A^-NITROSAMINES FROM SECONDARY AMINES
(Section 21.9C)

\^ V
/ \ / \

NH + HNOo N—N=0 + HgOV \(/ \ / \
- Aliphatic and aromatic secondary amines react with nitrous acid to produce A^-nitrosamines. *
- The reaction mechanism involves reaction of the lone pair of electrons on the amine nitrogen atom with the

nitrosyl cation to form a new niu-ogen-nitrogen bond. The resulting intermediate loses a proton to give the

final product.

- Many N-nitrosamines have been found to be carcinogenic.

REACTION 210: COPE ELIMINATION: PYROLYSIS OF A TERTIARY AMINE OXIDE
(Section 21.11)

_(l._(l.._f;j:LcH3
^^^^

^ /C"=C; ^ (CH3)2NOH

' ' CH3

- Heating an amine oxide with at least one p-hydrogen results in formauon of an alkene and an A^^-

dialkylhydroxylamine. This reaction is referred to as the Cope elimination. *
- The reaction mechanism is considered to be a concerted syn eliminauon, and liiUe selccuviiy is seen if more

than one alkene is possible. Since the u-ansiuon state involves the cyclic, planar now of six clecu-ons. this

reaction is said to have transition state aromaticity.
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REACTION 21P: NITROSATION OF TERTIARY AROMATIC AMINES (Section 21.9B)

/=\ 1)NaN02. HCI
(CH3)2N-\ } —^ (CHgjgN—\ >—N=0

\ / 2)NaOH.H20 \ /
- Tertiary aromatic amines react with nitrous acid to give nitrosation, primarily in the para position.*

- The reaction mechanism involves electrophilic aromatic substitution by the nitrosyl cation.

SUMMARY OF IMPORTANT CONCEPTS

21.0 OVERVIEW
• Nitrogen is the fourth most common element in organic molecules, and amines are the most common
functional group containing nitrogen. Amines have a lone pair of electrons on nitrogen, and their two most

important properties are that they are nucleophiUc and basic. *

21.1 STRUCTURE AND CLASSIFICATION
• Amines are derivatives of ammonia that have one or more of the hydrogens replaced with alkyl and/or

aryl groups. *
- Primary amines have one hydrogen of ammonia replaced by a carbon in the form of an alkyl or aryl

group.
- Secondary amines have two hydrogens of ammonia replaced by a carbon in the form of alkyl

and/or aryl groups.
- Tertiary amines have all three hydrogens of ammonia replaced by a carbon in the form of alkyl

and/or aryl groups.
- Quaternary ammonium ions have four alkyl and/or aryl groups attached to nitrogen, resulting in a
positively-charged species.

- Aliphatic amines have only alkyl groups bonded to nitrogen, while aromatic amines have at least

one aromatic ring bonded to the nitrogen atom.
- Heterocyclic amines have the nitrogen atom as part of a ring, and aromatic heterocyclic
amines have the nitrogen atom as part of an aromatic ring.

21.2 NOMENCLATURE
• Common names are derived by listing the alkyl groups attached to the nitrogen atom in alphabetical order,

followed by the suffix amine.
• In lUPAC names, amines are named analogous to the way alcohols are named, except the suffix e of the

parent chain is replaced by amine.
• lUPAC uses the common name aniline for derivatives of C6H5NH2, although certain common names are

retained for some substituted anilines such as toluidine and anisidine.
• Several common heterocycles retain their common names in TUPAC nomenclature as weiyncluding indole,
purine, quinoline, and isoquinoline.

21.3 CHIRALITY OF AMINES AND QUATERNARY AMMONIUM SALTS
• Secondary or tertiary amines with three different groups attached are chiral, but they cannot usually
be resolved, because at room temperature, they undergo a process called pyramidal inversion that
interconverts the two enantiomers. On the other hand, quatemary ammonium salts cannot undergo pyramidal
inversion, so they can be resolved. *

21.4 PHYSICAL PROPERTIES
• Amines are polar compounds, and primary or secondary amines can make intramolecular
hydrogen bonds. As a result, amines have higher melting and boiling points than analogous
hydrocarbons. Since they can take part in hydrogen bonding, they are also more soluble in water than
their hydrocarbon counterparts.

21.5 SPECTROSCOPIC PROPERTIES
• Mass spectrometry can be useful for identifying amines, because molecules with an odd number of
nitrogen atoms have an odd mass number. Tliis can be used to assign a molecular formula, since
molecules containing C, H, and O will always have an even mass number. Furthermore, aliphatic amines
undergo a characteristic p-cleavage reaction, usually so that the largest R group is lost. *
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• In iH NMR spectra, an amine hydrogen usually is a singlet because of rapid intermolecular exchange. The
signal appears in the region 6 J to 6 5.0, depending on the conditions of the experiment. Hydrogens on
the a-carbon usually occur in the region 5 2.2 to 5 2.8. In i^c NMR spectra, carbon atoms bound to

amine nitrogen atoms are deshielded by about 20 ppm compared to where they would be in an
analogous hydrocarbon. *

• Primary and secondary amines have two and one N-H stretching vibrations, respectively, in the

region of 3300 to 3500 cm-i of infrared spectra. Tertiary amines have no N-H stretching vibrations in

infrared spectra. *

21.6 BASICITY
• Amines are weak bases, so aqueous solutions of amines are basic. The lone pair of electrons on
nitrogen forms a new bond with a hydrogen of water, producing the ammonium species and
hydroxide. This equilibrium is often described by Kb, that is defined by the following equation:

_ [RjNH'^IOH"]

[R3N]

where R is an alkyl group, aryl group, or hydrogen. *
- The pKb of an amine is equal to the -log Kb.
- The pKa of the conjugate acid of an amine is related to the pKb by the following equation:

pK^ + pKt, =14.00

In general, any group attached to the nitrogen of an amine that releases electron density increases

basicity, while any group that withdraws electron density decreases basicity.

The basicity of amines and the water solubility of ammonium salts in water can be used to separate

amines from water-insoluble, non-basic compounds.

K, = K^[H20] =
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CHAPTER 21
Solutions to the Problems

Problem 21.1 Identify all carbon stereocenters in coniine, nicotine, and cocaine.

H
Coniine

N
/
CH,

>^0-C-C«H

-OCH3

O

Nicotine

Problem 21.2 Write structural formulas for these amines,

(a) 2-Methyl-l-propanamine (b) Cyclohexanamine

H

Cocaine

(c) (R)-2-Butanamine

CH3

I

CH3CHCH2NH2 a CH,
H

'>'..

NHr

Problem 21.3 Write structural formulas for these amines,
(a) Isobutylamine (b) Triphenylamine

CH3

CH3CHCH2NH2

0^1"^

CH3CH2^

(c) Diisopropylamine

HN-CH(CH3)2

CH(CH3)2

Problem 21.4 Write lUPAC and, where possible, common names for these amines.

CO2H

(b) H2NCH2CH2CH2CO2H(a) 3 ^^^^NHg

(R)-2-AininopropanGic acid
(R-Alanine)

(c) (CH3)3CCH2NH2

2,2-Diniethylpropananiine
(Neopentylamine)

4-Aminobutanoic acid

(y-Aminobutyric acid)
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Problem 21.5 Select the stronger acid from each pair of compounds.

(a) OoN NHo* or CH. NHg^

(A) (B)

4-NitroaniIine (pKb 13.0) is a weaker base than 4-methylaniIine (pKb 8.92). The decreased
basicity of 4-nitroaniline is due to the electron-withdrawing effect of the para nitro group.
Because 4-nitroaniline is the weaker base, its conjugate acid (A) is the stronger acid.

(b)

\ /
NH or ONH,

(C) (D)

Pyridine (pKb 8.75) is a much weaker base than cyclohexanamine (pKb 3.34). The lone pair

of electrons in the sp^ orbital on the nitrogen atom of pyridine (C) has more s character, so

these electrons are less available for binding to a proton. Because pyridine is a weaker base,

its conjugate acid, (C), is the stronger acid

Problem 21.6 Complete each acid-base reaction and name the salt formed.

(a) (CH3CH2)3N + HCI (CH3CH2)3NH* CT
Triethylammonium chloride

(b) Qn-h CH3C02H ( N + CH3CO2

Piperidinium acetate

Problem 21.7 Following are structural formulas for propanoic acid and the conjugate acids of isopropylamine and

alanine, along with pKa values for each functional group:

pKa 4.78

\ pKa 2.35
pKa 10.78 O 1 O

Cn3CrlCH3

NH3-^

Conjugate acid of

isopropylamine

° )

CH3CH2COH^

Propanoic acid

CHaCHCOI-r-^pKa 9.87

NH3-

Conjugate acid

of alanine

(a) How do you account for the fact that the -NHj-*- group of the conjugate acid of alanine is a stronger acid than

the -NH3"*" group of the conjugate acid of isopropylamine?

The electron-withdrawing properties of the carboxyl group adjacent to the amine of alanine

make the conjugate acid of alanine more acidic than the conjugate acid of isopropylamine.

(b) How do you account for the fact that the -CO2H group of the conjugate acid of alanine is a stronger acid than

the -CO2H group of propanoic acid?

The -NH3+ group is electron-withdrawing, so the adjacent -COjH group is made more acidic

by an inductive effect. This situation is analogous to the electron-withdrawing effects of

halogens adjacent to carboxylic acids in molecules such as chloroacetic acid, which has a pK.

of 2.86.
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In addition, deprotonation of the carboxylic acid function of alanine results in formation of an
overall neutral zwitterion. Thus, the carboxylate form of alanine can be thought of as being
neutralized by the adjacent positively-charged ammonium ion.

Problem 21.8 In what way(s) might the results of the separation and purification procedure outlined in Example
21.8 be different if

(a) Aqueous NaOH is used in place of aqueous NaHCOs?

If NaOH is used in place of aqueous NaHCOa, then the phenol will be deprotonated along
with the carboxylic acid, so they will be isolated together in fraction A.

(b) The starting mixture contains an aromatic amine, ArNH2, rather than an aliphatic amine, RNH2?

If the starting mixture contains an aromatic amine, ArNHi, rather than an aliphatic amine,
RNH2, then the results will be the same. The aromatic amine will still be protonated by the
HCI wash, and deprotonated by the NaOH treatment.

Problem 21.9 Show how to bring about each conversion in good yield. In addition to the given starting material,
use any other reagents as necessary.

(a)

OCH.

NCCHgCHgOH).

OCH.

2 CHj-^CHj

OCH,

aN(CH2CH20H)2

OCH,

(b)

\ /
A

CH2"~CH'

A

OH

\^ h—CHCH2N(CH2CH3)2

\^ /)
—CH2-CH2 + HN(CH2CH3)2

OH

^ \ /—CHCH2N(CH2CH3)2

Problem 21.10 How might you bring about this conversion?

O

The synthesis begins with an aldol reaction using nitromethane, followed by reduction to give
a p-ammoalcohol that then undergoes the ring expansion reaction.
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HO. CHjNHj

CH3NO2, KOH

ethanol

Problem 21.11 Show how to convert toluene to 3-hydroxybenzoic acid using the same set of reactions as in

Example 21.1 1, but changing the order in which some of the steps are carried out

COjH

(1)

CO2H COjH COjH

(2)

The key to this question is that the methyl group is converted to a meta-directing carboxyl
group before the nitration reaction. This leads to the desired product with the hydroxy group
in the 3 position.

Step 1: Oxidation at a benzylic carbon (Section 19.6A) can be brought about using chromic
acid to give benzoic acid.

Step 2: Nitration of the aromatic ring using HNO3 in H2SO4. The meta-directing carboxyl
group gives predominantly the desired 3-nitrobenzoic acid product.

Step 3: Reduction of the nitro group to 3-aminobenzoic acid can be brought about using H2 in

the presence of Ni or other transition metal catalyst. Alternatively, it can be brought about
using Zn, Sn, or Fe metal in aqueous HCI.
Step 4: Reaction of the aromatic amine with HNO2 followed by heating gives 3-

hydroxybenzoic acid.

Problem 21.12 Starting with 3-nitroaniline, show how to prepare the following compounds.

(a) 3-Nitrophenol ,^-''-' ""

NaNOz, H2SO4
H2O
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(b) 3-Bromoanilme

(c) l,3-Dihydroxybenzene(resorcinol)

(d) 3-Fluoroaniline

NH.

1) NaNOz, HCI

2) HBF4

N2*BF4

(e) 3-Fluorophenol

1) NaNOg, HC I

2) HBF4
NO2

N2*BF4

NaNOz, HCI

(f) 3-Hydroxybenzonitrile
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OH OH OH

NaNOj, HCI frS CuCN, heat

Problem 21.13 The procedure of methylation of an amine and themial decomposition of quaternary ammonium
hydroxides was first reported by Hofmann in 1851, but its value as a means of structure determination was not
appreciated until 1881 when he published a report of its use in determining the structure of piperidine. Following
are the results obtained by Hofmann:

1

.

CH3I (excess), K2CO3 4. CH3I (excess), K2CO3
2. AQ2O, H2O 5. AgpO, HpO

C5H11N -—

—

^ C7H15N ——^ CH2=CHCH2CH=CH2
. . 3. heat 'l'[ 6. heat

^ ^ ^

Pipendme (A) 1 ,4-Pentadiene

(a) Show that these results are consistent with the structure of piperidine (Section 21.1).

As shown below, the structure of piperidine is consistent with the formulas given, as well as
the final product.

1. CH3I (excess) ^--"^^ 4. CH3I (excess)

2. AgoO, HoO f I
5. AgjO, HgO

^^—^—

=

I
— = CH2=CHCH2CH=CH2

3. heat ..^ 6. heat
^

I CH3/ CH3
H

(A)

(b) Propose two additional structural formulas (excluding stereoisomers) for C5H11N that are also consistent with

the results obtained by Hofmann.

The following two molecules also have structures that are consistent with the formulas given,

as well as the final product. Remember that in Hofmann eliminations, the least substituted

alkene is formed predominantly.

ex.
N '^"^

H

Problem 21.14 In Example 21.14, you considered the product of Cope elimination from the (2R, 3S)

stereoisomer of 2-dimethylamino-3-phenylbutane. What is the product of Cope elimination from each of these

stereoisomers? What is the product of Hofmann elimination from each of these stereoisomers?

(a) (2S, 3R) stereoisomer?

1. H9O9 CHo/. .^^CHg^ K VC=C: ' + (CH3)2NOH
2. heat CgHj^ H

(E)-2.Phenyl-2-butene
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(b) (2S, 3S) Stereoisomer?

I .PH3

'3-^c—c:

"
( 2 s

-^ ^ J^*C=C*: ' + (CH3)2NOH
N(CH3)2 2. heat CH3^ ^H

(Z)-2-Phenyl-2-butene

PROBLEMS
Structure and Nomenclature
Problem 21.15 Draw structural fonnulas for these amines and amine derivatives.

(a) N^-Dimethylaniline (b) Triethylamine

'=\ ^CHs

O-^- CH,

CH3CH2x^^CHjCHj

I

CH2CH3

(c) ferf-Butylamine

CH3

CH3—C—NH2

CH3

(e) 4-Aminobutanoic acid

H2NCH2CH2CH2CO2H

(g) Benzylamine

aCH2NH2

(i) l-Phenyl-2-propanamine (amphetamine)

a
NHo
I

CH2CHCH3

(d) 1,4-Benzenediamine

NH NK

(0 (R)-2-Butanamine

NH2
H-^';

CH3CH2 /̂
C-CH3

(h) /ran.s-2-Aminocyclohexanol

...OH

^"•>^NH,

(j) Lithium diisopropylamide (LDA)

IH-LV
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(k) Benzyltrimethylammonium hydroxide (Triton B)

CH.

Problem 21.16 Give an acceptable name for these compounds.

(a)
(b)

OCH<

CH2NH2

OH

OCH3
3,4-Diinethoxy aniline

(c)

1-Aminonaphthalene

1-AminomethyIcyclohexanoI

(d) CH3NH(CH2)2CH3

Methylpropylamine

Ch' (f) Ng-'CI

Benzenediazonium chloride

(h)

CO2H

(e) <\ /)—NHa^CI

Aniline hydrochloride

NHo
I

CH3

(R)-2-Aminohexane 3-Pyridinecarboxylic acid

Problem 21.17 Classify each amine as primary, secondary, or tertiary; as aliphatic or aromatic.

CH2CH2NH2-* Primary aliphatic amine

Heterocyclic aromatic amine

Serotonin
(a neurotransmitter)
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Primary aromatic amine

(b) H2N
\ /

O
II

COCH2CH3

Benzocaine
(a topical anesthetic)

CH3 |-
NHCH(CH2)3N(C2H5)2

Tertiary aliphatic amine

(c)

Chloroquine

(for treatment of malaria)

Secondary aromatic amine

Heterocyclic aromatic amine

Problem 21.18 Epinephrine is a hormone secreted by the adrenal medulla. Among its actions, it is a

bronchodilator. Salbutamol, sold as the R enantiomer, is one of the most effective and widely prescribed

antiasthma drugs. The R enantiomer is 68 times more effective in the treatment of asthma than the S enantiomer.

Secondary aliphatic amine Secondary aliphatic amine

HO^M
I Epinephrine

OH (Adrenaline)

H .OH

CHoOH (

CH2NHC(CH3)3

(R)-Salbutamol

(Proventil, an antiasthma drug)

(a) Classify each as a primary, secondary, or tertiary amine.
(b) Compare the similarities and differences between their structural formulas.

The parts of the molecules that are identical are indicated in bold on the above structures. As
far as differences are concerned, epinephrine possesses a second hydroxyl group on the
aromatic ring and a methyl group on the amine, while (R)-salbutamol has a hydroxymethyl on
the ring and a /err-butyl group on the amine.

Problem 21.19 Draw the structural formula for a compound of the given molecular formula,
a) A T arylamine, C7H9N (b) A 3° arylamine, CgHnNONHCH3 oN(CH3)j

(c) A 1° aliphatic amine, C7H9N

O-CH2NH2

(d) A chiral 1° amine, C4H11N

CH3
I

^

CH3CH2CHNH2
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(e) A 3° heterocyclic amine, CeHuN (f) A trisubstituted 1° arylamine, C9H13N

e-
CH3

(Other isomers are possible)

(g) A chiral quaternary ammonium salt, CeHi^NCl

There are two answers to this question.

CH2CH3CH2CH3

H,C—N—H CI

CH2CH2CH3

H3C-N-H cr
CH

H3C '^CH3

Problem 21.20 Morphine and its 0-methylated derivative, codeine, are among the most effective pain killers

known. However, they possess two serious drawbacks: they are addictive, and repeated use induces a tolerance

to the drug. Increasingly larger doses become necessary, which can lead to respiratory arrest. Many morphine
analogs have been prepared in an effort to find drugs that are equally effective as pain killers but that have less risk

of physical dependence and potential for abuse. Following are structural formulas for pentazocine (one-third the

potency of codeine), meperidine (one-half the potency of morphine), and dextropropoxyphene (one-half the

potency of codeine). Methadone, with a potency equal to that of morphine, is used to treat opiate withdrawal

symptoms in heroin abusers.

(CH3)2C=CHCH2^'^

R = H; Morphine

R = CH3; Codeine

Pentazocine

(Talwin)

HaC'N

Dextropropoxyphene
(Darvon)

Meperidine

(Demerol) Methadone
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(a) List the structural features common to each of these molecules.

Each of the above molecules contains a tertiary amine and a phenyl ring that is three sp^
carbons away from the nitrogen atom of the amine.

(b) The Beckett-Casy rules are a set of empirical rules to predict the structure of molecules that bind to morphine
receptors and act as analgesics. According to these rules, to provide an effective morphine-like analgesia, a
molecule must have (1) an aromatic ring attached to (2) a quatemary carbon and (3) a nitrogen at a distance equal
to two carbon-carbon single bond lengths from the quatemary center. Show that these structural requirements are
present in the molecules given in this problem.

By inspection of the structures, it can be seen that all of these three structural requirements
are present in the molecules mentioned in this problem.

Snectroscopv
Problem 21,21 Account for the formation of the base peaks in these mass spectra,
(a) Isobutylmethylamine, miz AA

I

CH,

.CH.

Isobutylmethylamine mIz = 44

As shown above, the peak at mfz = 44 is the result of the characteristic p -cleavage reaction
otten observed as the base peak in the mass spectra of amines.

(b) Diethylamine, mIz 58

HgC N
H

'CH, H,C
,J.CH,

Diethylamine

H
m/z = 58

As shown above, the peak at m/z = 58 is the result of the characteristic p-cleavage reaction
often observed as the base peak in the mass spectra of amines.

Problem 21.22 Propose a structural formula for compound (A), molecular formula CcH,, N given its IR and
^H-NMR spectra.

Micrometers

1800 1600 1400 1200

Wavenumber (cm-')
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If

CsHjjN

Compound A r

2H ^__________--^

'

2H 1

10 9 8 7 6 5 4

Chemical Shift (5)

0.86

CH3
0.86 i

2.40 1.05

H3CCCH2NH2
|o.8<

CH3
Compound A

l-Amino-2,2-diinethylpropane
(Neopentyiamine)

The presence of two absorptions near 3300 to 3400 cm-i in the IR spectrum indicate that

compound A is a primary amine. Furthermore, in the ^H-NMR, there are two sharp singlets at

6 0.86 and 6 2.40 integrating to 9H and 2H, respectively. The above structure is consistent

with the index of hydrogen deficiency of zero, since there are no rings or pi bonds.

Basicity of Amines
Problem 21.23 Select the stronger base from each pair of compounds.

ppm

or

NH
II

H2NCNH2

(e) r^NH or r^NH (f) f(CH3CH2CH2)3Nj or {^\-U{Oy^,)^
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Problem 21.24 The pKa of morpholine is 8.33.

O N. +

Morpholinium ion

:i^ O + HoO^ pKg= 8.33

Morpholine

(a) Calculate the ratio of morpholine to morpholinium ion in aqueous solution at pH 7.0.

^ [Morpholine][H^] _^^-8.33 At pH 7.0 [H^] = 10
* [Morpholinium Ion]

-7

[Morpholine] 10
-8.33

10
-8.33

[Morpholinium Ion] [H^] 10
-- = 7n = 10"^-^^ = 0.047

(b) At what pH are the concentrations of morphoUne and morpholiniimi ion equal?

The concentrations of morpholine and morpholinium ion will be equal when the pKa is equal

to the pH, namely at pH 8.33.

Problem 21.25 Which of the two nitrogens in pyridoxamine (a form of vitamin 65) is the stronger base? Explain

your reasoning.

More basic site

The nitrogen atom of the primary amine is more basic than the pyridine nitrogen atom. This is

because the primary amine nitrogen atom is sp^ hybridized, while the pyridine nitrogen is sp^

hybridized. The sp^ hybridized nitrogen atom has a greater percentage s character, so the
electrons are less available for interactions with protons.

Problem 21.26 Epibatidine, a colorless oil isolated from the skin of the Ecuadorian poison frog Epipedobates
tricolor has several times the analgesic potency of morphine. It is the first chlorine-containing, nonopioid
(nonopium-like in structure) analgesic ever isolated from a natural source. (See The Merck Index, 12th ed., #
3647.)

More basic site

Epibatidine

(a) Which of the two nitrogen atoms of epibatidine is the more basic?

The nitrogen atom of the secondary amine is more basic than the pyridine nitrogen atom. This
IS because the secondary amine nitrogen atom is sp^ hybridized, while the pyridine nitrogen is

sp2 hybridized. The sp^ hybridized nitrogen atom has a greater percentage s character, so the
electrons are held tighter and are less available for interactions with protons.
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(b) Mark all slereocenters in this molecule.

The three stereocenters are marked with an asterisk (*).

Prplplem 21.27 Aniline (pK^ 9.37) is a considerably stronger base than diphenylamine (pK,, 13.21).
Conversely, diphenylammonium ion is a considerably stronger acid (pK^ 0.79) than anilinium ion (pK^ 4.63).
Account for these marked differences in acidity/basicity.

C6H5NH2
Aniline

{pKa ^.63; pKf, 9.37)

(C6H5)2NH
Diphenylamine

(p/Ta 0.79; pA:^, 13.21)

The diphenylamine is a weaker base because the nitrogen lone pair is delocalized by
interaction with the pi system of both aromatic rings, as opposed to aniline in which the lone
pair on nitrogen is only delocalized by interaction with a single aromatic ring. This
delocalization and thus stabilization cannot take place when the amine is protonated. Thus,
the diphenylammonium ion is a stronger acid because loss of the proton results in greater
resonance stabilization (delocalization into two aromatic rings instead of one).

Problem 21.28 Complete the following acid-base reactions and predict the direction of equilibrium (to the right or

to the left) for each. Justify your prediction by citing values of pKg for the stronger and weaker acid in each

equilibrium. For values of acid ionization constants, consult Table 3.1 (Su^engths of Some Inorganic and Organic
Acids), Table 10.2 (Acidity of Alkanes, Alkenes, and Alkynes), Table 9.3 (Acidity of Alcohols), Section 19.5B

(Acidity of Phenols), Table 21.2 (Base Strengths of Amines), and Appendix 2 (Acid Ionization Constants for the

Major Classes of Organic Acids). Where no ionization constants are given, make the best estimate from the

information given in the reference tables and sections.

In all cases, the equilibrium favors formation of the weaker acid (higher pKa) and weaker base
(higher pKb). Recall that pKa + pA^* = 14 for any conjugate acid-base pair.

(a)
CH3COH

Acetic acid

pKa 4.76

Pyridine

pKt 8.75

CH3CO-

pKb 9.24

Equilibrium lies to the right, since the acetate anion and pyridinium ion are the weaker acid

and base, respectively.

(b)

Phenol

pKa 9.95

+ (CH3CH2)3N z;;=^

Triethylamine

pKt 3.25 pA:* 4.05

+ (CH3CH2)3NH*

pA'a 10.75

Equilibrium lies to the right, since the phenoxide anion and the triethylammonium species are

the weaker base and acid, respectively.
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(c) PhC=CH + NH3 -;r-^ PhC=C" + NH4*

Phenylacetylene Ammonia
pKa -25 pKb 4.74 p^* --11 pKa 9.26

Equilibrium lies to the left, since the alkyne and the ammonia are the weaker acid and base,

respectively.

(d) PhC=CH + [(CH3)2CH]2hrLr ^-^ PhC=C"Lr + [(CH3)2CH]2NH

Phenylacetylene Lithium

diisopropylamide

(LDA)
pKa -25 pKb --19 pKt --11 pKa -33

Equilibrium lies to the right, since the alkyne anion and the amine are the weaker base and
acid, respectively.

(e) PhCX)'Na-' + (CH3CH2)3NH" CI :^=:^ PhCOH + (CH3CH2)3N + NaCI

Sodium Triethylammonium
benzoate chloride

p^* 9.81 pKa 10.75 pKa 4.19 pKt 3.25

Equilibrium lies to the left, since the carboxylate anion and the ammonium ion are the weaker
base and acid, respectively.

HO O HO O
I II I II

(f) PhCHgCHNHg + CH3CHCOH ^-^ PhCH2CHNH3* + CH3CHCO-

CH3 CH3

l-Phenyl-2-propanamine 2-Hydroxy-
(Ainphetamine) propanoic acid

(lactic acid)

pKb -3 pKa 3.08 pKa -11 pKb 9.92

Equilibrium lies to the right, since the ammonium ion and the carboxylate ion are the weaker
acid and base, respectively.

(g) PhCHgCHNHg^ Cr + NaHC03 "t-^ PhCH2CHNH2 + H2CO3 + NaCI

CH3 CH3

Amphetamine Sodium
hydrochloride bicarbonate

pKa -11 pKt 7.63 pKt -3 pKa 6.36

Equilibrium lies to the left, since the ammonium ion and the bicarbonate ion are the weaker
acid and base, respectively.
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(^) 4 >—OH + (CH3)4N*OH-:=^ /~j>—0-(CH3)4N* + H^O

Phenol Tetramethylammonium
hydroxide

pKa 9.95 pKt -1.7 pKt 4.05 pKa 15.7

Equilibrium lies to the right, since phenoxide and water are the weaker base and acid,
respectively.

Problem 21.29 Quinuclidine and trielhylamine are both tertiary amines. Quinuclidine, however, is a considerably
stronger base than triethylamine. Stated alternatively, the conjugate acid of quinuclidine is a considerably weaker
acid than the conjugate acid of triethylamine. Propose an explanation for these differences in acidity/basicity.

(Hint: The answer hes in the ease with which each anmionium ion can be solvated.)

y V ^CHgCHg

:N^^x-^ •VCH2CH3
\ / CH2CH3

Quinuclidine Triethylamine

(pK^ 10.6) (pA:^ 8.6)

The ammonium ion of the protonated form of quinuclidine is more compact than that of
triethylamine since the alkyl groups are "tied back"; thus the ammonium ion of protonated
quinuclidine is solvated better. For this reason, the ammonium ion of quinuclidine is a
weaker acid, so quinuclidine is a stronger base.

Problem 21.30 Suppose you have a mixture of these three compounds. Devise a chemical procedure based on
their relative acidity or basicity to separate and isolate each in pure form.

H3C—/
y
—NO2 H3C—/ ^—NH2 H3C

4- Nitrotoluene 4-Methylaniline 4-Methylphenol

(p-Nitrotoluene) (p-Toluidine) (^-Cresol)

These molecules can be separated by extraction into different aqueous solutions. First, the

mixture is dissolved in an organic solvent such as ether in which all three compounds are

soluble. Then, the ether solution is extracted with dilute aqueous HCl. Under these

conditions, 4-methylaniline (a weak base) is converted to its protonated form and dissolves in

the aqueous solution. The aqueous solution is separated, treated with dilute NaOH, and the

water-insoluble 4-methylaniline separates, and is recovered. The ether solution containing the

other two components is then treated with dilute aqueous NaOH. Under these conditions, 4-

methylphenol (a weak acid) is converted to its phenoxide ion and dissolves in the aqueous

solution. Acidification of this aqueous solution with dilute HCl forms water-insoluble 4-

methylphenol that is then isolated. Evaporation of the remaining ether solution gives the 4-

nitrotoluene, which is neither acidic or basic.

Preparation of Amines
Problem 21.31 Propose a synthesis of 1-hexanamine from the followmg:

(a) A bromoalkane of six carbon atoms

CH3(CH2)4CH2Br + excess NH3 ^ CH3(CH2)5NH2

or

K*N3' 1) LIAIH4
CH3(CH2)4CH2Br CH3(CH2)5N3

2) H2O
" CH3(CH2)5NH2
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(b) A bromoalkane of five carbon atoms

KCN 1) LiAiH4
CH3(CH2)3CH2Br ^ CH3(CH2)4CN

^^ „ O
CH3(CH2)5NH2

or

1) Mg/ether 1) SOCI2
CH3(CH2)3CH2Br —— ^ CH3(CH2)4C02H —— ^

^) UU2 2) Nn3
3) H3O*

CH3(CH2)4CNH2
II

„'~!^'"^ CH3(CH2)5NH2

Problem 21.32 Show how to convert each starting material into 4-methoxybenzylamine in good yield.

/~\ ?\ NH3 /~\ T' H2/N1
(a) CH3O—/ ^CH

^^^^Q^*
" CH3O—f '^)—CH

CH,0—(v /)

—

CH2NH2
\ /

r-\ V NaOH
^"30-h( )^CH2NH2

O—f ^—CHoNHCCHo «- ^^

—

y(b) CH3O—^ J—CH2NHCCH3

+ CH,CO Na*

/~~\
?\ Brg, NaOH CH3O—^ >—CH2NH2

(c) CH3O—{ }—CHPNH2 ^^—

^

\ / (Hofmann
Rearrang.) + CO2

^ \ _ excess NH3
(d) CH3O—^ >—CH2CI ^ CH3O—(v >—CH2NH2

\ /
or

CH3O-/ \-CH2CI 2"
Ji^iH^

CH3O—^ y—CHjNHj
^'='

3. HjO
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(e, CH30^n^CO,CH,CH3 Jl^ CH3O-/ VCNH, ^^'"^

CH5O
\ /

CHjNHj

(f) CHgO- r\ 1. socu / \
CNH.

1. LiAIH4

2. H2O

CHgO- \ /
CHoNH^

Reactions of Amines
Problem 21.33 N-Nitrosamines, by themselves, are not significant carcinogens. However, they are activated in

the liver by a class of iron-containing enzymes (members of the cytochrome P-450 family). Activation involves

the oxidation of a C-H bond next to the amine nitrogen to a C-OH group. Show how this hydroxylation product

can be transformed into an alkyl diazonium ion, an active carcinogen, in the presence of an acid catalyst

N=0
I

.N,

N=0

O cyt P-450

Step 1.

N-Nitroso-

piperidine

N=0
I

•• ..

2-Hydroxy-N-
nitrosopiperidine

a
N=0
I

••

NH

(J
,0-

Step 2:

N=0
I

••

N-H

r '
Hc

k^
Step 3:

.0-

H

H*

N=fO^^

6"
N—

O

H

(-H*) .N

HC

HCCH2CH2CH2CH2N=N

An alkyl diazonium ion

(a carcinogen)
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Step 4:
H

N—

O

II

N

/

O"
Step 5.

H

II
>H

H*

(-H2O)

H
N—bC+

N

O'
N
III

Of'

H

.0:

HCCH2CH2CH2CH2N=N

Problem 21.34 Marked similarities exist between the mechanism of nitrous acid deamination of p-aminoalcohols

and the pinacol rearrangement. Following are examples of each.

Nitrous acid

deamination of

a p-aminoalcohol cx:
CH2NH2 NaNOg. HCI

O
N2

+

HpO

Pinacol

rearrangement:

CH2OH H2SO4 ,CH

OH o<„ + HoO

(a) Analyze the mechanism of each rearrangement and list their similarities.

The nitrous acid deamination of a p-aminoalcohol (Section 21.9D) involves formation of a
diazonium ion that loses N2 in concert with a 1,2 shift to create a cation that loses a proton to

give the ring expanded ketone.

In the pinacol rearrangement of 1,2 diols (Section 9.8), protonation of one of the alcohol
groups leads to departure of water to create a carbocation, followed by migration of an alkyl

group to generate a resonance-stabilized cation that loses a proton to give the ketone product.

The similarities between the two mechanisms are that, in both cases, a 1,2 shift of an alkyl
group or hydride produces a cation, that loses a proton to create the final product.

(b) Why does the first reaction give ring expansion but not the second?

In the case of the p-aminoalcohol shown above, the N2 departs from the primary center not in

the ring, requiring a concerted ring expansion for the subsequent alkyl migration step. In the
case of the pinacol rearrangement, the tertiary -OH group on the cyclohexane ring departs,
precluding the possibility of a ring expanding rearrangement.

(c) Suggest a p-aminoalcohol that would give cyclohexanecarbaldehyde as a product?

1-Hydroxymethylcyclohexanamine would undergo reaction to give cyclohexylcarbaldehyde as
shown.
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o<,
CH2OH NaNOz, HCI

NK

l-Hydroxymethylcyclohexanamine

o<:
OH _ /"A/CH . H,0

\ Ah * Nj

Cyclohexanecarbaldehyde

Problem 21.35 Propose a mechanism for this conversion. Your mechanism must account for the fact that there
is retention of configuration at the stereocenter. (S)-Glutamic acid is one of the 20 amino acid building blocks of
polypeptides and proteins (Chapter 27).

HO. A.,. / \ NaNOg. HCI HOgC.,, / \

H^^NH, 0-5^ H^^^O'^O

Several Steps:

(S)-Glutamic acid

"^zCW ^1*^ NaNOz, HCI "O2CW >p
H^^^NH«:0:

*" H^^Nt :0:

HO2C

(S)-Glutaiiiic acid

lOH

Hi 'O:

^Tn! :0: H^ :0:H^ Tn; :0:

HOja,,
lOH

very fast HO,Q

i^V^A^b.
H" "V ^:0: H" ^0'+ r.^H

Note that the above ring closure must occur rapidly to avoid racemization of the stereocenter.

H02a,y~\^^^ ("H")^ "°'^":/^^

H H^p^9»>Q-'a
Problem 21.36 The following sequence of methylation and Hofmann elimination was used in the determination of

the structure of this bicyclic amine.

N
^CHg

I.CH3I 4. CH3I

2. AgoO, H2O 5. AqsO. H2O
^—^CioHiqN — ^C8Hi2

3. heat
^^^

6. heat

^^^

(a) Propose structural formulas for compounds (A) and (B).
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N
,CH.

1. CH3I

2. AggO, H2O
^.

3. heat

N

4. CH3I

5. AgjO, HgO^
6. heat

(B)

(b) Suppose you were given the structural formula of compound (B) but only molecular the formulas for

compound (A) and the starting bicyclic amine. Given this information, is it possible, working backward, to arrive

at an unambiguous structural formula for compound (A)? For the bicyclic amine?

Simply knowing the structural formula of compound (B) does not unambiguously establish the

structure of compound (A), because the amine could be attached at either end of what is a
double bond in compound (B). Given this, the starting bicyclic amine cannot be
unambiguously identifled either, since two different structures are possible. One structure
contains the bridging nitrogen atom in a [3.3.1] ring system (shown above), and the other
structure contains the bridging nitrogen atom in in a [4.2.1] ring system.

Problem 21.37 Propose a structural formula for compound A, C10H16, and account for its formation.

H

1. CH3I, 2 mol 2. H2O2 3. heat
C10H 16

H
NH,

Note how in the following example of a Cope elimination, the syn stereoselectivity of the
transition state allows formation of the more substituted alkene, as shown.
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CinH10"16

Problem 21.38 An amine of unknown structure contains one nitrogen and nine carbon atoms. The '^C-NMR
spectrum shows only five signals, all between 20 and 60 ppm. Three cycles of Hofmann elimination sequence (1.

CH3I; 2, Ag20, H2O; 3. heat) give trimethylamine and 1 ,4,8-nonatriene. Propose a structural formula for the

amine.

The bicyclic amine shown below is the only structure that would explain the five signals in the

i^C spectrum as well as the location of the double bonds in 1,4,8-nonatriene.

Hofmann
elimination ..^sv^ .^''''Siw ^"^"^^ ^^^'^ss. i,i//^i_j ^^ ^^^^^ ^"iiy^ ^v-^ ^^ + N(CH3)3

N ^
1,4,8-Nonatriene Trimethylamine

Problem 21.39 The Cope eUmination of tertiary amine N-oxides involves a planar u-ansition stale and cyclic

redistribution of (4n + 2) electrons. The pyrolysis of acetic esters to give an alkene and acetic acid is also thought

to involve a planar u-ansition state and cychc redisuibution of (4n + 2) elecu-ons. Propose a mechanism for

pyrolysis of the following ester.

o o

CH3CH2CH2CH2OCCH3 55^12^ CH3CH2CH=CH2 -h CH3COH

Butyl acetate 1-Butene Acetic acid

A reasonable transition state structure including the likely flow of electrons is shown below:

CH3CH2CH2CH2OCCH3

CH3

2 "^O-^ ^CH3

CH3CH2CH=CH2

+

*" O
II

CH3COH
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Problem 21.40 The following transformation is an example of the Carroll reaction, named after the English

chemist, M. F. Carroll, who first reported it. Propose a mechanism for this reaction.

O O

HaC^ ^O-C-CHs-C-CHg
^^^^

H3C-C.

/^\ ^
H3C CH=CH2

CHo O
I ^

II

^ ^CH2'~"C"~"CH3

CH-CH2 + CO2

A reasonable mechanism for the Carroll reaction is shown below. Again, a cyclic flow of 6
electrons is involved.

O O
II II

H3C. OT-C-rCHj-C-CHg

y

CH- O

H3C C- ^CH2—

C

—CH3
^ CH-CHj + CO2

H3C CH=CH2

Svnthesis
Problem 21.41 Propose steps for the following conversions using a reaction of a diazonium salt in at least one
step of each conversion.

(a) Toluene to 4-methylphenol (p-cresol)

CH3 CH3
HNO3

1.
H2SO4

V 2. H2, Nl \^^
Toluene

NaNOz, HCI HoO

heat

(b) Nitrobenzene to 3-bromophenol

1. Br2/FeBr3

2. H2, Nl

Nitrobenzene

H,0

NaN02, HCI

heat
Br

3-Bromophenol
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(c) Toluene to ;7-cyanobenzoic acid

CH3 CH3 CO2H

(d) Phenol to p-iodoanisole

OH OCH<

CN
/^-Cyanobenzoic acid

OCH,

H2, Ni

/7-Iodoanisole

(e) Acetanilide to ;?-aminobenzylamine

NHCOCH,

HNO.

H2SO4

Acetanilide

OCH,

NaNOz, HCI
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CuCN

heat

H2, Ni

CN CH2NH2

1) LIAIH4

2) H2O ^

/^-Aminobenzyl-
amine

(f) Toluene to 4-fluorobenzoic acid

HNOr

H2S04

H2, Ni 1) NaN02, HCI
^-

2) HBF4

heat

N2* BF4-

H2Cr04

4-Fluorobenzoic acid

(g) 3-Methylaniline (/n-toluidine) to 2,4,6-tribromobenzoic acid

CH3 CH3

Br^ A^ .Br
Br.

HjN

3-Methylaniline

H3PO2

NaNOs, HCI

CO2H

Br Br
H2Cr04

2,4,6-Tribroniobenzoic acid
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PrQt>leni 21,42 Starting materials for the synthesis of the herbicide propranil are benzene and propanoic acid.

Show how to bring about this synthesis.

NHCCH2CH3
II

O
Propranil

The reagents that can be used in each step are listed below:

(1) Aromatic chlorination reaction using Cii and FeCb.
(2) Aromatic nitration reaction using HNO3 and H2SO4.
(3) Another aromatic chlorination reaction using CI2 and FeCb. The new CI atom is directed

to the correct position by the groups already present on the ring.

(4) This reduction can be carried out using H2 and a transition metal catalyst.

(5) For this reaction, propanoic acid is first converted to the acid chloride by treatment with
SOCI2 and then reacted with the 3,4-dichloroaniline to give the desired propranil.

Problem 21.43 Show how to bring about each step in the following synthesis.

(3;

CH2NH2

The reagents that can be used in each step are listed below:

(1) Aromatic nitration reaction using HNO3 and H2SO4.

(2) This reduction can be carried out using H2 and a transition metal catalyst.

(3) This transformation can be accomplished by first turning the amino group into a diazonium

salt by reaction with NaN02 and HCl, followed by a Sandmeyer reaction using CuCN and

heat.

(4) This reduction can be carried out using LiAlH4 followed by H2O.

Problem 21.44 Show how to bring about this synthesis.

HNO. HNOr

H2SO4 H2SO4

H2, Nl

NO2

(Separation

or isomers

required here)
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NaNOz, HCI
N,*

HoO

heat

Problem 21.45 Following are steps in a conversion of phenol to 4-methoxybenzylamine. Show how to bring

about each step in good yield.

OCH<

(1)

OCH.

(2)

OCH OCH.

(3)

OCH.

(5)

CHgNHj

The reagents that can be used in each step are listed below:
(1) Reaction with NaOH to produce the phenoxide, followed by treatment with CH3I.
(2) Aromatic nitration reaction using HNO3 and H2SO4.
(3) This reduction can be carried out using H2 and a transition metal catalyst.

(4) This transformation can be accomplished by first turning the amino group into a diazonium
salt by reaction with NaN02 and HCI, followed by a Sandmeyer reaction using CuCN and
heat.

(5) This reduction can be carried out using (1) H2 and a transition metal or (2) LiAIH4
followed by H2O.

Problem 21.46 Following is a synthesis of diazepam, a prescription tranquilizer sold under several trade names,
the most well known of which is Valium. This drug may well be the most commercially successful of all

synthetic drugs.

Show reagents and conditions for the synthesis of diazepam from p-chloroaniline.

AC9O

(Acetic anhydride)-XT
NHCOCH

3 CeHsCCI

AICI3

(Friedel-Crafts
acylation)



Chapta 21: Amines Solutions 689

^sPv^^^NHCOCI^3 ,^^^
NaOH NH2OH r^

cK-k^
CeHs CeHs

^
II ^

CICHjCC! r

H

CHjCI heat ^
Cl^

H
\

v
CeHs

^OH

C«Hei^s

N
\ _

Note that the amino group is protected as the acetamide at the beginning of the synthesis. This

is necessary for two reasons. First, without the acetamide protecting group, the benzoyl

chloride used in the Friedel-Crafts acylation reaction would react with the amino group and

make an unwanted amide. Second, the aluminum chloride catalyst used in the same Friedel-

Crafts acylation reaction would become deactivated by reacting with the lone pair of electrons

on the amino group. Similar catalyst deactivation does not occur with amide groups, because

the nitrogen lone pair is involved with amide resonance.
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CHAPTER 22: CONTUGATED DIENES

SUMMARY OF REACTIONS

\ w

\ *"*"
\ ^

Starting
MaterialX

\

o
e

a.

<

C

o
(J

Q
I

"I
1-H

•S

c

o

Q

'•3

w

1

Q

c

1

S

o

SB

,o
'.5

5
-a
CQ

c

o
"w
S

Allyl phenyl
ethers

2lA
22.3A*

Conjugated
Dienes

22B
22.2

22C
22.1

22D
22.1

1,5-Dienes 22E
22.3B

Section in book that describes reaction.

REACTION 22A: CLAISEN REARRANGEMENT OF ALLYL PHENYL ETHERS (Section
22.3A)

^c—C'=c;^"

Heat

- The Claisen rearrangement transforms allyl phenyl ethers to 2-allylphenols, and involves an
intramolecular rearrangement. The Claisen rearrangement is an example of a pericyclic reaction since

bond-forming and bond-breaking are simultaneous in the cyclic transition state. The substituted

cyclohexadienone intermediate that is produced undergoes keto-enol tautomerism to give the final product. *^

REACTION 22B: THE DIELS-ALDER REACTION (Section 22.2)

I

C'

I

0"

.c;

^0^
II

0,

c- I

/ V.

I

,0"-
l

Conjugated dienes undergo reaction with an alkene or alkyne called a cycloaddition reaction that results in

production of a six-membered ring through the formation of two carbon-carbon bonds. This reaction is

named for its discoverers, and hence is called the Diels-Aider reaction. *
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- The Diels-Alder reaction is a very important and useful synthetic reaction because (1) it is one of the few
reactions that creates six-membered rings (2), it is one of the few reactions that forms two carbon-carbon
bonds simultaneously, and (3), it is stereoselective.

REACTION 22C; ADDITION OF X2 (Section 22.1)

\ll/ \l|l llll
C=C-C=C^ + X2 — ;c=c-c-c— + —c-c=c-c—

/ 4 3 2 1\ / 4 3 1 2
I

1 4
I

3 2
I

1

' X ' X

1,2-addiUon 1 ,4-addition or

conjugate addition

- Conjugated dienes undergo the same kind of addition reactions with X2 as unconjugated alkenes, but the

reaction usually gives mixtures of 1 ,2-addition and 1 ,4-addition products. The numbers do not refer to

lUPAC nomenclature, but to the sp^ atoms of the conjugated diene. Therefore, 1 ,2-addition indicates that

addition takes place at adjacent atoms 1 and 2 of the conjugated diene, and 1,4-addition indicates that

addition takes place at atoms 1 and 4 of the conjugated diene. *

REACTION 22D: ADDITION OF H-X (Section 22.1)

\ll/ \lll llll
C=C-C=C + H-X ^C=G-C-C— + —0-0=0—0

—

/4 3 2 l\ /4 3 12 |1 4| 3 2 |1
' H ' H

1,2-addition
1,4-addition or

conjugate addiuon

- Conjugated dienes undergo the same kind of addition reactions with H-X as unconjugated alkenes, but the

reaction usually gives mixtures of 1,2-addition and 1,4-addition products.

REACTION 22E: COPE REARRANGEMENT (Section 22.3B)

^r-,,r ^^pv Heat J^ OV

7\..<^^N /^o-'

- Upon heating, 1,5-dienes undergo an isomerization called the Cope rearrangement. This is an

example of a pericyclic reaction since bond-forming and bond-breaking occur sunultaneously in a cyclic

transition state. *

SUMMARY OF IMPORTANT CONCEPTS

22.0 OVERVIEW _, u . ,.. u .
• This chapter involves the study of conjugated dienes, thai is molecules havmg two carbon-carbon double bonds

seaparied by one carbon-carbon single bond. Conjugated dienes undergo many of the same reactions

characterisuc of, unconjugated alkenes, but they also undergo their own unique set of rcacuons.

22.1 ELECTROPHILIC ADDITION TO CONJUGATED DIENES
, ,

. The two isomeric products (1,2 and 1,4 addiuon) observed with addiuon reactions to conjugated dienes can be

explained by a two-step mechanism that involves rate limiting formauon of an allylic cation intermediate.

that then reacts with a nucleophile at the 2 or 4 posiuon to yield products.
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CH2=CH-CH^H2 + H-Br bH2=^-CH-CH2—--CH2-CH=CH-CH2)4^3 2 1 '^ ^^->r \4^321 43 21/

Br H Br HII i I

CHo—CH'CH'CHo CH2*CH-CH~CH243 2 1 43 2 1

1,2-addiUon 1,4-adclitionor

conjugate addition

• The allylic cation intermediate is considerably more stable than a comparably substituted alkyl carbocation.

This extra stability is the result of delocalization of the pi electrons and positive charge as described by the

following contributing structures. *
• For conjugated dienes reacting with molecules such as HBr or Br2, 1,2-addition products predominate over 1,4-

addition products at low temperature, while at high temperature the 1,4-addition products predominate. These
facts are explained by the concepts of kinetic and thermodynamic control of reaction product

distributions.*

• Kinetic or rate control occurs at low temperature when the distribution of products is determined by the

relative rates of formation of each product. Thermodynamic or equilibrium control occurs when, at

high temperature, the products equilibrate, thus the product distribution is determined by the relative

thermodynamic stabilities of each product. *
- The activation energy for 1,2-addition is lower than that for 1,4-addition. As a result, under kinetic

control at low temperature, the 1 ,2-addition reaction has a faster rate of formation.

As predicted by the two most important contributing structures, the allyhc cation intermediate has the

positive charge concentrated at carbon atoms number 2 and 4. However, the greater concentration of
positive charge is at carbon number 2, because this is a secondary carbon atom. Less positive
charge is concentrated at the primary carbon atom 4. As a result, there is a lower activation energy
for reaction at the atom with the greater concentration of positive charge, namely carbon atom two.
[Recall that carbocations with more alkyl substituents are more stable, thus a secondary carbocation is

more stable than a primary carbocation.]

- On the other hand, the 1,4-addition product contains a disubstituted carbon-carbon double bond, so it is

thermodynamically more stable than the 1,2-addition product that has only one alkyl group attached to the
double bond. Thus, at equilibrium (high temperature) the reaction is under thermmlynamic control, and
the more stable 1,4-addition product predominates. *

The two products can equilibrate at higher temperature because the product molecules that have
been formed collide with enough energy to convert them back into the allylic cation
intermediate that can then form products again. In this way, the thermodynamically less stable 1,2-

addition product can be converted into the thermodynamically more stable 1,4-addition product. At lower
temperature, the product molecules do not colUde with enough energy to convert them back into the allylic

cation, so the 1,2-addition products that form the fastest remain as products, and kinetic control is

observed.

22.5 THE DIELS-ALDER REACTION
• In the Diels-Alder reaction, the electrons in the pi bonds move to create the new bonds as shown below. The
arrows are not meant to indicate a mechanism, but rather to help keep track of the electrons during the reaction.

Diene Dienophile

- The alkene or alkyne that reacts with the diene is referred to as the dienophile.
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- The Diels-Alder reaction is usually favorable (the product is more stable than the reactants) because the

overall transformation involves breaking two carbon-carbon pi bonds in order to make two carbon-carbon
sigma bonds. Recall that generally carbon-carbon sigma bonds are stronger than pi bonds, so Diels-Alder

reactions generally have negative values for AH. [It is always helpful to understand why a reaction occurs

as well as simply how it occurs.]

Studies of the mechanism of Diels-Alder reactions have shown that the pi bonds are broken and the sigma
bonds are made in a single, concerted step. In other words, the cyclic redistribution of bonding electrons

occurs such that bond-forming and bond-breaking occur simultaneously. Reactions of this type involving a

single step and a cyclic rearrangement of a Hiickel number of bonding electrons are called pericyclic

reactions.
- During the reaction, the diene and the dienophile approach each other in parallel planes, allowing interaction

between the pi bonds of both molecules. The reaction is depicted in Figure 22.5.

The above mechanism explains some important details of the Diels-Alder reaction.

- The diene must adopt the s-cis conformation in order to react with the dienophile. This conformation is

required to allow both sigma bonds to be formed simultaneously with the dienophile.

As stated earlier, in order to allow for maximum overlap of the 2p orbitals, the four carbon atoms of

conjugated dienes prefer to lie in the same plane. This means that there are two preferred conformations

of conjugated dienes, the s-cis and s-trans conformations. The "s" indicates that it is the single bond

between the two alkenes that is referred to with the cis or trans designation. *

s-rra/is-l,3-Butadiene s-m-l,3-Butadiene
cannot take part in can take part in

Diels-Alder reaction Diels-Alder reaction

- Conjugated dienes that cannot adopt the s-cis conformation cannot take part in Diels-Alder reactions. On the

other hand, conjugated dienes such as cyclopentadiene, which can only adopt the s-cis geometry, are very

good reactants in Diels-Alder reactions.

- The stereochemistry of the dienophile is retained in the product of the Diels-Alder reaction, since the two

sigma bonds are made simultaneously. For example, the cis stereochemistry of dimethyl maleate is retained

in the product. *
o hO

'^o
Dimethyl maleate cis Product

{cis dienophile)

When cyclic conjugated dienes are used for a Diels-Alder reaction, the product is a bicyclic structure. As

a result, substituents on the dienophile can end up in the endo or exo posiUons. In pracuce, the substituents

end up predominantly in the endo position. .... ... .-, u
- The exo position is the one that is on the opposite side as the bridge ongmaung from the diene, whUe the

endo posiuon is the one that is on the same side as the bridge onginaiing from the diene.*

Bridge onginatmg

from the diene -^ '^' ENDO

EXO
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H^ ^H

CHoO

OCHj

The endo product is formed
predominantly

• Substituents on the reactants can greatly alter the rates of Diels-Alder reactions. The reaction is facilitated by a

combination of electron-withdrawing substituents on one of the reactants and electron-releasing

substituents on the other. Usually, the electron-withdrawing groups are found on the dienophile. *
- Examples of electron-withdrawing groups usually found on dienophiles include ketones, carboxylic

esters, nitro groups, and nitriles. These groups pull electron density out of the pi bond, and make it easier

for the reaction to take place.

• It is important to point out that cycloaddition reactions have specific electronic requirements, so alkenes do not

dimerize to form a four-membered ring product, and dienes do not dimerize to form an eight-membered ring

product.
• Certain Diels-Alder reactions can be catalyzed by Lewis acids such as AICI3. The Lewis acid is thought to

operate by coordinating to the dienophile to help polarize it, thus facilitating reaction with the diene.
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CHAPTER 22
Solutions to the Problems

Problem 22.1 Predict the product(s) formed by addition of 1 mol of Br2 to 2,4-hexadiene.

t both 1,2-addition and 1,4-

CH3-CH=CH-CH=CH-CH3

Predict both 1,2-addition and 1,4-addition.

Br2

Br Br Br Br
I i II

CH3-CH-CH-CH=CHCH3 + CH3-CH-CH=CH-CH-CH3

Problem 22.2 What combination of diene and dienophile undergoes Diels-Alder reaction to give each adduct.

,CH=CH2 ^x'^ ^COgCHa

(a)

r
(b)

CO2CH3

CH302a .COoCH,

Y
C02CH3

f[ IT

(c)

CO2CH3
I

c
III

c
I

C02CH3

In each part of this problem, the diene is 1,3-butadiene. In (a), the dienophile is one of the

double bonds of a second molecule of 1,3-butadiene. In part (b), the dienophile is a 1,1-

disubstituted alkene and in part (c), it is a disubstituted alkyne.

Problem 22.3 Which molecules can function as dienes in Diels-Alder reactions? Explain your reasoning.

(a) (b) (c) W //

To function as a diene, the double bonds must be conjugated and able to assume an s-cis

conformation. Both (a) 1,3-cyclohexadiene and (c) l,3.cyclopentadiene can function as

dienes. The double bonds in 1,4-cyclohexadiene are not conjugated and, therefore, this

molecule cannot function as a diene.
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Problem 22.4 What diene and dienophile might you use to prepare the following Diels-Alder adduct?

PO2CH3

Use cyclopentadiene and the E-alkene.

H^ .CO2CH3

CH3O2C H CO2CH3

Problem 22.5 Show how to synthesize allyl phenyl ether and 2-butenyl phenyl ether from phenol and appropriate

alkenyl hahdes.

Prepare each by a Williamson ether synthesis (Section 11.4A). Treat phenol with sodium
hydroxide to form sodium phenoxide followed by treatment with the appropriate alkenyl
chloride.

0"Na*

NaOH
.^^,CH2CI

^-^^

Allyl phenyl
ether

0"Na*

NaOH
^S^CH2CI

2-Butenyl
phenyl ether

Problem 22.6 Propose a mechanism for the following Cope rearrangement.

OH O
320°C

^

Cope rearrangement gives an enol that then undergoes keto-enol tautomerism (Section 15.11B)
to give the observed product.
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Step 1.

Step 2:

Cope
rearrangement

OHo
H

OH

CO
keto-enol

tautomerization

H

PROBLEMS
Structure and Stability

Problem 22.7 If an electron is added to 1,3-butadiene, into which molecular orbital does it go? If an electron is

removed from 1,3-butadiene, from which molecular orbital is it taken?

When an electron is removed from a conjugated pi system, such as that in 1,3-butadiene, it is

taken from the liighest occupied molecular i^rbital (HOMO). When an electron is added to a

conjugated pi system, is added to the lowest ]i.noccupied molecular j^rbital (LUMO).

Four noninteracting
2p orbitals, each
with one electron

Electron is added
to this orbital

/
Lowest unoccupied
molecular orbital

(LUMO)

Highest occupied
molecular orbital

(HOMO)

\
Electron is removed
from this orbital

Pi molecular orbitals

of 1,3-butadiene
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Problem 22.8 Draw a potential energy diagram (potential energy versus dihedral angle from 0° to 360°) for

rotation about the 2,3 single bond in 1,3-butadiene.

e

e
a>

o

^^-\ \ys-cis

s-trans

s-cis

I ' 1

180°
1 1

36(

Dihedral Angle About 2,3 Single Bond

The S'Cis and s-trans conformations are the most stable for 1,3-butadiene, because these

provide for an overall planar geometry, which maximizes overlap of the 2p orbitals. The s-

trans geometry is more stable than the s-cis geometry because of steric interactions.

Problem 22.9 Draw all important contributing structures for the following allylic carbocations and then rank the

structures in order of relative contributions to each resonance hybrid.

(a)

The secondary allylic cation makes the greater contribution.

Primary allylic

(lesser contribution)
Secondary allylic

(greater contribution)

(b) CH2=CH-CH=CH-CH^

The secondary allylic cation makes the greater contribution.

CH2=CH-CH=CH-CH^-*^

Primary allylic

(lesser contribution)

CH2=CH-CH-CH=CH2^—*^CH2-CH=CH-CH=CH2
Secondary allylic Primary allylic

(greater contribution) (lesser contribution)
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CHo
I

^

(c) CH3—C-CH=CH2
+

The tertiary allylic cation makes the greater contribution.

CH3 CH<j

CH3—C-CH=CH2 -—- CH3—C=CH-CH2

Tertiary allylic Primary allylic

(greater contribution) (lesser contribution)

Electrophilic Addition to Conjugated Dienes
Problem 22.10 Predict the structure of the major product formed by 1,2-addition of HCl to 2-methyl-l,3-

butadiene (isoprene). To arrive at a prediction, first consider proton transfer to carbon 1 of this diene. Second,

consider proton transfer to carbon 4 of this diene. Then compare the relative stabilities of the two allylic

carbocation intermediates.

A tertiary allylic cation is more stable than a secondary allylic cation. Assume that because
the tertiary allylic cation is the more stable of the two, the activation energy is lower for its

formation, and accordingly, it is formed at a greater rate than the secondary allylic cation.

Therefore, the major product of 1,2-addition is 3-chloro-3-methyl-l-butene.

CHo CH3

CH2=C-CH-CH2 —^ CH2=C-CH-CH3

CH3 y H CI

CH =C-CH=CH "*^ Secondary allylic cation

CH3 CH3
I

^ I

CH2-C-CH=CH2 CH3--C-CH=CH2

H * CI
Tertiary allylic cation jvigjor product

Problem 22.11 Predict the major product formed by 1,4-addition of HCl to isoprene. Follow the reasoning

suggested in the previous problem.

The major product of 1,4-addition Is l-chloro-3-methyl-2-butene.

CH3

CH2=C-CH=CH2

CH3 CH3 CH3

CH2=C-CH-CH2^— CH2-C=CH-CH2^ CH2-C=CH-CH2
+ I + ' '

H H CI H

Less stable allylic cation

CH3 CH3 CH3

Cu -C-CH=CH2—— CH2-C=CH-CH2—CH2-C«CH-CH2

H H H CI

More stable allylic cation Major product
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Problem 22.12 Predict the structure of the major l,2-ad(iition product formed by reaction of 1 mol of Br2 with

isoprene. Also predict the structure of the major 1,4-addition product formed under these conditions.

Following the reasoning developed in the previous problems, predict that the major product of

1,2-addition to isoprene is 3,4-dibromo-3-methyl-l-butene.

CHo

CH2=C-CH=CH2 + Br2 i?:^^^?iii2£.

CH,
I

^

II
Br Br

Major product

There is only one 1,4-addition product possible from addition of bromine.

CH,
I

^

CH2=C-CH=CH2 Br2
1,4-addition

CH,
I

'

CHj-C^CH-CH,
I i
Br Br

I^roblem 22.13 Which of the two molecules shown do you expect to be the major product formed by 1,2-

addition of HCl to cyclopentadiene? Explain.

O
1,3-Cyclo-

pentadiene

+ HCl

3-Chloro-

cyclopentene

4-Chloro-

cyclopentene

The major product of 1,2-addition will be 3-chlorocyclopentene. This is because 3-

chlorocyclopentene is the only product that will be derived from the more stable allylic cation
intermediate. The 4-chlorocycIopentene derives from a less stable secondary cation
intermediate, so it is formed in lesser amounts.

O CI cr
Less stable

secondary cation

O
More stable

allylic cation

CI

CI

Major product

Problem 22.14 Predict the major product formed by 1 ,4-addition of HCl to cyclopentadiene.

The conjugate addition product would also be the 3-chlorocyclopentene. Because of symmetry
in the ring, the 1,4-addition product is the same as the predominant 1,2-addition product, both
being derived from the allylic cation.
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Problgm 22,15 Draw structural formulas for the two constitutional isomers of molecular formula C5H6Br2
formed by adding 1 mol of Br2 to cyclopentadiene.

+ Br *" C5H6Br2

The two constitutional isomers are the 1,2 and 1,4-addition products.

Br Br

Br.

+ Br2 •

1,2-Addition
product

1,4-Addition

product

Problem 22.16 What are the expected kinetic and thermodynamic products from addition of one mol of Br2 to the

following dienes

(a)

Br.

Br

Kinetic product

Br

Thermodynamic
product

The kinetic product will be the 1,2-addition product that is derived from the more highly

substituted and thus more stable bridged bromonium ion intermediate. The thermodynamic
product is the most stable one, namely the 1,4-addition product, since this has the most highly

substituted alkene as shown.

(b)

Br.

Br
Br

Kinetic product

Br

Thermodynamic
product

Because of symmetry in the molecule, both possible bromonium ion intermediates are the

same. Thus, there is only one possible 1,2-addition product and this is the kinetic product.

The thermodynamic product is the more stable one, namely the 1,4-addition product, because

this has the most highly substituted alkene as shown.
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Diels-Alder Reactions
Problem 22.17 Draw structural formulas for the products of reaction of cyclopentadiene with each dienophile.

Underneath each dienophile is the corresponding Diels-Alder adduct.

O
(a) CH2=CHCI ,^^ ^^ ^ujl^^u^ ^ (b) CH2=CHCOCH3

(c) HCsCH
O O
II II

(d) CH3OCCSCCOCH3

CO2CH3

CO2CH3

Problem 22.18 Propose structural formulas for compounds (A) and (B) and specify the configuration of
compound (B).

"*" CH2^CH2
200°C 1)03

(A) 2) (CH3)2S (B)

The Diels-Alder adduct is bicyclo[2.2.1]-2-heptene, more commonly known as norbornene.
The oxidation product is m-l,3-cyclopentanedicarbaldehyde.

H-C^^>N^C-H

(B)

Problem 22.19 Under certain conditions, 1 ,3-butadiene can function both as a diene and a dienophile. Draw a
structural formula for the Diels-Alder adduct formed by reaction of 1,3-butadiene with itself.

In the formulas below, one molecule of butadiene is shown as the diene and the other is

shown as the dienophile.

r
Butadiene Butadiene 4-Vinylcyclohexene
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Note that an electron pushing mechanism can be drawn for cyclization of two molecules of
butadiene to 1,5-cyclooctadiene. This reaction does not take place. Rather, the Diels-Alder
reaction shown above takes place instead.

1,5-Cyclooctadiene

Problem 22.20 1,3-Butadiene is a gas at room temperature and a requires gas-handling apparatus to use in a

Diels-Alder reaction. Butadiene sulfone is a convenient substitute for gaseous 1,3 -butadiene. This sulfone is a

solid at room temperature (mp 66°C) and, when heated above its boiling point of 1 10°C, decomposes by a reverse

Diels-Alder reaction to give s-cw-l,3-butadiene and sulfur dioxide. Draw a Lewis structure for butadiene

sulfone, and show by curved arrows the path of this reverse Diels-Alder reaction.

o°=
140°C

Butadiene sulfone

+ so.

Butadiene Sulfur

dioxide

The electron flow in this decomposition is the reverse of that observed in a Diels-Alder

reaction.

O
II

+ :S

Butadiene
sulfone

Butadiene Sulfur
dioxide

Problem 22.21 The following trienone undergoes an intramolecular Diels-Alder reaction to give the product

shown. Show how the carbon skeleton of the triene must be coiled to give this product, and show by curved

arrows the redistribution of electron pairs that takes place to give the product

CHo
I

^

CH2=CH-C=CH-CH2CH2CH2CH2CH=CH2
160°C

Locate the position of the carbon-carbon double bond in the product and realize that the two

carbons of this double bond were carbons 2 and 3 of the conjugated diene. The other two

carbon atoms making up this six-membered ring were from the dienophile.
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this part was
the diene

the dienophile
was here

the triene was coiled in this

manner so as to align the

diene and dienophile properly

Problem 22.22 The following triene undergoes an intramolecular Diels-Alder reaction to give a bicyclic product
Propose a structural formula for the product. Account for the observation that the Diels-Alder reaction given in

this problem takes place under milder conditions (at lower temperature) than the analogous Diels-Alder reaction

shown in the previous problem?

CH3 O

CH2=C-CH=CH-CH-CH2CHpCH=CH2

CH(CH3)2

0°C
Diels-Alder adduct

Follow the arrangement of diene and dienophile illustrated in the previous problem.

CH(CH3)2 CH(CH3)2

Problem 22.23 The following compound undergoes an intramolecular Diels-Alder reaction to give a bicycUc
product. Propose a structural formula for the product

8
6/^ / 1

I'

heat.

An intramolecular

Diels-Alder adduct
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Problem 22,^4 One of the published syntheses of warburganal (Problem 5.3 1) begins with the following Diels-
Alder reaction. Propose a structure for Compound A.

CHO
_ . vOH

O O Diels-Alder

+ CHaOC-CsC-COCHa- reaction — A
6 steps

CHO

o o
II II

CH30C-CSC-COCH3

Warburganal

COXH,

CO2CH3

Problem 22.25 The Diels-Alder reaction is not limited to making six-membered rings with only carbon atoms.

Predict the products of the following reactions that produce rings with atoms other than carbon in them.

O
II

O-CCH3

(CH3)3C

(c) K +Nl N—

^
CH.

II

,^N-CH3
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(d)

CO2CH3

V
N

N
II

.N
^11

CH

r^-^^CHg
C02CH3

C02CH3

CH,

C02CH3

(e)

..xxnCN

Problem 22.26 The first step in a synthesis of dodecahedrane involves a Diels-Alder reaction between the

cyclopentadiene derivative (1) and dimethyl acetylenedicarboxylate (2). Show how these two molecules react to

form the dodecahedrane synthetic intermediate (3). ( See L. A. Paquette, R. J. Temansky, D. W. Balogh, et al.,

J. Am. Chem. Soc, 105, 5446, 1983.)

a o
. II II

^ CH3OC-CSC-COCH3 ^

Cyclopentadienyl-

cyclopentadiene

(1)

Dimethylacetylene-

dicarboxylate

(2)

This reaction is best understood as two successive Diels-Alder reactions. The second one is

an intramolecular reaction that takes place on the product of the first reaction.

H3CO2C

H3CO2C
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Problgm 22,27 Bicyclo[2.2.1]-2^-heptadiene can be prepared in two steps from cyclopentadiene and vinyl
chloride. Provide a mechanism for each step.

+ CH2=CHCI
heat

C2H5OH t^//
Bicyclo[2.2.1]-

2^-heptadiene

H
Step 1:

t^s^K—N^r*^*^
Diels-Alder hvO \ \r reaction >ri'^^"a^"

CI

+ HOC2H5

+ cr

Problem 22.28 Treatment of anthranilic acid Nvith nitrous acid gives an intermediate, A, that contains a

diazonium ion and a carboxylate group. When this intermediate is heated in the presence of furan, a bicyclic

compound is formed. Propose a structural formula for intermediate A and mechanism for formation of the

bicyclic product

CO2H
NaNOg. HCI

[A]
O

Anthranilic

acid

+ CO2 + N2

Step 1:

:0H

NaN02, HCI

Step 2: This step may or may not be concerted

llOH

rTp l:!liL
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Step 3:

Step 4:

Step 5

A~** {»*)

J.
"-o:

/•°' (-COj) ^

/
•<?=

Benzyne

Diels-Alder
reaction

Problem 22.29 Propose a mechanism for the following reaction, which is called an allylic rearrangement, or,

alternatively, a conjugate addition.

LRgCuLI p

i 2. HgO OH R =

CH3

Crl3Crl2Crl2CH2

C6H5

Propose that the alky! group of the Gilman reagent attacks the terminal carbon of the carbon-
carbon double bond, bringing about rearrangement of the double bond and opening of the
epoxide ring to give a lithium alkoxide. Treatment of this alkoxide with water gives the
observed allylic alcohol.

Step 1.

O—H + :0—

H
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Problgm 2Z3Q All attempts to synthesize cyclopentadienone yield only a Diels-Alder adduct.
Cycloheptatrienone, however, has been prepared by several methods and is stable.

a Diels-Alder adduct / 1

Cycloheptatrienone

(a) Draw a structural formula for the Diels-Alder adduct formed by cyclopentadienone.
*

^^
a Diels-Alder adduct

(b) How do you account for the marked difference in stability of these two ketones?

A major contributing structure for cyclopentadienone has only four pi electrons, an anti-

aromatic number, thereby expaining the extreme reactivity of cyclopentadienone.

4 pi electrons

and antiaromatic

\J ^^ \ II

Cyclopentadienone contributing structures

On the other hand, a major contributing structure of cycloheptatrienone has six pi electrons, a

Huckel number, thereby explaining the enhanced stability of cycloheptatrienone.

/ \

6 pi electrons

and aromatic

Cycloheptatrienone contributing structures
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Problem 22.31 Following is a retrosynthetic scheme for the synthesis of the tricyclic diene on the left. Show how
to accomplish this synthesis using the indicated carbon sources as starting materials.

/^ ±>

The key elements of this synthesis are a Diels-Alder reaction followed by a Wittig reaction.

Wittig /L
reaction

Other pericvclic reactions
Problem 22.32 Claisen rearrangement of an allyl phenyl ether with substituent groups in both ortho positions

leads to formation of a para substituted product. Propose a mechanism for the following rearrangement.

^CH2CH=CH2

".c^CHo HqC
^ heat ^

Crl2Cn=CH2

Propose rearrangement of the allyl group to the ortho position to form a substituted
cyclohexadienone, as in the normal Claisen rearrangement. This intermediate, however,
cannot undergo keto-enol tautomerism to become an aromatic compound. A second
rearrangement, this time of the allyl group to the para position, gives a substituted
cyclohexadienone that can undergo keto-enol tautomerism to give an aromatic compound.
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Step 1:

Step 2:

H,C

H,C

keto-enol
tautomerization

Problem 22.33 Following are three examples of Cope rearrangements of 1 ^-dienes. Show that each product can

be formed in a single step by a mechanism involving redistribution of six electrons in a cychc transition state.

Keep in mind as you do these problems that the Cope rearrangement involves flow of three
pairs of electrons in a cyclic, six-membered transition state. Bonding in the six carbon atoms
participating in the reaction is C=C-C-C-C=C (double-single-single-single-double). Find that

combination of carbon atoms and you are well on your way. Numbers have been assigned to

the atoms to keep track of the bonds made and broken.
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(b)

CO2CH3

O heat

^^'CO2CH3

heat

4^ JDCH3

(c)
u-ts^ y^ 0CH3

CO2CH3

CO2CH3

keto-enol
tautomerization

Problem 22.34 Following are two examples of photoinduced (light-induced) isomerizations. Vitamin D3
(cholecalciferol) is produced by the action of sunlight on 7-dehydrocholesterol in the skin. First precalciferol is

formed and then cholecalciferol. Cholecalciferol is shown here in an s-cis conformation. After its formation, it

assumes an s-trans conformation. Use curved arrows to show the flow of electrons in these photoisomerizations.

The appropriate arrows are drawn directly on the structures to indicate the flow of electrons.

CH3 R CH3 B

7-Dehydrocholesierol Precalciferol
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note the
migration of
this hydrogen

Precalciferol

HO
Cholecalciferol (Vitamin D3)
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CHAPTER 23: ORGANIC POLYMER CHEMISTRY

SUMMARY OF IMPORTANT CONCEPTS

23.1 THE ARCHITECTURE OF POLYMERS
• Polymers are long chain molecules produced by the covalent linking of monomers. Polymers have very

high molecular weights compared to the other types of molecules described in the book so far, typically

ranging from 10,000 g/mol up to 1,000,000 g/mol. *
• Polymers can have various types of architectures including linear, branched, comb, ladder, star and
crosslinked networks. The architecture of a polymer has a large influence over the properties of the

polymer. Chain length also has a tremendous influence over polymer properties.

• Plastics are polymers that can be molded when hot, then retain their shape when cooled. *
- Thermoplastics can be melted and become fluid so they can be molded when hot, but retain their shape

when cooled.

- Thermoset plastics can be molded when they are first prepared, but harden irreversibly when cooled.

23.2 POLYMER NOTATION AND NOMENCLATURE
• Polymer structures are denoted by drawing parentheses around the repeating unit. *

- The repeating unit is the smallest fragment that contains all of the nonredundant structure of the

polymer chain.
- A subscript n, called the average degree of polymerization, indicates how many times the repeating

unit is found in the polymer.
• An exception is polymers formed from symmetric monomers such as (-CH2CH2)n (polyethylene) and
(-CF2CF2-)n (polytetrafluoroethylene), which are produced from CH2=CH2 and CF2=CF2, respectively.

22.3 MOLECULAR WEIGHTS OF POLYMERS
• Most polymers are mixtures of polymer molecules of variable molecular weights. Polymer molecular weights

are defined as either number average and weight molecular average weights. *
- The number average molecular weight, Mn, is calculated by counting the number of chains of a

particular weight, then dividing this sum by the total number of chains.

- The weight average molecular weight, Mw» is calculated by taking the total weight of each chain of a

particular length, summing these weights and dividing by the total weight of the sample.
- The ratio Mw/Mn is called the polydispersity index, and is used to characterize the distribution of
different molecular weights in the polymer. A monodisperse polymer is one in which all of the polymer
chains are the same length so that Mw/Mn is equal to one.

22.4 POLYMER MORPHOLOGY-Crystalline Versus Amorphous Materials
• Polymers that are solids usually have both ordered crystalline domains and disordered amorphous
domains. ^
- High degrees of crystallinity occur in polymers having regular, compact structures, especially ones having
strong intermolecular forces such as hydrogen bonding, dipolar interactions, etc.

- Increasing crystallinity increases both the melting temperature, Tm, and opacity of a polymer.
- Amorphous polymers have no long range order in the solid state. Because amorphous polymers lack

crystalline domains to scatter light, they are transparent and thus are sometimes referred to as "glassy

solids". Amorphous polymers turn soft and rubbery upon heating, and the temperature at which this occurs
is called the glass transition temperature, Tg.

• Elastomers are polymers that return to their original form when stretched. If the temperature drops below the

Tg for an elastomer, is it converted to a rigid glassy solid.

22.5 STEP-GROWTH POLYMERIZATIONS
• Step-growth or condensation polymerizations are polymerizations in which chain growth occurs in a
stepwise manner. *
- The monomers for step-growth polymerizations are generally formed from difunctional monomers, with the

new bonds created in separate steps in a statistical fashion.

- Because it is more likely that monomers react with growing chains, very long chains only show up when
chains start reacting with each other. This only occurs very late in the polymerization process, usually after

-99% of the monomers are used up.
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- The bonds formed during step-growth polymerizations are usually formed from polar reactions, and
representative bond types include:

Polyamides, formed from carboxyl and amino groups on monomers.
Polyesters, formed from carboxyl and hydroxyl groups on monomers.
Polycarbonates, formed from phosgene, C1C(0)C1, and hydroxyl groups on monomers.
Polyurethanes, formed from isocyanates and hydroxyl groups on monomers.
Epoxy resins, formed from epoxide and nucleophilic groups such as amines on monomers.

22.6 CHAIN-GROWTH POLYMERIZATIONS
• Chain-growth polymerizations involve sequential addition reactions. In chain growth polymerizations, only
the end of the growing chain possesses a reactive function that can react with another monomer. *
- Typical monomers that imdergo chain-growth polymerization include alkenes, alkynes, allenes, isocyanates
and cyclic compounds such as lactones, lactams, ethers and epoxides.

• Chain-growth polymerizations can involve radical chain reactions, usually initiated by an initiator such as
dibenzoyl peroxide.

- The radical chain-growth reactions involve the normal radical reaction steps of initiation, propagation
and termination.

-In the case of polymerization, the propagation involves reaction with a monomer unit, so the chains
successively add monomers.

-The termination step can involve either radical coupling, two radicals reacting with each other, or

disproportionation, abstraction of a hydrogen from one radical by another resulting in two dead chains.
- Chain transfer reactions occur when hydrogen abstraction from solvent, a monomer or another chain by
the endgroup of a growing chain. Chain transfer reactions can lead to branching of a polymer.

• Chain-growth polymerization can involve heterogeneous catalysts such as TiCU, A1((CH2CH3)2C1 on a MgCl2
support, the so-called Ziegler-Natta catalyst. This type of catalysis is referred to as heterogeneous
because the catalytic species is not soluble, but rather it exists on the surface of insoluble particles.

- The mechanism of Ziegler-Natta polymerization of ethylene includes an initial formation of a

titanium-ethylene bond, followed by insertion of ethylene into the titanium-carbon bond of the growing

chain.

- The Ziegler-Natta polymerization creates high-density polyethylene (HDPE) that is stronger, melts at a

higher temperatm-e, and is more opaque than the low-density polyethylene (LDPE) produced by
radical polymerization.

• Soluble metal coordination complexes such as ft«(cyclopentadienyl)dimethylzirconium

[Cp2Zr(CH3)2] in the presence of methaluminoxane (MAO) also carry out a Ziegler-Natta type of catalysis.

Since these new catalysts are soluble, there are referred to as homogeneous catalysts and the

polymerizations are called coordination polymerizations. Coordination polymerization is a very

active area of current research.

• Polymers can have stereocenters. Polymers with identical configurations at all stereocenters are called

isotactic polymers, those with alternating configurations are called syndiotactic polymers, and those with

random configurations are called atactic polymers. Generally, the more siereoregular the polymer, the more

crystalline it is. *
• Chain-growth polymerizations can also be carried out using anionic or cationic species in the propagation steps,

processes that can be referred to as ionic polymerizations.

- The choice of ionic species for polymerization depends on the electronics of the monomer.
- Vinyl monomers with electron-withdrawing groups (carbanion stabilizing) are used in anionic

polymerizations.
Anionic polymerizations are initiated by a strong nucleophile such as 5ec-butylliihium. The growing

chain has an anionic and thus nucleophilic end group, that attacks other monomers so the cham grows.

Anionic polymerizations can also be initiated by electron transfer from an elecu-on rich species.

Chain-transfer and chain-termination steps that disrupt radical polymerizations do not occur with anionic

polymerizations, so initiated chains continue to grow until either all the monomer is consumed or the

reaction is terminated by adding an external reagent Such polymerizations are referred to as living

polymerizations.
.. ^ ^ ^ . .

• . . •

Living polymerizations produce polymers with a well-defined molecular weight size

distribution, determined by the initiator to monomer ratio.
,. ^ ., .- u

Electrophilic groups can be added to each end of a living polymer chain after all ot the monomer has

been consumed. Polymer chains with funcUonal groups on both ends arc called telechelic polymers.

- Vinyl monomers with electron-donating groups (cation stabilizing) are used in cationic

polymerizations. . .^ , • j

Cationic polymerizauon can be initiated by strong protic acid or a Lewis acid.



716 Solutions Chapter 23: Organic Polymer Chemistry

CHAPTER 23
Solutions to the Problems

Problem 23.1 Given the following structure, detemiine the polymer's repeat unit, redraw the structure using the

simplified parenthetical notation, and name the polymer.

/
ization 1 ^ ^ ^^^ polymer is derived from propylene oxide

<Cj^ *'
^("'''''^o)^ *"^' therefore, named poly(propylene oxide)

Monomer Repeat unit

Problem 23.2 Write the repeating unit of the polymer formed from the following reaction and propose a

mechanism for its formation.

vyy"^ * H.N^>,•MHg ^

A diepoxide A diamine

Following is the structural formula of the repeat unit of this polymer.

As a mechanism, propose nucleophilic attack of the amine on the less hindered carbon of the
epoxide followed by proton transfer from nitrogen to oxygen.

Step 1: Nucleophilic ring opening of the epoxide

H
^ O In

Ar.NH2 + ^Y7^ ^"^ *" Ar-N'-''^^/ ^Ar

The diamine The diepoxide

Step 2: Proton transfer from nitrogen to oxygen

H H



Chapter 23: Organic Polymer Chemistry Solutions 717

PrQ^?lem 23.3 Show how to prepare polybutadiene that is terminated at both ends with primary alcohol groups.

Treat 1,3-butadiene with two mol of lithium metal to form a dianion followed by addition of
monomer units as in Example 23.3 to form a living polymer. Cap the active end groups by
treatment of the living polymer with ethylene oxide followed by aqueous acid.

Butadiene

S^^H Li^
Li*

A dianion

'^^
2. HjO, HCl

end caps from ethylene oxide-

Problem 23.4 Write a mechanism for the polymerization of methyl vinyl ether initiated by 2-chloro-2-

phenylpropane and SnCU. Label the initiation, propagation, and termination steps.

The mechanism for this cationic polymerization is similar to that shown in Example 23.4 for

the cationic polymerization of 2-methylpropene. Treatment of 2-chloro-2-phenylpropane with
SnCl4 forms the 2-phenyl-2-propyl cation, the initiating cation. The termination step shown
here is loss of H-*- from the end of the polymer chain to form a carbon-carbon double bond.

Initiation:

Ph- CI SnCI 4 =:^ Ph-{' SnCI

2-Chloro-2.

phenylpropane

Propagation:

Ph

Methyl vinyl

ether

Ph
"1 Ph

^^ n 1
+

Termination:

Ph

A^

H

n 1
+

SnCI
Ph

\^
O^

HCl SnCI
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Problem 23.5 Name the following polymers.

(d) tpF
?

-CF:

CF.

CHpCI

(a) Poly(l-butene) (b) Poly(ethyl vinyl ether)

(c) Poly(vinyl acetate) (d) PolyCperfluoroethylene)
(e) Poly(2,6-diniethylphenylene oxide) (f) Poly(l,4-butyIene terephthalate)

(g) Poly(3-chloromethylphenylethyIene) (h) Poly(hexamethyIene decanediamide)

Problem 23.6 Draw the structure(s) of the monomer(s) used to make each polymer in Problem 23.5.

(a) C (b) i^ (c)
1^

V
(d) CF-CF2

CF3

(e)

(h)

OH + HO^^^O^OH
(g)

CH2CI

OH + H2I

Problem 23.7 Draw the structure of the polymer formed in the following reactions.

?
/0CH3

(a) CH3OC—
^ y + HO^^,^v.^,OH

9 ^-^
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/°^"3 ^^0^-y^o)-

^^ / ^*-^ ^^ Note: there may alsmay also be
cross-linking

=^ « ^IBN. 'i 'i) (d)Q° i^sSOsh^ V--0|0^
70°C 11

^
(c)

(e) |>o -^^2y» >v^o\ (o=x A^ r-r^n^ \ /n CN CM

Problem 23.8 At one time, a raw material for the production of hexamethylenediamine was the pentose-based

polysaccharides of agricultural wastes, such as oat hulls. Treatment of these wastes with sulfuric acid or

hydrochloric acid gives furfural. Decarbonylation of furfural over a zinc-chromium-molybdenum catalyst gives

furan. I*ropose reagents and experimental conditions fo." the conversion of furan to hexamethylenediamine.

Zn-Cr-Mo

smlks,ett H2O ^CT^CH ^CT ^O-^

Furfural Furan Tetrahydrofuran

(THF)

CI(CH2)4CI -^^^ I^C(CH2)4CsN-^^^ H2N(CH2)6NH2

1,4-Dichloro- Hexanedinitrile 1,6-Hexanediamine

butane (Adiponitrile) (Hexamethylenediamine)

Step 1: Catalytic hydrogenation using H2 over a transition metal catalyst.

Step 2: Cleavage of the ether using concentrated HCI at elevated temperature.

Step 3: Treatment of the dihalide with NaCN, by an Sn2 pathway.

Step 4: Catalytic hydrogenation of the cyano groups using H2 over a transition metal catalyst.

Problem 23.9 Another raw material for the production of hexamethylenediamine is butadiene derived from

thermal and catalytic cracking of petroleum. Propose reagents and experimental conditions for the conversion of

butadiene to hexamethylenediamine.

CH2=CHCH=CH2 -^^^ CICI^CH=CHCH2CI-^^^

Butadiene l,4-Dichloro-2-butene

N^CCH2CH=CHCH2CeN ^^^ - H2N(CH2)6NH2

3-HexenedinitriIe 1,6-Hexanediaminc
(Hexamethylenediamine
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Step 1: 1,4- Addition of CI2 to the conjugated diene.

Step 2: Treatment of the dihalide with NaCN, by an Sisr2 pathway.

Step 3: Catalytic hydrogenation of the cyano groups and the carbon-carbon double bond using

H2 over a transition metal catalyst.

Problem 23.10 Propose reagents and experimental conditions for the conversion of butadiene to adipic acid.

(Hint: review the chemistry of the previous problem.)

CH2=CHCH=CH2
Butadiene

^ H02C(CH2)4C02H

Hexanedioic add
(Adipic add)

See Problem 23.9 for the conversion of butadiene to 3-hexenedinitrile. (3) Catalytic

hydrogenation of the carbon-carbon double bond in 3-hexenedinitrile followed by (4)

hydrolysis of the cyano groups in aqueous acid gives adipic acid.

CH2=CHCH=CH2 -^^^CICH2CH=CHCH 2CI-^^^NsCCH2CH=CHCH2 GN -i^
Butadiene l,4-Dichloro-2-butene 3-Hexenedinitrile

NsC(CH2)4CiN-i^
Hexanedinitrile

(Adiponitrile)

H02C(CH2)4C02H
Hexanedioic acid

(Adipic acid)

Problem 23.11 Polymerization of 2-chloro- 1,3-butadiene under Ziegler-Natta conditions gives a synthetic

elastomer called neoprene. All carbon-carbon double bonds in the polymer chain have the trans configuration.

Draw the repeat unit in neoprene.

Problem 23.12 Poly(ethylene terephthalate) (PET) can be prepared by this reaction. Propose a mechanism for the

step-growth reaction in this polymerization.

nCH30&-^^l!xDCH3 + nHOCH2CH20H ^^5!^^ |^.^^{|jOCH2CH2o)- -h 2nCH30H

Dimethyl terephthalate Ethylene glycol Poly(ethylene terephthalate) Methanol

Propose addition of a hydroxy 1 group to a carbonyl carbon of dimethyl terephthalate to form a
tetrahedal carbonyl addition intermediate, followed by its collapse to give an ester bond of the
polymer plus methanol etc. This is an example of transesterification.

CH3ol-Q^LcH3

H(5CH2CH20H

OH

>^-f\LCHaOC-^ >-C0CH3

OCH2CH2OH

CH3O COCH2CH2OH + CH3OH
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Problem 23,13 Identify the monomers required for the synthesis of these step-growth polymers.

O O

(a) 4c--/~Vc-0-CH2 ^^-CH2c4

Kodel

(a polyester)

O

HOCoCOH + HOCH2<yCH2OH

o o

(b) 4-C{CH2)6C-NH(I,

Quiana

(a polyamide)

O O
II II

HOC(CH2)6COH

^^-O-^i

"'^~{Z)"^"^KZ)"
NH.

Problem 23.14 Nomex, another aromatic polyamide (aramid) is prepared by polymerization of 1,3-

benzenediamine and the diacid chloride of 1 ,3-benzenedicarboxylic acid. TTie physical properties of the polymer
make it suitable for high strength, high temperature applications such as parachute cords and jet aircraft tires.

Draw a structural formula for the repeating unit of Nomex.

jx)lymerization

Nomex

1 ,3-Benzenediamine 1,3-Benzene-

dicarbonyl chloride

Following is the repeat unit in Nomex.

Problem 23.15 Caprolactam, the monomer from which nylon 6 is synthesized, is prepared from cyclohexanone

in two steps. In step 1, cyclohexanone is treated with hydroxylamine to form cyclohexanone oxime. Treatment

of the oxime with concentrated sulfuric acid in step 2 gives caprolactam by a reacuon called a Bcckmann

rearrangement. Propose a mechanism for the conversion of cyclohexanone oxime to caprolactam. {Hint: Proton

transfer to oxygen of the oxime followed by loss of water gives a posiuvely charged, electron deficient mu-ogcn

atom, which then provides the driving force for the skeletal rearrangement.)
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N'
.OH

NHoOH H2SO4

Cyclohexanone Cyclohexanone

oxime

o
Caprolactam

The mechanism is shown divided into six steps.

Step 1: Proton transfer from H30"^ to the oxygen atom of the oxime generates an oxonium
ion, which converts OH, a poor leaving group, into OH2, a better leaving group.

H

A H*

H
\

N
•x-.-^H

Step 2: Departure of H2O, which creates an electron-deficient nitrogen atom.

H

(-H2O)

• • 4-

Step 3: Migration of the electron pair of an adjacent carbon-carbon bond to nitrogen, which
creates an electron-deficient carbon atom.

Step 4: Reaction of the carbocation from step 2 with H2O to give an oxonium ion.

H

uv^
H
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Step 5: Proton transfer to solvent gives the enol of an amide.

H H
\

(-H*)

Step 6: Tautomerization of the enol form of the amide gives caprolactam.
H
\

.. >°- H^.. :o:

N=\ keto-enol N-
tautomerization

Caprolactam

Problem 23.16 Nylon 6,10 is prepared by polymerization of a diamine and a diacid chloride. Draw the structural

formula of each reactant and for the repeat unit in nylon 6,10.

The six-carbon diamine is 1,6-hexanediamine and the ten-carbon diacid chloride is decanedioyi
chloride.

HzNCCH 2)6NH2 + CI(!!(CH 2)J^O -(-HN(CH2 )6NH't(CH2 )8bf-

1,6-Hexanediamine Decanedioyi

chloride
The repeat unit of nylon 6,10

Problem 23.17 Polycarbonates (Section 23.5C) are also formed by using a nucleophilic aromatic substitution

route (Section 20.3B) involving aromatic difluoro monomers and carbonate ion. Propose a mechanism for this

reaction.

^O^K>^ - ^^^^°^ —K>^K>°^<^n + 2NaF

An aromatic

difluoride

Sodium
carbonate

A polycarbonate

Review Section 20.3B for the addition-elimination mechanism of nucleophilic aromatic

substitution.

Step 1: Nucleophilic addition of carbonate ion to the aromatic ring at the carbon bearing the

fluorine atom forms a Meisenheimer complex.

1?

:o:

An aromatic difluoride Carbonate
ion

'O'^Ck;
A Meisenheimer complex

•o^^^o-
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Step 2: Collapse of the Meisenheimer complex with ejection for fluoride ion.

1?

A Meisenheimer complex

Problem 23.18 Propose a mechanism for the formation of this polyphenylurea. To simpUfy your presentation of

the mechanism, consider the reaction of one -NCO group with one -NH2 group.

ocN^^NCO + H.fr---^"^— -(^ff-O-H^H^-^
1,4-Benzenediisocyanate 1,2-Ethanediamine Poly(ethylene phenylurea)

Propose (1) addition of an amino group to the C=0 of the isocyanate group to give an enol,

followed by (2) keto-enol tautomerism of the enol to give a disubstituted urea.

OH

^ B-N-^NH-E -^^ B-NH-i-lB-N-C-O + H2N-E -^^ B-N-C-NH-E -^^^ B-NH-C-NH-E

14-Benzene 1,2-Ethane- An enol A disubstituted
diisocyanate diamine urea

Problem 23.19 When equal molar amounts of phthalic anhydride and 1,2,3-propanetriol are heated, they form an
amorphous polyester. Under these conditions, polymerization is regioselective for the primary hydroxy! groups
of the triol.

H

HOl ^^'J^.^^OH ^ a polyester

1,2,3-Propanetriol

Phthalic anhydride (Glycerol)

(a) Draw a structural formula for the repeat unit of this polyester

\J 0"

(b) Account for the regioselective reaction with the primary hydroxyl groups only.

The regioselectivity reflects the fact that the 1° hydroxyl groups are more accessible than the
2° hydroxyl group.
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Problem 23,20 The polyester from Problem 23.19 can be mixed with additional phthalic anhydride (0.5 mol of
phthalic anhydride for each mol of 1^,3-propanetriol in the original polyester) to form a liquid resin. When this

resin is heated, it forms a hard, insoluble, thermosetting polyester called glyptal.

(a) Propose a structure for the repeat unit in glyptal.

The polymer described in Problem 23.19 becomes cross linked as shown.

This unit from a phthalic

anhydride monomer is

the cross-linking unit.

Qd) Account for the fact that glyptal is a thermosetting plastic.

Because of the extensive cross linking, the individual polymer chains can no longer be made
to flow and, therefore, the polymer can not be made to assume a liquid state.

Problem 23.21 Propose a mechanism for the formation of the following polymer.

O O

One way to attack this problem is to first determine which rings in the product are present m
the original monomers, and which are formed during the polymerization. The monomer units

are redrawn here to show that new rings are formed during polymerization by aldol reactions

followed by dehydration and by imine formation.
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aldol reaction

here followed

by dehydration L I

CH3 o

H2N

imine formation here

base 2nH20
These rings formed by the

combination of aldol/dehydration

d imine formation

O

Problem 23.22 Draw the structural formula of the polymer resulting from base-catalyzed polymerization of each
compound. Would you expect the polymers to be optically active? (S)-(+)-lactide is the dilactone formed from
two molecules of (S)-(+)-lactic acid.

(a)

H3C H o
O each stereocenter has the S

(S)-(+)-lactide configuration; the polymer
is optically active

(b) V
H3C ^

k'
o^

'n/2

(R)-Propylene oxide.

H CH3
each stereocenter has the R
configuration; the polymer

is optically active
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PrQt>lgm 23,23 Poly(3-hydroxybutanoic acid), a biodegradable polyester, is an insoluble, opaque material that is

difficult to process into shapes. In contrast, the copolymer of 3-hydroxybutanoic acid and 3-hydroxyoctanoic acid
is a transparent polymer that shows good solubility in a number of organic solvents. Explain the difference in
properties between these two polymers in terms of their structure.

Poly(3-hydroxybutanoic acid) Poly(3-hydroxybutanoic acid -

3-hydroxyc)Ctanoic acid) co|X)lymer

The polymer chains of poly(3-hydroxybutanoic acid) can assume a highly ordered arrangement
with a high degree of crystallinity, hence its insolubility and its opaque character. In
contrast, the polymer chains of the copolymer of 3-hydroxybutanoic acid and 3-

hydroxyoctanoic acid have bulky five-carbon chains which effectively prevent polymer chains
from assuming any regular ordered structure. As a result, the polymer has little crystalline
character, that is, it is an amorphous material with little crystalline character to refiect light.

Problem 23.24 How might you determine experimentally if a particular polymerization is propagating by a step-

growth or a chain-growth mechanism?

Analyze the distribution of polymer molecular weights as a function of degree of
polymerization. As discussed in the introduction to Section 23.5, high molecular weight
polymers are not produced until very late in step-growth polymerization, typically past 99%
conversion of monomers to polymers. Given the mechanism of chain-growth polymerization,
high molecular weight polymer molecules are produced very early and continuously in the

polymerization process.

Problem 23.25 Select the monomer in each pair that is more reactive toward cationic polymerization.

The more reactive monomer in each pair is the one forming the more stable carbocation. The
first structure in each pair forms the more stable carbocation.

(a)

OCH.
or =< OCH.

or

0^CH3

t:.QCH *PCH3

More important contributing

structure; carbon and oxygen
have complete valence shells

^ 5+
+OCCH 3

••II

This structure makes little contribution

to the hybrid because of adjacent

positive and partial positive charges.
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(C)

0-4 CH.-d-0-^*
\3°benzvlic " \—V \A 3° benzylic

carbocation

Problem 23.26 Polymerization of vinyl acetate gives poly(vinyl acetate). Hydrolysis of this polymer in aqueous

sodium hydroxide gives poly(vinyl alcohol). Draw the repeat units of both poly(vinyl acetate) and poly(vinyl

alcohol).

Following are structural formulas for the monomer and repeat unit of each polymer.

T IT OH

Vinyl acetate Poly(vinyl acetate) PoIy(vinyl alcohol)

Problem 23.27 Benzoquinone can be used to inhibit radical polymerizations. This compoimd reacts with a radical

intermediate, R», to form a less reactive radical that does not participate in chain propagation steps and, thus,

breaks the chain.

R- + II J
^

II II

^ ^ etc.

Draw a series of contributing structures for this less reactive radical and account for its stability.

This radical can be represented as a hybrid of five contributing structures; three place the
single electron on carbon atoms of the ring, and two place it on the oxygen atoms bonded to
the ring. This radical is stabilized by the significant degree of delocalization of the single
electron.
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Prgblgm 23,2g Following is the structural formula of a section of polypropylene derived from three units of
propylene monomer.

CH3 CH3 CH3

-CH2CH-CH2CH-CH2CH-

Polypropylene
Draw structural formulas for comparable sections of:

(a) poly(vinyl chloride)

-CH ? ? ?,CH-CH, CH-CH pCH-

(b) polytetrafluoroethylene

-CF2CF2-CF2CF2-CF2CF2

(c) poly(methyl methacrylate) (Plexiglas)

9H3 <?H3 9H3

9 9 9
0=C OC o=c

-CH2C-CH26-CH2<iH-

CH3 CH3 CH3

(d) poly( 1

,

1 -dichloroethylene)

-CH 2CCI2 -CH 2CCI2 -CH 2CCI2

Problem 23.29 Low-density polyethylene (LDPE) has a higher degree of chain branching than high-density

polyethylene (HDPE). Explain the relationship between chain branching and density.

Unbranched polyethylene packs more efficiently into compact structures which have more
mass per unit volume than structures formed by packing of branched polyethylene chains.

Therefore, unbranched polyethylene has a higher density than branched-chain polyethylene.

Problem 23.30 We saw how intramolecular chain transfer in radical polymerization of ethylene creates a four-

carbon branch on a polyethylene chain. What branch is created by a comparable intramolecular chain transfer

during radical polymerization of styrene.

Ph Ph
A six-membered transition

state leading to

1,5-hydrogen abstraction

Ph
nPhCH=:CH2

»s

Ph Ph

This four-carbon

branch is created

Ph Ph

^^l^--><^
Ph

Ph

Problem 23.31 Compare the densities of low-density polyethylene (LDPE) and high-density polyethylene

(HDPE) with the densities of the hquid alkanes listed in Table 2.4. How might you account for the differences

between them?

Given in the table are densities of several liquid alkanes reported in Table 2.4, plus densities

for pentadecane, eicosane, and tricosane. As you can see, densities for these unbranched

alkanes reach a maximum in the range 0.77-0.79 g/mL, which is significantly less than the

density of both LDPE and HDPE. From this data, we conclude that both LDPE and HDPE
pack more efficiently (have greater mass per unit volume) than their lower molecular weight

counterparts.
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Density

Alkane Formula (g/mL)

Pentane C5H12 0.626

Heptane C7H16 0.684

Decane C10H22 0.730

Pentadecane C15H32 0.769

Eicosane C20H42 0.789

Tricosane C30H62 0.779

LDPE

HOPE
(CH2-)n 0.91-0.94

^CH24n 0.96

I^roblem 23.32 Natural nibber is the all cis polymer of 2-methyl-l,3-butadiene (isoprene).

Poly(2-niethyl- 1 ,3-butadiene)

(Polyisoprene)

(a) Draw the structural formula for the repeat unit of natural rubber.

(b) Draw the structural formula of the product of oxidation of natural rubber by ozone followed by a workup in

the presence of (CH3)2S. Name each functional group present in this product.

H

4-Oxopentanal
(a ketoaldehyde)

(c) The smog prevalent in many major metropolitan areas contains oxidizing agents, including ozone. Account
for the fact that this type of smog attacks natural rubber (automobile tires, etc.) but does not attack

polyethylene or polyvinyl chloride.

Polyethylene and poly(vinyl chloride) do not contain carbon-carbon double bonds.
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PrQblgm 23,33 Radical polymenzation of styrene gives a linear polymer. Radical polymerization of a mixture of
styrene and 1 ,4-divinylbenzene gives a cross linked network polymer of the type shown in Figure 23.1. Show
by drawing structural formulas how incorporation of a few percent 1 ,4-divinylbenzene in the polymerization
mixture gives a cross linked polymer.

Drawn here is a section of the copolymer showing cross linking by one molecule of 1,4-
divinylbenzene. Benzene rings derived from, PhCH=CH2, are shown as Ph.

From the carbon-carbon double
bonds of 1,4-divinylbenzene

A copolymer of styrene and 1,4-divinylbenzene

Problem 23.34 One conunon type of cation exchange resin is prepared by polymerization of a mixture containing

styrene and 1,4-divinylbenzene (Problem 23.33). The polymer is then treated with concentrated sulfuric acid to

sulfonate a majority of the aromatic rings in the polymer,

(a) Show the product of sulfonation of each benzene ring.

The following is a structural formula for a section of the polymer. Structural formulas for

only the sulfonated rings are written in full; unsulfonated benzene rings are shown as Ph.

SO3H SO3H SO3H SO3H

(b) Explain how this sulfonated polymer can act as a cation exchange resin.

The resin is shown in the acid or protonated form. When functioning as a cation exchange

resin, cations displace H+ and become bound to the negatively charged -SO3- groups.

Problem 23.35 The most widely used synthetic rubber is a copolymer of styrene and butadiene called SB rubber.

Ratios of butadiene to styrene used in polymerization vary depending on the end use of the polymer. The ratio

used most commonly in the preparation of SB rubber for use in automobile ures is 1 mol styrene to 3 mol

butadiene. Draw a structural formula of a section of the polymer formed from this ratio of reactants. Assume that

all carbon-carbon double bonds in the polymer chain are in the cis configuration.

derived from 1,3-butadiene

derived from

styrene

^^^N'} -\ rA r-\....r
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Problem 23.36 From what two monomer units is the following polymer made?

C2N C^N

The section of polymer drawn here is derived six 1,3-butadiene monomer units and two
acrylonitrile monomer units.

^s^^^^>^ ^an^^^^ .^sj^^v^ ^ .i^i^^^^ .^iff>-^ ^ .^a^-^^
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CHAPTER 24 : CARROHYDR ATF<^

SUMMARY OF REACTIONS
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Monosaccharides 14A 24B 24C 24D24E 24F 24G 24H 241
24.4D* 24.4D 24.4C 24 .4D 24.2 24.2C 24.4B 24 .4A 24.4A

*Section in book that describes reaction.

REACTION 24A: OXIDATION TO ALDARIC ACIDS (Section 24.4D)

C-C'HOK

^ P
HO—C-fc'HOHVC"

H
"

HNO3
,C-C'HOH}-C"

- Nitric acid oxidizes both the -CHO and terminal -CH2OH groups of an aldose to carboxyl groups. *
- The product dicarboxylic acid is referred to as an aldaric acid.

REACTION 24B: OXIDATION BY PERIODIC ACID (Section 24.4D)

OH OH OH
I I I

C-C-C"—
2HJ0. -<•

.0

H— c:
\

OH /
C"—

Periodic acid cleaves carbon-carbon bonds of glycols (Reaction 9J, section 9.5H) to give either

aldehydes or ketones, depending on the structure of the original glycol The reaction involves a cyclic

periodate ester intermediate. *
Periodic acid also cleaves a-hydroxy aldehydes and ketones to give an aldehyde, ketone or

carboxylic acid. The exact product can be predicted by assuming that each C-C bond broken in the

reaction is replaced by a carbon-oxygen bond.

The reaction can be used for structure determination of carbohydrates by analyzing the amount of periodate

used and the different fragments produced.

REACTION 24C: REDUCTION (Section 24.4C)

H

HO-C-(C'HOh)-C;

Reducing

Agent

H H

HO-C-(C"HOIj—C"-OH

H H H

The carbonyl group of a monosaccharide can be reduced to an alcohol to give an alditol.

Different reducing agents can be used including NaBH4 and metal-catalyzed hydrogcnauon with Hj. *

The reduction actually occurs with the small amount of open-chain sugar that is present at any one time, until

eventually, the reacuon is complete. This reacUon emphasizes how the cyclic form of a monosaccharide

predominates in solution, but this is in equilibrium with a small amount of the open-chain form.
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REACTION 24D: OXIDATION TO ALDONIC ACIDS (Section 24.4D)

H o Benedict's or H Q
HO-C-{C'HOf^C-

Tollens' Solution
, H0-C-(C'H0f4-ct

H
^^ H

°^^

- Monosaccharides can be oxidized to aldonic acids by Tollens* solution (Silver ion in aqueous

ammonia) or Benedict's solution (copper(II) sulfate in sodium carbonate in citrate buffer). *
- As opposed to reaction 24A, the termini -CH2OH group is not oxidized.

REACTION 24E: FORMATION OF CYCLIC HEMIACETALS (Section 24.2)

V"
H—C-OH

3I

HO-C—H .

HOHgC'

H0-?V^

+

vAi^OH
OH

HOH2C'

H0-<t^
HO-A^

OH
OH

H—'C-OH
H—C-OH

'CHgOH

D-Glucose

- Monosaccharides form cyclic hemiacetals, and at equilibrium, the cyclic forms predominate to

such an extent that only a small amounts of the open chain forms exist at any one time. Nevertheless, it is

important to remember that this equilibration exists, because sometimes the small amount of open chain form

can be important in a reaction mechanism. See for example, mutarotation (reaction 24E, section 24.2D). *

REACTION 24F: MUTAROTATION (Section 24.2C)

HOH2C HOH2C
HO-^Y^O HO-^V^^O
HO-A.-'-^A-^OH ^ HO-A-^VA

OH 0H|

OH

- The a- and p-anomers of cyclic monosaccharides slowly interconvert in aqueous solution, and the process

is known as mutarotation. *
- The mechanism of mutarotation involves the open chain form as an intermediate, that quickly recloses to the

different cyclic forms.
- A number of generalizations can be made about which forms of a given monosaccharide will predominate at

equilibrium.

Little free aldehyde or ketone is present.

Pyranose forms (six-membered rings) predominate over possible furanose forms (five-membered rings).

Note that here we are referring to the free monosaccharide in solution, but in special biological structures

such as nucleic acids, the furanose form of ribose or deoxyribose is found.
In pyranose forms, the diastereomer that has the larger group equatorial on the anomeric carbon atom
predominates.
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REACTION 24G: FORMATION OF ETHERS (Section 24.4B)

HOH2C O C'H30H2C

c'H30—^-^—t::^ocH

(excess)

HOA.^--tA^0CH3 ^ ^'^30-rOC-H3—
-

-3;

OH o ^ OC'H. ^
'3

- All of the -OH groups of a glycoside are converted to methyl ethers with dimethyl sulfate in the
presence of sodium hydride. *

- The sodium hydride turns the weakly nucleophilic -OH groups into strong nucleophilic -O - groups.

REACTION 24H: FORMATION OF GLYCOSIDES (Section 24.4A)

HOHgC ^ HOH2C

HO-^V^—O H /C'HgOH j_,Q—^.i^^^O
HO-A-—-^0^—^OH

*" HO-X^--\-\^OC'Ho
OH OH

- Reaction of a cyclic hemiacetal with an alcohol like methanol in the presence of an acid catalyst

produces a cyclic acetal called a glycoside. *
- The mechanism involves protonation of the glycosidic -OH group, loss of H2O to generate a resonance

stabilized cation, attack on this cation by the alcohol, and loss of a proton to generate the final product

glycoside.
- The reaction is reversible, and treatment of a glycoside with aqueous acid regenerates the free

monosaccharide.

REACTION 241: FORMATION OF A^-GLYCOSIDES (Section 24.4A)

\_/ + y —- \_/ - H20

HO HO

- A^-glycosides can be formed from a cyclic monosaccharide with a compound containing an N-H
bond to form N-glycosides. *

- The nucleic acids are based on D-ribose or 2-deoxy-D-ribose, in the furanose form, as the A^-glycosides with

the aromatic bases uracil, cytosine, thymine, adenine, or guanine. In DNA and RNA, these A^-glycosides

are found exclusively as the p-anomers.

SUMMARY OF IMPORTANT CONCEPTS

24.0 OVERVIEW
• Carbohydrates are polyhydroxylated aldehydes or ketones, or compounds that produce

polyhydroxylated aldehydes or ketones upon hydrolysis. *
• Carbohydrates are the most abundant organic molecules m die world. They are essential to all forms of

hfe, and perform such funcuons as energy storage (glucose, starch, glycogen), structural reinforcement

(cellulose), and genetic information storage as components of nucleic acids (DNA. RNA).

24.1 MONOSACCHARIDES ,, „ ^ ., ox ^ u
• Monosaccharides usually have molecular formulas of CnHinOn (3<n<8), and are the monomers from

which larger carbohydrates are constructed. *
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• Monosaccharides are named by using the suffix ose. The prefixes tri, tetr, pent are used to indicate 3,4, or 5

carbon atoms, respectively. An aldehyde carbohydrate is called an aldose, and is sometimes designated

with an aide prefix. A ketone carbohydrate is called an ketose, and is sometimes designated with a keto

prefix. For example, glyceraldehyde is an aldotriose and fiiictose is a ketohexose.

- The nomenclature of monosaccharides is dominated by common names. Even though lUPAC names
can be derived for each different monosaccharide, the common names are much simpler and used almost

exclusively. * [Unfortunately, the system ofcommon names is only slightly systematic, and the names
must be simply memorized along with the corresponding structures.]

• Monosaccharides usually have one or more stereocenters, so stereochemistry is of major importance
with monosaccharides. A Fischer projection of a monosaccharide is used to show the structure of a

monosaccharide and thus keep track of stereochemistry.

- In a Fischer projection, the monosaccharide is usually drawn in the open chain form, and the carbonyl

carbon atom is placed at the top of the structure. [Even though it is understood that the cyclic hemiacetal

predominates at equilibrium, the open chain Fischer projection is usedfor clarity]

- Since the sp^ carbon atoms are tetrahedral, a monosaccharide that is stretched out analogous to a Fisher

projection will have some groups projecting forward, and some projecting backward. In a Fischer

projection, the horizontal lines represent the groups that are projecting above the plane of the

paper, and vertical lines are used to represent groups that are projecting below the plane of the

paper. [Although very difficult to master at first, Fisher projections are useful for understanding and
describing the structures ofmonosaccharides. The only way to get good at using them is to practice.] *

- Monosaccharides are classified as D or L, based on a comparison to glyceraldehyde
stereochemistry. In a monosaccharide, the point of reference is the stereocenter that is farthest

from the carbonyl group. Since this is a carbon atom that is next to the last carbon atom in the chain

(notice that the last carbon atom of the chain has two -H atoms, so it is not a stereocenter) it is referred to as

the penultimate carbon atom. A monosaccharide that has the same configuration about the

penultimate carbon as D-glyceraldehyde is classified as a D monosaccharide. In this case the -OH
group will be on the right side of the carbon atom in the Fischer projection. Similarly, an L
monosaccharide has a conHguration about the penultimate carbon atom that is the same as the

configuration of L-glyceraldehyde, with the -OH group being on the left in a Fischer projection.
- The enantiomer of a given monosaccharide is not produced by simply changing the configuration of the

penultimate carbon atom, but rather by reversing all of the stereocenters. [This may seem obvious, but it is

worth keeping in mind as the different sugars are examined.]
• Some sugars have an amino group (-NH2) instead of all -OH groups, and these are called amino
sugars. Amino sugars are much less common that normal carbohydrates, but important examples include D-

glucosamine and D-galactosamine.

24.2 THE CYCLIC STRUCTURE OF MONOSACCHARIDES
• The open chain monosaccharides are in equilibrium with a cyclic hemiacetal structure (Reaction 24E,
Section 24.2). The cyclic acetal is greatly favored and thus is found in large excess at equilibrium.

• There are two diastereomers possible, and these are referred to a anomers. The two anomers are distinguished

by the relative orientation of the anomeric -OH group (the -OH group on the so-called anomeric carbon
atom, the one that was a carbonyl in the open chain form). *

• The two anomers are named as a- or p-. The a anomer is the one that has the anomeric -OH group on the

same side of the Fischer projection as the -OH group on the penultimate carbon [Remember that the

-OH group on the penultimate carbon atom is the one that determines whether a monosaccharide is named as D
or L]. The p-anomer has the anomeric -OH group and the -OH group of the penultimate carbon atom on
opposites sides in the Fischer projection. With D-glucose in the cyclic hemiacetal fomi, the a anomer is the one
with the anomeric -OH group is axial, while for the p anomer the anomeric -OH group is equatorial. *

• Cyclic monosaccharide structures are usually drawn as Haworth projections, in which the five-

membered or six-membered cyclic hemiacetal is drawn as planar, and perpendicular to the plane of
the paper. They are usually drawn with the anomeric carbon to the right, and the hemiacetal oxygen atom in

the back. A more accurate "chair" type of structure can be drawn for six-membered ring hemiacetals, showing
which groups are axial and which are equatorial.

24.3 PHYSICAL PROPERTIES
• Monosaccharides are all very soluble in water due to all of the -OH groups that can take part in hydrogen
bonding with the water molecules. Monosaccharides also taste sweet to differing degrees.

24.5 GLUCOSE ASSAYS: THE SEARCH FOR SPECIFICITY
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• For various medical conditions, especially diabetes, an accurate determination of glucose levels in serum and
other fluids is required. In order to carry out this determination quantitatively, some chemical and enzymatic
tests have been developed.

24.6 L-ASCORBIC ACID (VITAMIN C)
• In nature, L-ascorbic acid is made through a series of enzyme-catalyzed reactions from D-glucose. Humans,
primates and guinea pigs cannot cairy out the complete synthesis of ascorbic acid, since not^ die required
enzymes are present.

• On an industrial level, ascorbic acid is synthesized through a combination of some chemical steps, as well as

some microbiological fermentations, starting with inexpensive D-glucose.

24.7 DISACCHARIDES AND OLIGOSACCHARIDES
• The monosaccharides can be linked into disaccharides, trisaccharides, or higher oligosaccharides.

- Important disaccharides include maltose (2 D-glucose molecules linked with a p-l,4-glycoside bond),

lactose (D-glucose and D-galactose linked widi a p-l,4-glycoside bond), and sucrose (D-glucose and D-

fiructose linked witii an a-l,2-glycoside bond).
- Larger oligosaccharides are also important in nature, including the blood group substances that are on
the surfaces of red blood cells. These are used lo differentiate the blood types.

24.8 POLYSACCHARIDES
• Monosaccharides can also be linked togetiier into very large polysaccharides.

- Starch is composed entirely of D-glucose units, as a straight chain polymer with a-l,4-glycoside linkages

(called amylose) or as a branched polymer with both a-l,4-glycoside linkages and a-1 ,6-glycoside hnkages.

Starch is used for energy storage in plants.

- Glycogen is the animal equivalent of starch, and is a highly branched structure witii botii a-l,4-glycoside

linkages and a-l,6-glycoside linkages between D-glucose units. Glycogen is found mostiy in the liver and

muscles, and serves as the carbohydrate reserve.

- Cellulose is a linear polymer of D-glucose linked by p-1,4 glycoside bonds. Cellulose is a structural

component of plants, comprising almost half of the cell wall material of wood. Cotton is almost entirely

composed of cellulose, and die synthetic textile fibers rayon and acetate rayon are chemically modified

forms of cellulose.
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CHAPTER 24
Solutions to the Problems

Problem 24.1 (a) Draw Fischer projections for all 2-ketopentoses.

(b) Show which are D-ketopentoses, which are L-ketopentoses, and which are enantiomers.

(c) Refer to Table 24,2, and write names of the ketopentoses you have drawn.

CHoOH
I

C=0
CHoOH

I

c=o

H-

H-

OH
OH

HO^

HO-

V.

CHgOH

D-Ribulose

H
H

HO

H-

CHoOH
I

c=o
-H

-OH

CH2OH

L-Ribulose

H-

HO

CHoOH
I

C=0
-OH

-H

y
a pair of enantiomers

y

CH2OH

vD-Xyulose

a pair of enantiomers

CH2OH

L-Xyulosey

Problem 24.2 D-Mannose exists in aqueous solution as a mixture of a-D-mannopyranose and p-D-

mannopyranose. Draw Haworth projections for these molecules.

D-Mannose differs in configuration from D -glucose at carbon-2. Therefore, the alpha and beta
forms of D-mannopyranose differ from those of alpha and beta D-glucopyranoses only in the
orientation of the -OH on carbon-2. Following are Haworth projections for these compounds.

CHjOH

HO

CHoOH

OH(a)

Configuration differs

from that of D-glucose
at C-2

a-D-Mannopyranose
(a-D-Mannose)

p-D-Mannopyranose
(p-D-Mannose)

Problem 24.3 Draw chair conformations for a-D-mannopyranose and p-D-mannopyranose. Label the anomeric
carbon atom in each.

D-Mannose differs in configuration from D-glucose at carbon-2. Draw chair conformations for
the alpha and beta forms of D-glucopyranose and then invert the configuration of the -OH on
carbon-2. For reference, the open chain form of D-mannose is also drawn.

HOCH,

HO
HO
-"T^ OH

HOCH, HOCH,

^ HO
^HO

OH(P)

OH
-OH

.0 ==

H
Anomeric

carbon atom

p-D-Mannopyranose
(p-D-Mannose)

Anomeric
carbon atom

OH(a)

D-Mannose a-D-Mannopyranose
(a-D-Mannose)
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PrQt)lgm 24,4 Draw structural formulas for these glycosides. In each, label the anomeric carbon and the
glycoside bond.

(a) Methyl p-D-fructofiiranoside (methyl p-D-fructoside)

HOCH
.0 0CH3(P)

Anomeric
A ^-glycoside bond

CHjOH
H 1

carbon atom

Methyl p-D-fructofuranoside

(b) Methyl a-D-maimopyranoside (methyl a-D-mannoside)

HOCH2

HO

0CH3(a)

Methyl a-D-mannopyranoside
(Chair conformation)

Anomeric
carbon atom

An a-g!ycoside
bond

CHjOH

HO I I OCHgCa)

H H

Methyl a-D-mannopyranoside
(Haworth projection)

Problem 24.5 Suppose that a p-D-glycopyranose is treated with methanol emiched in oxygen- 18. Is the isotopic

label found in the resulting methyl glycoside, in the water produced in the reaction, or in both the methyl glycoside

and in the water?

Oxygen-18 will appear in the -OCH3 of the glycoside according to the mechanism put forward
in the solution to Example 24.5.

Problem 24.6 Draw a structural formula for the p-N-glycoside formed between 2-deoxy-D-ribofuranose and

adenine.

Following are structural formulas for adenine, the monosaccharide hemiacetal, and the A^-

glycoside.

NH,

Aden'"• ex. >

H
(-H2O)

HOCH2

HO OH
p-D-Ribofuranose

HOCH2
A p-iV-glycoside

bond

Anomeric
carbon
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Problem 24.7 Suppose it were possible to convert D-glucose to a permethylated D-glucofuranoside. Draw an

open-chain formula for the ietra-0-methyl-D-glucose that would be isolated after this permethylated derivative is

treated with dilute aqueous HCl.

The furanoside form of D-glucose results from cyclic hemiacetal formation between the -OH
on carbon-4 and the carbonyl group on carbon-1. Permethylation followed by acid-catalyzed

hydrolysis of the methyl D-gluco-furanoside bond gives 2,3,5,6-tetra-O-methyl-D-glucose.

H-

CH3O

H-

H-

CHO

-OCH3

-H

-OH

-OCH3

CH2OCH3

2,3,5,6-Tetra-O-methyl-D-glucose

Problem 24.8 D-Erythrose is reduced by NaBH4 to erythritol. Do you expect the alditol formed under these

conditions to be optically active or optically inactive?

Optically inactive. Erythritol is a meso compound and achiral. It is incapable of optical
activity.

CHO
I

H—C-OH
I

H—C-OH
I

CHjOH

D -Erythrose

NaBH4

CHoOH
I

H—C-OH
I

I
I

H—C—OH
I

CH2OH

Erythritol

(meso)

Plane of
symmetry

Problem 24.9 Draw Haworth and chair formulas for the a anomer of a disaccharide in which two units of D-

glucopyranose are joined by a p-1 ,3-glycoside bond.

CH2OH

CH2OH

HOCH2 CH2OH

p-l,3-glycosidic
bond
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PROBLEMS
Monosaccharides
Problem 24.10 Explain the meaning of the designations D and L as used to specify the configuration of
carbohydrates.

The designations D and L refer to the conriguration of the chiral center farthest from the
carbonyl group of the monosaccharide. When a monosaccharide is drawn in a Fischer
projection, the reference -OH is on the right in a D-monosaccharide and on the left in an L-
monosaccharide. Note that the conventions D and L specify the configuration at one and only
one of however many chiral carbons there are in a particular monosaccharide.

Problem 24.11 Which compounds are D-monosaccharides and which are L-monosaccharides?

CHO
CHO

(a)

H-

HO-

H-

H-

OH
-H

OH
•OH

HO-

(b) H-

HO-

-H

OH
-H

(c)

CHpOH
I

C=0
-OH

-OH

CHgOH
CHgOH CH2OH

Compounds (a) and (c) are D-monosaccharides, and compound (b) is an L-monosaccharide.

Problem 24.12 Classify each monosaccharide in Problem 24.1 1 using the designations D/L and aldose/ketose and

according to the number of carbon atoms it contains. For example, glucose is classified as a D-aldohexose.

(a)

H-

HO-

H-

H-

CHO

-OH

-H

-OH

-OH

HO

(b) H-

HO

CHO

-H

-OH

-H

(c) H-

H-

CH2OH
I

C=0
-OH

-OH

CH2OH

D -Aldohexose

CH2OH

D-Ketopentose

CH2OH

L-Aldopentose

Problem 24.13 Write Fischer projections for L-ribose and L-arabinose.

L-Ribose and L-arabinose are the mirror images of D-ribose and D-arabinose, respectively.

The most common error in answering this question is to start with the Fischer projection for

the D sugar and then invert the conHguration of carbon-4 only. While the monosaccharide

thus drawn is an L-sugar, it is not the correct one. All of the stereocenters must be changed to

draw the true enantiomers.

H-

H-

H-

CHO

-OH

-OH

-OH

HO

HO

HO

CHO

-H

-H

-H

HO

H-

H-

CHO

-H

-OH

-OH

H-

HO

HO

CHO

-OH

-H

-H

CH2OH

D-Ribose

CH2OH

L-Ribose

CHjOH

D-Arabinose

CHjOH

L-Arabinose
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Problem 24.14 What is the meaning of the prefix deoxy- as it is used in carbohydrate chemistry?

The prefix "deoxy-" means "without oxygen".

Problem 24.15 Give L-fucose a name incorporating the prefix "deoxy-" that shows its relationship to galactose.

A systemic name for L-fucose is 6-deoxy-L-gaIactose.

Problem 24.16 2,6-Dideoxy-D-altrose, known alternatively as D-digitoxose, is a monosaccharide obtained on
hydrolysis of digitoxin, a natural product extracted from foxglove (Digitalis purpurea). Digitoxin has found wide

use in cardiology because it reduces pulse rate, regularizes heart rhythm, and strengthens heart beat. Draw the

structural formula of 2,6-dideoxy-D-altrose.

CHO

-H

-OH

-OH

-OH

CH3

2,6-Dideoxy-D-altose
(D-Digitoxose)

The Cyclic Structure of Monosaccharides
Problem 24.17 Build a molecular model of D-glucose and show that its six-membered hemiacetals (a-D-

glucopyranose and p-D-glucopyranose) have tfie configurations shown in Figure 24. 1 and not the mirror images of
these structures.

HOH2C

HO

a-D-Glucose

Start with the Fischer projection of the open-chain form of D-glucose and then build a model.
Be certain to orient the carbon chain vertically and extending from you as you add hydrogens
and hydroxyls to carbons 2-5. If you follow the Fischer convention and build the model
correctly, you will discover that the open-chain form of D-glucose closes to a pyranose ring in

which the substituents on carbons 2, 3, 4, and 5 are either all equatorial or all axial,

depending on which chair conformation you have made. You will also discover that the -OH
group on carbon-1 of the ring can be either equatorial or axial depending on which way you
close the pyranose ring.
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Problem 24.18 Draw a-D-glucopyranose (a-D-glucose) as a Haworth projection. Now, using only the

information given here, draw Haworth projections for these monosaccharides.
(a) a-D-mannopyranose (a-D-mannose). The configuration of D-mannose differs from that of D-glucose only at

carbon 2.

(b) a-D-gulopyranose (a-D-gulose). The configuration of D-gulose differs from tiiat of D-glucose at carbons 3

and 4.

^ CHjOH

OH(a)

H OH
a-D-Glucopyranose

(a-D -Glucose)

® CHjOH

OH(a)

H H

a-D -Mannopyranose
(a-D-Mannose)

OH(a)

HO OH
a-D- Gulopyra nose

(a-D-Gulose)

Problem 24.19 Repeat Problem 24. 18, using chair conformations instead of Haworth projections for the

monosaccharides.

HOH2C
OH
O.

OH(a)

a-D-Glucopyranose
(a-D -Glucose)

HOHjC^c Ov

OH(a)

a-D-Mannopyranose
(a-D-Mannose)

HOH2C

OH(a)

a-D- Gulopyra nose
(a-D-Gulose)

Problem 24.20 Convert each Haworth projection to an open-chain Fischer projection and name the

monosaccharide you have drawn.

CH2OH
H-

H-

H-

H-

CHO

-OH

-OH

-OH

-OH

HO

H-

HO-

H-

CHO

-H

-OH

-H

-OH

CHjOH CHjOH

D -Allose D-Iodose
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Problem 24.21 Convert each chair conformation to an open-chain Fischer projection and name the

monosaccharide you have drawn.

CHO CHO
HO

CH2OH

(a) HO

H-

HO-—^s\ HO

—

^^ H
OH

D -Galactose

OH
-H

H
OH

HO
CH2OH

(b)

H-

H-

HO OH H-

CH2OH

OH

OH

OH

OH
CHgOH

D-Allose

Problem 24.22 Explain the phenomenon of mutarotation with reference to carbohydrates. By what means is it

detected?

Any monosaccharides of four or more carbons can exist in an open-chain form and two or
more cyclic hemiacetal (i.e. furanose or pyranose) forms, each having a different speciflc

rotation. The specific rotation of an aqueous solution, measured with a polarimeter, of any
one form changes until an equilibrium value is reached, representing an equilibrium
concentration of the difTerent forms. Mutarotation is the change in specific rotation toward an
equilibrium value.

Problem 24.23 Following are specific rotations for the anomers of D-mannose and the value after mutarotation.

Using these data, calculate the percentage of each anomer present at equilibrium.

a-D-mannose +29.3° +14.5°

p-D-mannose -16.3° +14.5°

The difference in specific rotation between the anomers is 29.3^ - (16.3<>)=45.6o. The
difference between the specific rotation of p-D-mannopyranose and the equilibrium value is

29.30-I4.5** = 14.8<*. The percent p-anomer at equilibrium is

29 3 (16 3^ ^ ^®® "^ TTT ^ ^^® ^ '^^*'*^'' P-'^-»nannoPy»*anose

This means that there must be 100% - 32.4% or 67.6% of the a-anomer present at equilibrium.

Problem 24.24 It has been proposed that structural characteristics of sweet-tasting compounds are (1) a hydrogen
bond donating group, AH, (2) a hydrogen bond-accepting group, B, and (3) that atoms A and B are separated by
between 2.5 A and 4.0 A. Identify the AH and B units in these nonnutritive sweeteners.

.0

(a)

Saccharin

(500 X sucrose)

(b)
, ^^T^NHSO" Na^

Cyclamic acid

(30 X sucrose)

(c) OCCH^HCNHCHCOCHa

NH3+ CHgCgHg

Aspartame

(160 X sucrose)
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The hydrogen bond donating groups are shown with a circle drawn around them, and the
hydrogen bond accepting groups are shown with a square drawn around them.

(a) (b)

\g1o} ^^0"Na

\o\

(c) [ofcH2CHq(NH^Hc[oJ:Hj

mH^H CH2CgHj

Of the groups identified above, the ones that satisfy the 0.25 and 0.4 nm conditional distance
between hydrogen bond donor and acceptor groups would be the four atom systems of 0=C-
N-H or 0=S-N-H in (a), 0=S-N-H or 0=S-O.H in (b), and the central 0=C-N-H in (c). For
(c), other possibilities exist in which the terminal -NH3+ group could come within the correct
distance of a hydrogen bond acceptor group in certain conformations of the molecule.

Problem 24.25 It has been observed that sugars that can form one or more strong intramolecular hydrogen bonds
are less sweet than sugars which cannot form such hydrogen bonds. Draw chair conformations of p-D-galactose

and p-D-mannose and identify one strong intramolecular hydrogen bond in each molecule.

The probable hydrogen bonds are shown below in the diagrams.

p-D-Mannose

HO
p-D-Galactose

Reactions of Monosaccharides .......
Problem 24.26 Draw Fischer projections for the product(s) formed by reacuon of D-galactose with the followmg.

In addition, state whether each product is optically active or inactive,

(a) NaBH4inH20

CH,OH

H-

HO

HO

H-

-OH

-H

-H

OH

CH2OH

Galactitol

(meso; inactive)

(b) H2/Pt

CH2OH

H-

HO-

HO-

H-

OH
-H

-H

OH

CH2OH

Galactitol

(meso; inactive)

(c) HNO3, warm

CO2H

H-

HO

HO

H-

-OH

H
-H

OH

CO2H
Galactaric acid

(meso; inactive)
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(d) AgNOs in NH3, H2O

CO2H

H-

HO

HO

H-

OH

•H

H
OH

CH2OH

D-Galactonic acid

(chiral; optically active)

Problem 24.27 Repeat Problem
(a) NaBH4inH20

(e) H5IO6

O
it

5 HCOH

+

O
II

1 HCH

Formic acid and
formaldehyde

(achiral; inactive)

24.26 using D-ribose.

(b) H2/Pt

(f) C6H5NH2

CHgOH

H-

H-

H-

CH2OH

•OH

OH

OH

H-

H-

H"

CH2OH

Ribitol

(meso; inactive)

(d) AgN03 in NH3, H2O

•OH

OH

•OH

CO2H

H

H

H

OH

OH

OH

CH2OH

D-Ribonic acid
(chiral; optically active)

CH2OH

Ribitol

(meso; inactive)

(e) H5IO6

O
II

4 HCOH

O
11

1 HCH

Formic acid and
formaldehyde

(achiral; inactive)

CH

H-

HO

HO

H-

^"rOOH

-H

H
OH

CH2OH
A Schiff base of

D-galactose
(chiral; optically active)

(c) HNO3, warm

CO2H

H

H

H-

-OH

OH
•OH

CO2H

D-Ribaric acid
(meso; inactive)

(f) C6H5NH2

H-

H-

H-

CH=
OH

OH

OH

'^

CH2OH
A Schiff base of
D-galactose

(chiral; optically active)
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Problem 24.28 An important technique for establishing relative configurations among isomeric aldoses and
ketoses is to convert both terminal carbon atoms to the same functional group. This can be done either by
selective oxidation or reduction. As a specific example, nitric acid oxidation of D-erythrose gives meso-tartaric

acid (Table 4.1, Section 4.7). Similar oxidation of D-threose gives (S,S)-tartaric acid. Given this information and
the fact that D-erythrose and D-threose are diastereomers, draw Fischer projections for D-erythrose and D-threose.

Check your answers against Table 24.1.

H-

H-

CHO

-OH HNO3

OH

H-

H-

COjH

-OH

-OH

CH2OH

D-Erythrose

CHO

HO-

H-

CO2H

meso-Tartaric acid

CO2H

-H

•OH

HNO. HO

H-

CH2OH

D-Threose

-H

OH

CO2H

D-Tartaric acid

Problem 24.29 There are four D-aldopentoses (Table 24.1). If each is reduced with NaBH^, which yield optically

active alditols? Which yield optically inactive alditols?

D-Ribose and D-xylose yield different achiral (meso) alditols. o-Arabinose and D-lyxose yield

the same chiral alditol.

H-

H-

H-

CHO

-OH

-OH

-OH

CHoOH

H-

NaBH4
•-H

H

CH2OH
D-Ribose

OH

OH

OH

H-

HO-

H-

CHO

-OH

CH2OH

Ribitol (meso)

CH2OH

H
NaBH4

CHO

HO-

H-

H-

-OH

CH2OH
D-Xylose

CH2OH

H-

HO

H-

OH

•H

OH

CH2OH
Xylitol (meso)

H
OH

•OH

HO
NaBH4

•- H

H

H
OH

OH

NaBH4
HO

HO-

H-

CH2OH

-H

-H

-OH

CH2OH

D-Arabinose

CH2OH

D-Arabinitol

2 5

CH2OH

D-Lyxose

[a] = -32'

Problem 24.30 Name the two alditols formed by NaBH4 reducUon of D-fructose?

D-GIucitol and D-mannitol. Each differs in configuration only at carbon-2.
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Problem 24.31 One pathway for the metabolism of glucose-6-phosphate is its enzyme-catalyzed conversion to

fiructose-6-phosphate. Show that this transformation can be regard^ as two enzyme-catalyzed keto-enol

tautomerisms.

H-

HO-

H-

H-

O
II

CH

OH
H
OH
•OH

CH2OPO32-

D-glucose-6-phosphate

enzyme
catalysis HO'

H-

H-

CHoOH
I

C=0
-H

OH
•OH

CH2OPO32-

D-fructose-6-phosphate

H HO,

H-

HO

H-

H-

OH
-H

OH
OH

enzyme

CHgOPOg^

HO

H-

H-

II

C-OH

-H

-OH

-OH

enzyme

CHgOPOg^-

HO

H-

H-

CHoOH
I

c=o
-H

-OH

-OH

CHjOPOg^

Problem 24.32 L-Fucose, one of several monosaccharides commonly found in the surface polysaccharides of
animal cells, is synthesized biochemically from D-mannose in the following eight steps:

HO-

HO-

H-

H-

CHO

-H

-H(l)

CHgOH

H

OH
-OH

HO

OH

i^OHHO^
(2) -O

OH

GH2OH
D-Mannose

H H

(8)

HO-

H-

H-

HO-

OHO

-H

-OH

-OH

-H

CH3
L-Fucose
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(a) Describe the type of reaction ( i.e., oxidation, reduction, hydration, dehydration, etc.) involved in each stq).

Following is the type of reaction in each step.

(1) Formation of a cyclic hemiacetal from a carbonyl group and a secondary alcohol.
(2) A two-electron oxidation of a secondary alcohol to a ketone.
(3) Dehydration of a p-hydroxyketone to an a,p-unsaturated ketone.
(4) A two-electron reduction of a carbon-carbon double bond to a carbon-carbon
single bond.
(5) Keto-enol tautomerism of an a-hydroxyketone to form an enediol.

(6) Keto-enol tautomerism of an enediol to form an a-hydroxyketone.
(7) A two-electron reduction of a ketone to a secondary alcohol.

(8) Opening of a cyclic hemiacetal to form an aldehyde and an alcohol.

(b) Explain why it is that this monosaccharide derived from D-mannose now belongs to the L series.

It is the configuration at carbon-5 of this aldohexose that determines whether it is of the D-
series or of the L -series. The result of steps 3 and 4 is inversion of configuration at carbon-5
and, therefore, conversion of a D-aldohexose to an L-aldohexose.

Problem 24.33 Complete the following:

(a) Draw a structural formula for the compound formed when D-ribose is converted to methyl P-D-ribofuranoside

and then permethylated with sodium hydride and dimethyl sulfate.

In the following equations, p-D-ribofuranose is first treated with methanol in the presence of

an acid catalyst to give methyl p-D-ribofuranoside, which is in turn treated with dimethyl
sulfate in the presence of sodium hydride to give the permethylated derivative.

HOCH2 HOCH

+ CH3OH H*

OCH,

+ H2O

p-D-Ribofuranose Methyl-p-D-ribofuranoside

HOCH OCH,

+ NaH + CH3OSOCH3
II

O
HO OH

Methyl-p-D-ribofuranoside

CH3OCH2 OCH.

+ H2

-i- Na2S04

CH3O OCH3

Methyl 2,3,5-tri-O-methyl-p-

D-ribofuranoside

(b) Draw the structural formula for the product of hydrolysis of the pemieihylated compound formed in part (a).

Acid-catalyzed hydrolysis gives 2,3,5-tri-O-methyl-D-ribose.

CHO

CH3OCH2 OCH3 H-

H*
+ H,0 -^^— H-

CH3O

Methyl 2,3,5-tri-O-methyl-p-

D-ribofuranoside

H-

OCH3

•OCH3

OH

+ CH3OH

CH2OCH3

2,3,5-Tri-O-methyl-D-ribose
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(c) With how many moles of periodic acid does the compound in part (b) react?

The product of (b) will not react with HIO4.

Problem 24.34 Repeat Problem 24.33 for 2-deoxy-D-ribose.

(a,b) 2-Deoxy-D-ribose is treated first with one mol of methanol and then with one mol of

dimethyl sulfate in the presence of sodium hydride to give methyl 3,5-di-0-methyl-^-2-deoxy-

D-ribofuranoside.

HOCH
CH3OH, H*

HOCH2

HO H

p-2-Deoxy-D-ribofuranose

Crl30Crl2

OCH,
(CH3)S04, NaH

Methyl p-2-deoxy-D-ribofuranoside

CHO

OCH,
H2O, H*

H-

H-

H-

CH3O

-H

•OCH3

OH

Methyl 3,5.di.O-methyl-p-
2-deoxy-D-ribofuranoside

(c) The product of (b) will not react with HIO4.

CH2OCH3

3,5-Di-O-methyl-
2-deoxy-D-ribose

Problem 24.35 Account for the fact that, when permethylated monosaccharides are treated with warm aqueous
acid, only the mediyl glycoside bond is hydrolyzed.

As described previously, ethers are stable to dilute acid; it requires concentrated HI or HBr to

cleave ethers. Because glycosides are cyclic acetals, they are readily hydrolyzed in dilute
aqueous acid.

Problem 24.36 Treatment of methyl p-D-glucopyranoside with benzaldehyde forms a six-membered cyclic acetal.

Draw the most stable conformation of this acetal. Identify each new stereocenter in the acetal? (Hint: There are

free -OH groups on carbons 2, 3, 4, and 6 of methyl p-D-glucopyranoside. Only two of these -OH groups are
properly positioned to give a six-membered cyclic acetal with benzaldehyde.)

OCH,
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Problem 24.37 Vanillin, the principal component of vanilla, occurs in vanilla beans and other natural sources as a
p-D-glucopyranoside. Draw a structural formula for this glycoside, showing the D-glucose unit as a chair
conformation. (See The Merck Index, 12th ed., #10069.)

CHO

OCH,

CHO

Problem 24.38 Hot water extracts of ground willow and poplar bark are an effective pain reliever.

Unfortunately, the liquid is so bitter that most persons reftise it The pain reliever in these infusions is sahcin, a

glycoside of D-glucopyranose and the phenolic -OH group of 2-(hydroxymethyl)phenol. Draw a structural

formula for salicin, showing the glucose ring as a chain conformation. (See The Merck Index, 12th ed., 8476.)

Salicin can have the glycoside bond in the a or ^ conformation of the sugar, linked to the

hydroxymethyl or phenol -OH group.

HO—t^^^-^^v
HO-A.'^VV-H

O

CHjOH
HOCH2
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Problem 24.39 Draw structural formulas for the products formed by hydrolysis at pH 7.4 (the pH of blood

plasma) of all ester, thioester, amide, anhydride, and glycoside groups in acetyl coenzyme A. Name as many of

these compounds as you can.

Amide

Phosphate
anhydride

\ CH,O
II I

CH3-C-S-(CH2-CH2-NH-C-)2-CH-C-CH2-0-P-0-P-0-CH2

\ OH CH,

Thioester

Phosphate esters

Following are the smaller molecules formed by hydrolysis of each amide, ester, and anhydride
bond. They are arranged to correspond roughly to their location from left to right in acetyl

CoA.

CH3COH
Acetic acid

HOCCH2CH2NH2
3-Aminopropanoic

acid
2HP04^"
Phosphate

HSCH2CH2NH2
2-Aminoethanethiol

HP04^"

Phosphate

CH, HOCH2

HOCCHCCH2OH
I I

HO CH3
2,4-Dihydroxy-3,3-
dimethylbutanoic acid

H
HO OH

OH

H

p-D-Ribofuranose

The molecule formed by amide formation between 3-aminopropanoic acid and 2,4-dihydroxy-
3,3-dimethylbutanoic acid is given the special name pantothenic acid. Pantothenoic acid is a
vitamin, most commonly contained in vitamin pills as calcium pantothenate. Its minimum
daily requirement (MDR) has not yet been determined.

O O CH3
II II I

^

HOCCH2CH2NHCCHCCH2OH
II

HO CH3
Pantothenic acid
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Ascorbic Acid
Prpblgm 24,4Q Assign R or S configurations to each stereocenter in ascorbic acid.

There are two tetrahedral stereocenters in L-ascorbic acid, namely carbon-4 and carbon-5. The
following stereo drawings show order of priority about each stereocenter and the assignment
of R, S configuration.

5 S CHjOH

Hi^C-^OH

H.

HO

CHjOH
I

H-rC—OH 1

' ^^^^^O'

OH

Problem 24.41 Write a balanced half-reaction to show that conversion of ascorbic acid to dehydroascorbic acid is

an oxidation. How many electrons are involved in this oxidation?

The most direct way to see that this is a two-electron oxidation is to write a balanced half-

reaction for the conversion of the enediol to a diketone.

HO OH O
+ 2H* + 2e"

Problem 24.42 Given the fact that ascorbic acid and dehydroascorbic acid are the physiologically active forms of

vitamin C, is ascorbic acid a biological oxidizing agent or a biological reducing agent? Explain.

Because L-ascorbic acid donates two electrons to another molecule or ion, it is a biological

reducing agent. Conversely, L-dehydroascorbic acid is a biological oxidizing agent.

Problem 24.43 Ascorbic acid is a diprotic acid with the following acid ionization constants.

pK^l = 4.10 pK^ =11.79

The two acidic hydrogens are those connected with the enediol part of the molecule. Which is the more acidic

hydrogen? (Hint: Draw separately the anion derived by loss of each acidic hydrogen. Which anion is more

stable, that is, which anion has the greater degree of delocalization of charge?)

Following are assignments of the two pKa values.

CHoOH
I

H—C—OH^

pK.i = 4.10 H
HO OH

pK,2 = 11.79

The anion derived from ionization of -OH on carbon-3 is stabilized by resonance interaction

with the carbonyl oxygen. There is no comparable resonance stabilization of the anion derived

from ionization of -OH on carbon-2.
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CH2OH CH2OH
I I

H—C—OH^ H—C—OH^

^^^- — ^ ,

:0:^ OH :0 OH

Disaccharides and Oligosaccharides
Problem 24.44 What is the difference in meaning between the terms glycoside bond and glucoside bond?

A glycoside bond is the bond from the anomeric carbon of a glycoside to an -OR group. A
glucoside bond is a glycoside bond that yields glucose upon hydrolysis.

Problem 24.45 In making candy or sugar syrups, sucrose is boiled in water with a little acid, such as lemon juice.

Why does the product mixture taste sweeter than the starting sucrose solution?

Sucrose is a disaccharide composed of the monosaccharides glucose and fructose linked
through a glycoside bond. The acid catalyzes hydrolysis of the glycoside bond, and the
monomeric glucose and fructose are more soluble than sucrose itself. Because of this, the

syrups and candy have higher concentrations of these sugars than is possible with sucrose.
As a result, the candy and syrup taste sweeter. Furthermore, fructose actually tastes sweeter
than sucrose, having a relative sweetness of 174, compared with 100 for sucrose. Thus,
converting the sucrose into fructose increases the sweetness of the mixture.

Problem 24.46 Trehalose, found in young mushrooms and the chief carbohydrate in the blood of certain insects,

is a disaccharide consisting of two D-monosaccharide units joined by an a- 1,1 -glycoside bond.

HOCHo
HO-

HO-
-O

OH]

'';i^l:2rrcH,0H
v^rr-OH

Trehalose OH

(a) Is trehalose a reducing sugar?

Trehalose is not a reducing sugar because each anomeric carbon is involved in formation of
the glycoside bond.

(b) Does trehalose undergo mutarotation?

It will not undergo mutarotation for the reason given in (a).

(c) With how many moles of periodic acid does trehalose react? How many moles of formaldehyde are formed?
How many moles of formic acid are formed?

It will react with four mol of HIO4, two mol for each monosaccharide unit. Two mol of
formic acid are formed; there is no formaldehyde formed.
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(d) Draw structural formulas for the two 0-methylated monosaccharides formed when trehalose is permethylaled
with dimethyl sulfate and sodium hydride and then warmed in dilute aqueous acid to hydrolyze the glycoside

bond.

Two mol of 2,3>4,6-tetra-0-methyl-D-gIucose are formed.

CHO

H-

CHgO-

H-

H-

OCH3

H
•OCH3

OH
CH2OCH3

2,3,4,6-Tetra-O-inethyl-D-glucose

Problem 24.47 The trisaccharide raffinose occurs principally in cottonseed meal.

HO
CH2OH

O

Raffmose

(a) Name the three monosaccharide units in raffmose.

The three monosaccharide units in raffinose, from top to bottom, are D-galactose, D-glucose,

and D-fructose.

(b) Describe each glycoside bond in this trisaccharide.

eading from left to right, they are D-galactopyranose Joined by «" «;l'^;8'y^^^^^^ ""

ucopyranose and theS D-glucopyranose, in turn, jomed by an a-l,2.glycos.de bond to p-D-Read
glucopyranose
fructofuranose.

(c) Is raffmose a reducing sugar?

No, it is not a reducing sugar.
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(d) With how many mol of periodic acid will raffinose react?

Rafflnose will react with 5 mol of HIO4; 2 mol for the D-galactopyranose ring, 2 mol for the

D-glucopyranose ring, and 1 mol for the D-fructofuranose ring.

Problem 24.48 Gentiobiose is a disaccharide found in a number of natural products including gentian plants

(Gentiana lutea). It is a reducing sugar and is hydrolyzed by p-glycosidases (enzymes with catalytic activity

limited to hydrolysis of p-glycoside bonds). Reaction of gentiobiose with dimethyl sulfate in the presence of

sodium hydride yields an octamethyl derivative, which, when hydrolyzed in warm aqueous acid, gives equimolar

amounts of 2,3,4,6-tetra-0-methyl-E>-glucose and 2,3,4-tri-O-methyl-D-glucose. Propose a structural formula for

gentiobiose.

Gentiobiose consists of two units of D-glucopyranose joined by a p-l,6-glycoside bond.
Drawn below is the beta anomer of gentiobiose.

HO
HO

CHjOH
•0

p-l,6-glycoside
bond

OH e^CH,

HO-N\_o
HO-^ »^ \

VA^OH(P)
HO

Problem 24.49 Following is the structural formula of laetrile.

HO
HO

^COjH

OH V'''^H

Laetrile

(a) Assign an R or S configuration to the stereocenter bearing the cyano (-CN) group.

The stereocenter has the R-configuration.

(b) Account for the fact that on hydrolysis in warm aqueous acid, laetrile liberates benzaldehyde and HCN.

Hydrolysis of the glycoside bond in aqueous acid gives D-glucuronic acid and the cyanohydrin
of benzaldehyde. This cyanohydrin is in equilibrium with benzaldehyde and HCN.

Laetrile -t- H2O
CO2H

CsN H
0=C'

+ HCN

D-Glucuronic acid Cyanohydrin Benzaldehyde
of benzaldehyde
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Polysaccharides
Problem 24.50 Following is the Fischer projection for N-acetyl-D-glucosamine:

H-

HO-

H-

H-

CHO O
II

-NHCCH3

-H

-OH

-OH

CH2OH

N-Acetyl-D-glucosamine

(a) Draw a chair conformation for the a- and P-pyranose forms of this monosaccharide.

Following are Haworth and chair formulas for the p-pyranose form of this monosaccharide.
To draw the a-pyranose form, invert configuration at carbon-l.

CH2OH
HOCH,

OOH(P)

OH H^

HO
HO

H NH
I

c=o
CH,

O

NH
I

C=0
CH,

OH(P)

(b) Draw a chair conformation for the disaccharide formed by joining two units of the pyranose form of /V-acetyl-

D-glucosamine by a p-l,4-glycoside bond. If you drew this correctly, you have the structural formula for the

repeating dimer of chitin, the structural polysaccharide component of the shell of lobster and other crustaceans.

Following are Haworth and chair formulas for the p-anomer of this disaccharide.

HOCH2

OOH(P)

OH H^
"i-

H NH
I

0=0
CH,

NH
I

0=0
CH,

CHjOH

"hoT^9 4 CH2OH

NH H0-\ . \W—OH(P)0=0
CH,

NH
I

c=o
CH,
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Problem 24.51 Propose structural formulas for the following polysaccharides:

(a) Alginic acid, isolated from seaweed, is used as a thickening agent in ice cream and other foods. Alginic acid

is a polymer of D-mannuronic acid in the pyranose form joined by p-l,4-glycoside bonds.

HO-

MO-

H-

H"

CHO

-H

-H

-OH

-OH

H-

HO-

HO-

H-

CHO

-OH

-H

-H

-OH

CO2H

D-Mannuronic acid

CO2H

D-Galacturonic acid

Following is the chair conformation for repeating disaccharide units of alginic acid.

COjH
O
HO;i^^

p-l,4-glycoside

O ^-^ bond

CO2H
1—U ^-^ D(

Alginic acid
°-yo

HO- ^,
(b) Pectic acid is the main component of pectin, which is responsible for the formation of jellies from fruits and
berries. Pectic acid is a polymer of D-galacturonic acid in the pyranose form joined by a-l,4-glycoside bonds.

Following is the chair conformation for repeating disaccharide units of pectic acid.

a-l,4-glycoside
bond

HO-U

OH"
Pectic acid q
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Problem 24.52 Certain types of streptococci found in the mouth, especially Streptococcus mutans, have an
enzyme system that uses sucrose as a starting material for the synthesis of high-molecular-weight polysaccharides
known as dextrans. About 10% of the dry weight of dental plaque is composed of dextran. In one study of the

dextran composition of dental plaque, dextran was methylated with methyl iodide in the presence of NaH and then
the permethylated polysaccharide was hydrolyzed in dilute aqueous acid. The only monosaccharides obtained
were the following four 0-methyl derivatives of D-glucose.

Methylated D-glucose Mole %
2,3,4,6-Tetra-O-methyl-D-glucose

2,4,6-Tri-O-methyl-D-glucose

2,3,4-Tri-O-methyl-D-glucose

2,4-Di-O-methyl-D-glucose

14.6

50.5

20.9
14.0

(a) Draw the structural formula of the open-chain form of each of these derivatives of D-glucose.

Following are Fischer projection formulas for each methylated derivative.

H-

CHaO-

H-

H-

CHO

-OCH3

-H

-OCH3

-OH

H"

HO-

H-

H-

CHO

-OCH3

-H

-OCH3

-OH

CHjOCHj

2,3,4,6-Tetra-O.
methyl-D-glucose

H-

CH30-

H-

H-

CHO

-OCH3

-H

-OCH3

-OH

CH2OCH3

2,4,6-Tri-O-methyl-

D-glucose

H-

HO-

H-

H-

CHO

-OCH3

-H

-OCH3

-OH

CH2OH

2,3,4.Tri.O-

methyl-D-glucose

CH2OH

2,4-Di-O-methyl-
D-glucose

(b) The isolation of one of these derivatives is evidence that one group of glucose units in this dextran participates

in only 1,3-glucoside bonds. Explain. What is the percentage of 1,3-glycoside bonds?

Following is a chair conformation of a unit of D-glucose bonded to two other

monosaccharides, one by a glycoside bond to carbon-l, the other by a glycoside bond to

carbon.3. After permethylation of the dextran followed by acid-catalyzed hydrolysis of

glycoside bonds, this unit is isolated as 2,4,6-tri-O-methyl-D-glucose. Isolation of 50.5% of

this derivative indicates that approximately half of the glycoside bonds are 1,3-glycoside

bonds.

HO

OH
I

CHj

O

\A^o-
OH

(c) The isolation of a second derivative of D-glucose is evidence that a second group of glucose units participates

in only 1,6-glycoside bonds. Explain. What is the percentage of 1,6-glycoside bonds.

This elucose unit after oermethvlation and acid-catalyzed hydrolysis of the fully methylated

le^rlTi^^ri^^^^^^^^^ indicating that 20.9% of the glycoside bonds a,

1,6-glycosides.

are
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CH,
HO

HO-
O

Vi^o
OH

(d) The isolation of a third glucose derivative is evidence that a third group of glucose units participates in both

1,3- and 1 ,6-glycoside bonds and, therefore, serve as branch points in the polysaccharide chain. Explain. What
is the percentage of chain branching?

This glucose unit participates in glycoside bonds at the anomeric carbon as well as at carbon-3
and carbon-6. After permethylation and acid-catalyzed hydrolysis it is isolated as 2,4-di-O-

methyl-D-glucose indicating that approximately 14% of the glucose units are points of chain
branching.

(e) The fourth derivative of D-glucose represents the monosaccharide end of branched chains. Compare the
percentage of this terminal monosaccharide unit with the percentage of chain branching you determined in part (d).

Terminal glucose units are isolated as 2,3,4,6-tetra-O-methyl-D-glucose. The percent of
terminal glucose units (14.6%) is almost identical to the degree of chain branching (14%).

(0 From all of this evidence, sketch the polysaccharide of dextran in the same manner as amylopectin is sketched
in Figure 24.9.

Based
follows

linkages

on the information provided in the question, a reasonable cartoon for dextran is as
;. The main chain contains 1,3-linkages, with terminated branches that contain 1,6-

^
1,6 linkages

1,3 linkages

continuing polysaccharide chain
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Problem 24.53 Digitalis is a preparation made from the dried seeds and leaves of the purple foxglove. Digitalis

purpurea , a plant native to southern and central Europe and cultivated in the United States. The preparation is a
mixture of several active components, including digitalin: Digitalis is used in medicine to increase the force of
myocardial contraction and as a conduction depressant to decrease heart rate (the heart pumps more forcefully but
less often).

o
OH

HOCH

(a) describe this glycoside bond

(b) draw a Fischer projection

of this monosaccharide
H

OH
(c) describe lt»is glycoside bond

(d) name this monosaccharide unit

Digitalin

a) The indicated bond is a p-glycoside (the oxygen is equatorial).

b) The first monosaccharide corresponds to the following Fischer projection.

I

H-C-OH
I

CH3O-C—

H

H-C-OH
I

H-C-OH
I

CH3

c) This bond is a p-l,4-glycoside bond.

d) This monosaccharide is glucose.
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Problem 24.54 Following is the structural formula of ganglioside GM2, a macromolecular glycolipid (meaning

that it contains a lipid and monosaccharide units joined by glycoside bonds). In normal cells, this and other

gangliosides are synthesized continuously and degraded by lysosomes, which are cell organelles containing

digestive enzymes. If pathways for the degradation of gangliosides are inhibited, the gangliosides accumulate in

the central nervous system causing all sorts of life-threatening consequences. In inherited diseases of ganglioside

metabolism, death usually occurs at an early age. Diseases of ganglioside metabolism include Gaucher's disease,

Niemann-Pick disease, and Tay-Sachs disease. Tay-Sachs disease is a hereditary defect that is transmitted as an

autosomal recessive gene. The concentration of ganglioside GM2 is abnormally high in this disease because the

enzyme responsible for catalyzing the hydrolysis of glycoside bond (b) is absent.

HO

(e)

CHjOh/ /

o-—^VJ-O / OH
OH

HOA.----7^^^\Jl.oCHpHCHCH=CH{GH2)i2CH3
^ ow OH I

9
^^ NHC(CH2)i6CH3

^
II

O
'OH

0=0
I

CH

Ganglioside GM2 (Tay-Sachs ganglioside)

(a) Name this monosaccharide unit.

This monosaccharide is A^-acetyl-D-galactosamine

(b) Describe this glycoside bond (a or p, and between which carbons of each unit).

Because the group is equatorial, this is a p-l,4-glycoside bond.

(c) Name this monosaccharide unit.

This monosaccharide is D-galactose.

(d) Describe this glycoside bond.

This is also a p-l,4-glycoside bond.

(e) Name this monosaccharide unit.

This monosaccharide is D-glucose

(0 Describe this glycoside bond.

This is a p-glycoside bond.



Chapter 24: Carbohydrates Solutions 763

(g) This unit is N-acetylneuraminic acid, the most abundant member of a family of amino sugars containing nine

or more carbons and distributed widely throughout the animal kingdom. Draw the open-chain form of this amino
sugar. Do not be concerned with the configuration of the five stereocenters in the open-chain form.
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CHAPTER 25: LTPIDS
Outline of Important Concepts

25.0 OVERVIEW
• Lipids are a heterogeneous class of biological molecules that are classified together because of their solubility

properties. They are insoluble in water, but are soluble in organic solvents such as diethyl ether,

methylene chloride, and acetone. *
• There are two main classes of lipids:

- The first class of lipids has a large nonpolar hydrophobic region, and a polar hydrophilic region.

Members in this class are triacylglycerols, phospholipids, prostaglandins, and the fat-soluble

vitamins.
- Molecules in the second class, such as cholesterol and compounds derived from it, contain a

tetracyclic steroid ring nucleus.

25.1 FATTY ACIDS
• Fatty acids are long-chain monocarboxylic acids produced by the hydrolysis of fats and oils. *

- Nearly all fatty acids have an even number of carbon atoms, the most abundant are Ci6 (palmitic acid)

and Ci8 (stearic and oleic acids). Different fatty acids can have different numbers of double bonds.
The number of carbon atoms in the chain and the number of double bonds are separated by a colon when
they are named. For example, a 16:2 fatty acid contains sixteen carbon atoms and two double bonds.

- In most natural unsaturated fatty acids, the Z (cis) isomer predominates, and the E (trans)

isomer is very rare. Because they are bent and cannot pack together well, the Z unsaturated fatty acids and
molecules that contain them have lower melting points than analogous saturated fatty acids.

25.2 SOAPS, AND DETERGENTS
• Natural soaps are the sodium or potassium salts of fatty acids. They can be prepared from the base-

promoted hydrolysis of the ester functions in triacylglycerols, a process called saponification. *
• Soaps act as cleansing agents because the long hydrocarbon chains tend to cluster, while the polar

carboxylate groups remain in contact with the water. The so-called micelle structures that are formed
"dissolve" nonpolar substances such as dirt and grease in the hydrophobic interior. Natural soaps form
insoluble salts with the ions found in hard water such as Ca(II), Mg(II), or Fe(III), leading to soap
scum.

• Synthetic detergents are analogous to natural soaps except the polar group is a sulfonate, not a carboxylate.
TTie synthetic detergents have the advantage that they do not readily form insoluble salts in hard water.

• Triacylglycerols, also called triglycerides, are triesters of glycerol and fatty acids.

- Triacylglycerols rich in unsaturated fatty acids such as oleic and linoleic acids are generally liquids at room
temperature, and are referred to as oils. Triacylglycerols rich in saturated fatty acids are generally solids or
semisolids at room temperature, since the saturated fatty acid chains can pack together well. These
triacylglycerols are called fats. *

25.3 PROSTAGLANDINS
• Prostaglandins are a class of compounds that have the 20-carbon skeleton of prostanoic acid.
Different prostaglandins have different biological activities, and they are usually very potent. As a result, much
research has been invested in the understanding of the biological action of natural and synthetic prostaglandins.

Prostaglandins are part of a larger family of biological molecules called eicosanoids that include

prostacyclins, thromboxanes, and leukotrienes. *

25.4 STEROIDS
• Steroids are a group of lipids that have the characteristic tetracyclic steroid ring system. Cholesterol, a
component of biological membranes, is a precursor to other important classes of steroids including the

androgens (male sex hormones), estrogens (female sex hormones), glucocorticoid hormones, and
mineralocorticoid hormones. *

• Steroids such as cholesterol are built up from two-carbon units derived from acetyl CoA via several

intermediate steps. Various intermediate structures are produced along the way including geranyl
pyrophosphate, farnesyl pyrophosphate, and squalene. The squalene is enzymatically oxidized to give
an epoxide, that opens to give a tertiary carbocation. Formation of this carbocation sets into motion a very

remarkable number of probably concerted chemical steps including four concerted cation-initiated cycbzations



Chapter 25: Lipids Overview 765

and four 1,2 shifts. The product of this sequence, lanosterol, is converted to cholesterol though about 25
more enzyme-catalyzed steps.

25.5 PHOSPHOLIPIDS
• Phospholipids are derivatives of phosphatidic acid, having glycerol esterified with two fatty acid
molecules and one molecule of phosphoric acid. Fatty acids such as palmitic, stearic, and oleic acid are

the most common. The phosphoric acid group can be attached to other groups such as ethanolamine, choline,

serine, or inositol. The phosphoric acid group is negatively charged at neutral pH. Thus, phospholipids have
the long hydrophobic chains of the fatty acids, but also the very hydrophilic and charged phosphoric acid

group.
• The unique structure of the phospholipids allows them to self-assemble in water to give a bilayer in

which the polar headgroups lie on the surface exposed to the water molecules, and the hydrophobic fatty acid

alkyl chains are buried within the bilayer. The hydrophobic interior of the bilayer can vary from rigid to fluid.

Saturated fatty acid chains can pack together more easily, so they make more rigid bilayers than the kinked

chains of unsaturated fatty acids.

• According to the fluid mosaic model of biological membranes, the membrane is composed of a

phospholipid bilayer with membrane proteins associated on the inside and outside surfaces. Some proteins can

also span the distance from the inside to the outside of the membrane bilayer.

25.6 FAT-SOLUBLE VITAMINS
• Vitamins are classified as either water-soluble or fat-soluble. The fat-soluble vitamins include vitamin A
(important in the visual cycle of rod cells), vitamin D (important for the regulation of calcium and phosphorus

metabolism), vitamin E (an antioxidant also important for red blood cell membranes), and vitamin K
(important for blood clotting).
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CHAPTER 25
Solutions to the Problems

Problem 25.1 How many isomers are possible for a triglyceride containing one molecule each of palmitic, oleic,

and stearic acids?

There are three constitutional isomers possible, the difference being which fatty acid is in the

middle of the molecule:

HoC
U
I

^O—C-palmitIc

O
II

O— C-stearIc

0-C-oleic
II

O

^O—C-palmitic

HC "

"l"^0-C-oleic

O— C-stearIc
il

O

O
II

^O—C-stearic

"2C o
HC "

"l^O-C-palmltic

0-C-olelc
II

O

Each of these molecules has one stereocenter as indicated by the asterisk, so each
constitutional isomer shown above can exist as a pair of enantiomers. Thus there are 2x3 =
6 total isomers possible. Note that for oleic acid, the carbon-carbon double bond is assumed
to have the Z (cis) configuration only.

(b) Which of these constitutional isomers are chiral?

They are all chiral because they each have a stereocenter at the middle carbon of the glycerol
moiety.

Problem 25.2 Identify the hydrophobic region(s) and the hydrophilic region(s) of a triglyceride.

Hydrophilic region

Hydrophobic region

HoC
I

HC
I

HgC

^0-C—f(CH2)i4CH3

O
II

-0-C 4(CH2)i4CH3

0-C-—(CH2)i4CH3

Hydrophobic region

Note that the vast majority of the molecule is hydrophobic, thus explaining why triglycerides
are so hydrophobic overall.

Problem 25.3 Explain why the melting points of unsaturated fatty acids are lower than those of saturated fatty

acids.

When fatty acids pack together better, the attractive dispersion forces between molecules are
stronger, thereby increasing the melting point. Saturated fatty acids can adopt a much more
compact structure compared to unsaturated fatty acids that have a kink induced by the cis
double bond. The more compact saturated fatty acids can pack together better, so their
melting points are higher.



Chapter 25: Upids Solutions 767

Prpblgm 2^,4 Which would you expect to have the higher melting point, glyceryl trioleate or glyceryl triUnoleate?

The triglyceride with fewer cis double bonds will have the higher melting point. Each oleic
acid unit has only one cis double bond, while each linoleic acid has two (Please see Table
25.1). Glycerol trioleate will have the higher melting point.

Problem 25.5 Explain why oUve oil soUdifies in the refrigerator, but com oil does not.

Corn oil remains liquid because it has a melting temperature that is lower than the standard
refrigerator temperature (4°C), while olive oil solidifies because it has a melting temperature
that is above this temperature. The difference is due to the fact that corn oil has a
significantly higher percentage of linoleic acid than olive oil (Table 25.2). Linoleic acid has 2
cis double bonds to disrupt chain packing and thereby raise the melting point.

Problem 25.6 Draw a structural formula for methyl lineolate. Be certain to show the correct stereochemistry

about the carbon-carbon double bonds.

CH3GC,

Methyl lineolate

Problem 25.7 Explain why coconut oil is a liquid triglyceride, even though most of its fatty acid components are

saturated.

Triglycerides having fatty acids with shorter chains have lower melting points. As can be

seen in Table 25.2, coconut oil is 45% lauric acid. Laurie acid is only a C12 fatty acid, so

coconut oil has a melting point that is low enough to make it a liquid near room temperature.

Problem 25.8 What is meant by the term "hardening" as applied to fats and oils?

The term "hardening" refers to the process of catalytic hydrogenation using H2 and a

transition metal with polyunsaturated plant oils. By removing the (Z) double bonds, the

reduction reaction allows the fatty acids to pack together better and thus the triacylglycerols

become more solid.

Problem 25.9 How many mol of H2 are used in the catalytic hydrogenation of 1 mol of a uiglyceride derived

from glycerol, stearic acid, Unoleic acid, and arachidonic acid?

One molecule of H2 is used per double bond in the triglyceride. Stearic acid does not have

any double bonds, linoleic acid has 2 and arachidonic acid has 4 double bonds, respectively.

Thus, 2 + 4 = 6 mol of H2 will be used per mol of the triglyceride.

Problem 25.10 Saponification number is defmed as the number of mUhgrams of potassium hydroxide required

for saponification of 1 .(X) g of fat or oil

(a) Write a balanced equation for the saponification of tristeann.

O
II

HC^nA/ru ^ rv4
^ ^ »<0H HCOH * 3 CH3(CH2),6CO- K*

HjC^ HjCOH

OC(CH2)i6CH3

O
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(b) The molecular weight of tristearin is 890 g/mol. Calculate the saponification number of tristearin.

The molecular weight of potassium hydroxide is 56 g/mol.

(3x56g/mol)| J^ 1
= 0.189 g

890 g/mol

Therefore, as determined in the above equation, it would take 189 milligrams of KOH to

saponify 1 g of tristearin, so it has a saponification number of 189.

Problem 25.11 The saponification number of butter fat is approximately 230; that of oleomargarine is

approximately 195. Calculate the average molecular weight of butter fat and of oleomargarine.

(3x56g/mol)(l g) ,,„ . , (3x56g/mol)(l g) _„ ,

^: -^^-^ = 730 g / mol -^^ -^^-^ = 862 g / mol
0.230 g 0.195 g

As shown in the above equations, the molecular weight of butter fat and oleomargarine are 730
g/mol and 862 g/mol, respectively.

Problem 25.12 Characterize the structural features necessary to make a good synthetic detergent

A good synthetic detergent should have a long hydrocarbon tail and a very polar group at one
end. This combination will allow for the production of micelle structures in aqueous solution

that will dissolve hydrophobic dirt such as grease and oil. The very polar group should not
form insoluble salts with the ions normally found in hard water such as Ca(II), Mg(II), and
Fe(III).

Problem 25.13 Following are structural formulas for a cationic detergent and a neutral detergent Account for the

detergent properties of each,

CHo . ' HOCHo O
1+^ CI

I
^

II

CH3(CH2)6CH2NCH3 HOCH2CCH20C{CH2)i4CH3

CH2Cgn5 HOCH2

Benzyldimethyloctylammonium chloride Pentaerythrityl palmitate

(a cationic detergent) (a neutral detergent)

In each case there is a long hydrocarbon tail attached to a very polar group. This combination
will allow for the production of micelle structures in aqueous solution that will dissolve
nonpolar, hydrophobic dirt such as grease and oil. In the case of
benzyldimethyloctylammonium chloride, the polar group is the positively-charged ammonium
group, while for the pentaerythrityl palmitate the polar group is composed of the triol

functions.

Problem 25.14 Identify some of the detergents used in shampoos and dish washing solutions. Are they primarily
anionic, neutral, or cationic detergents.

Most detergents in shampoos and dish washing solutions are anionic detergents such as
sodium lauryi sulfate.

O
II . ,

CH3{CH2)ioCH20-S-0 Na*

O
Sodium Lauryi Sulfate
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fy^'l'^i^V^
^^""^ ^^"^ ^ ^°"''^^ P^^^^ ^"^ (hexadecanoic acid) into the foUowing-

(a) Ethyl palmitate •*

o o
II H* \\

CH3(CH2)i4COH + CH3CH2OH .- CH3{CH2)i4COCH2CH3
Ethyl palmitate

(b) Palmitoyl chloride

O O
CH3(CH2)i4COH + SOCI2 CH3(CH2)i4CCI

Palmitoyl chloride

(c) 1-Hexadecanol (cetyl alcohol)

O
i^u //NL. X Jl^.. "•) LIAIH4, ether or THF
CH3(CH2)i4COH

^^ ^^Q
CH3(CH2)i4CH20H

1-Hexadecanol
(Cetyl alcohol)

(d) 1-Hexadecamine

O O
II II NHo

CH3(CH2)i4COH + SOCI2 ^ CH3(CH2)i4CC I ^

769

O

siHo -
2) H2O

^.. _ 1) LIAIH4, ether or THF
CH3(CH2)i4CNH2 ^' ^ ^ ^ CH3(CH2)i4CH2NH2

1-Hexadecanamine

(e) N^-Dimelhylhexadecanamide

o o
II II

CH3(CH2)i4COH + SOCI2 «- CH3(CH2)i4CC I

o o
II II

CH3(CH2)i4CC I + HN(CH3)2 ^ CH3{CH2)i4CN(CH3)2

A^,A^-Dimethylhexadecanamide

Problem 25.16 Palmitic acid (hexadecanoic acid) is the source of the hexadecyl (cetyl) group in the following

compounds. Each is a mild surface-acting germicide and fiingicide and is used as a topical antiseptic and

disinfectant.

o. CH
i^^cr

^N-^Q,- 4 y—CH2NCH2(CH2)i4CH3

CH2(CH2)i4CH3

Cetylpyridinium chloride Benzylcetyldimeihylammonium chloride
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(a) Cetylpyridinium chloride is prepared by treating pyridine with 1-chlorohexadecane (cetyl chloride). Show
how to convert palmitic acid to cetyl chloride.

CH3(CH2)i4COH
1) LiAiH4, ether or THF

2) H2O
CH3(CH2)i4CH20H

SOCI2

CH3(CH2)-i4Cn2CI

1-ChIorohexadecane
(Cetyl chloride)

(b) Benzylcetyldimethylammonium chloride is prepared by treating benzyl chloride with N^-dimethyl-1-
hexadecanamine. Show how this tertiary amine can be prepared from palmitic acid.

CH3(CH2)i4COH +

O
II

CH3(CH2)i4CN(CH3)2

SOCI2 CH3(CH2)i4CC I

HN(CH3)2

1) LIAIH4, ether or THF
CH3(CH2)i4CH2N(CH3)j

^^ ^^20
A^,N.Dimethyl.l.
hexadecanamine

Problem 25.17 Lipases are enzymes that catalyze the hydrolysis of esters, especially esters of glycerol. Because
enzymes are chiral catalysts, they catalyze the hydrolysis of only one enantiomer of a racemic mixture. For
example, porcine pancreatic lipase catalyzes the hydrolysis of only one enantiomer of the following racemic

epoxyester. Calculate the number of grams of epoxyalcohol that can be obtained from 100 g of racemic epoxy
ester by this method.

.CH20C(CH2)3CH3 ^^20. OH

lipase

H
A racemic mixture

>4 CH20C(CH2)3CH3

(This enantiomer is

.CH2OH

H

H recovered unhydrolyzed)

O
II

(this epoxyalcohol is

obtained in pure form)

The molecular weight for the epoxyester starting material (C8H14O3) is 158 g/mol, while the
molecular weight of the epoxyalcohol product (C3H6O2) is 74 g/mol. Because the starting
material is racemic, there is actually only 100 g/2 or 50 g of the starting material epoxyester
enantiomer that will be converted to product. As a result, the number of grams of the
epoxyalcohol product is calculated as:

(50 g)(74 g/mol)
= 23.4g

(158 g/mol)

Thus, 23.4 g of epoxyalcohol will be produced in this enzyme-catalyzed reaction.

Prostaglandins
Problem 25.18 Examine the structure of PGF2a and
(a) Identify all stereocenters

The stereocenters are indicated with an asterisk.



Chapter 25: Lipids Solutions 771

(b) Identify all double bonds about which cis-trans isomerism occurs

These double bonds are indicated by the arrows.

(c) State the niunber of stereoisomers possible for a molecule of this structure.

cis-trans isomerization
possible

PGF2„

There are 2^ stereoisomers possible and 2^ cis-trans isomers possible for a grand total of 32
4 = 128 possible stereoisomers.

Problem 25.19 Doxaprost, an orally active bronchodilator patterned after the natural prostaglandins (Section

25.3), is synthesized in the following series of reactions, starting with ethyl 2-oxycyclopentanecarboxylate.

Except for the Nef reaction in Step 8, we have seen examples of all other types of reactions involved in this

synthesis.

O

(1)

CO2C2H5

{CH2)6C02CH3 (2)

CO2H

(CH2)6C02H (3

Ethyl 2-oxocyclo-

penianecarboxylate

JL/{CH2)6C02H

(4)

O

-(V(CH2)6C02H (5) \ IJ

{CH2)6C02H

>*S^^(CH2)6C02CH3

\JI -or

,v(CH2)6C02CH3

Nef

'CH2NO2 reaction

(8)

,,x\\(CH2)6C02CH3

'C=0
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(9)

^^(CH2)6C02CH3

(10)

;C^V/(CH2)4CH3
H 9

^^(CH2)6C02H

(11)

;C^Vx(CH2)4CH3
H 9

,<s(CH2)6C02H

H
I

C*V/(CH2)4CH3
H A

HO CH3

Doxaprost
(an orally active bronchodilator)

(a) Propose a set of experimental conditions to bring about the alkylation in Step 1 . Account for the

regioselectivity of the alkylation, that is, that it takes place on the carbon between the two carbonyl groups rather

than on the other side of the ketone carbonyl.

CO2C2H5
1) 1 eq LDA JL.CO2C2H.

2) CH2Br(CH2)5C02CH3 >A^C02C2H5

\ A(CH2)6C02CH3

The alkylation reaction occurs at the position shown, because this enolate is the one that is

formed predominantly due to the stabilization provided by both of the adjacent carbonyl
functions.

(b) Propose experimental conditions to bring about Steps 2 and 3, and propose a mechanism for the loss of
carbon dioxide in Step 3.

CO2C2H5
1) NaOH/HzO

(CH2)6C02CH3
2) H3O*

CO2H

(CH2)6C02H

heat
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r ofH^ 1

y (CH2)6C02H
(-CO2)

keto-enol 1

tautomerization /"x.^

OH

>A^(CH2)6C02H

(CH2)6C02H

(c) Propose experimental conditions for bromination of the ring in Step 4 and dehydrobromination in Step 5.

o o

(V
(CH2)6C02H

Br

CH3CO2H
(a-halogenation)

RO

((3-eliiTiination)

X.(CH2)6C02H

\J
(d) Write equations to show that Step 6 can be brought about using either methanol or diazomethane (CH2N2) as

a source of the -CH3 in the methyl ester.

o o

/N^(CH2)6C02H CHsOH/H^ XX^(CH2)6C02CH3

or

O O

^,^^'^s^(CH2)6C02H 1) SOCI2
^

^^^V^(CH2)6C02CH3

\ I 2) CH3OH \ Ij

or O

(CH2)6C02H CH2N2 X\^{CH2)6C02CH3
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(e) Describe experimental conditions to bring about the Michael reaction of Step 7.

O O

CH3O Na"^ vAv .,A\(CH2)6C02CH3
(CH2)6C02CH3

^ V 2/6 2 3 ^ CH3NO2 VJ
^iCH2N02

(f) The two side chains in the product of Step 7 can be either cis or trans to each other. Which of the two do you

expect to be the more stable configuration? Account for the fact that the trans isomer is formed in this step.

The trans configuration is the more stable, because the cis configuration suffers from
increased non-bonded interaction strain between the nitromethyl and methyl hexanoate groups.

(g) Step 9 is done by a Wittig reaction. Suggest a structural formula for a Wittig reagent that gives the product

shown.

,vxn(CH2)6C02CH3 o

(C6H5)3P*-C-HC(CH2)4CH3

H H

,^(CH2)6C02CH3

H
I

:C*V/(CH2)4CH3/ c
II

o
(h) Name the type of reaction involved in Step 10.

Step 10 is an ester hydrolysis reaction.

(i) Step 1 1 can best be described as a Grignard reaction with methyhnagnesium bromide under very carefully

controlled conditions. In addition to the observed reaction, what other Grignard reactions might take place in Step
11?

Of course, the carboxyl group will be deprotonated by the first equivalent of
methylmagnesium bromide. As far as other Grignard reactions go, the cyclopentyl ketone
might also take part in a Grignard reaction as shown:

,^(CH2)6C02H

H 1) CH3MgBr

HO^ CH3V .^(CH2)6C02H

H
/
;C*C (CH,),CH3 2>

"'°* UJ
H
yO'^\^AC»2)40»3

(j) Assuming that the two side chains on the cyclopentanone ring are trans, how many stereoisomers are produced
in this synthetic sequence?

For this question, it is assumed that the starting material for the Grignard reaction is the
single stereoisomer given in the problem. Because the Grignard reaction produces a new
stereocenter, there are a total of two stereoisomers produced as shown:
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^,<.(CH2)6C02H

;C*V/(CH2)4CH3
H ^%HO ICHa

/

^,<.(CH2)6C02H

^C^\/{CH2)4CH3

HO XH3

Steroids
Problem 25.20 Examine the structural formulas of testosterone (a male sex hormone) and progesterone (a female
sex hormone). What are the similarities in structure between the two? What are the differences?

Overall, these structures are remarkably similar. Both of these steroids contain the standard
four ring steroid structure with the axial methyl groups at CIO and C13. In addition, both
structures contain an ene-one group in the A ring. On the other hand, the two structures differ

in the nature of the D ring substituent at C17. In testosterone, the substituent is a hydroxyl
group and in progesterone it is a ketomethyl group.

Problem 25.21 Examine the structural formula of cholic acid and account for the ability of this and other bile acids

to emulsify fats and oils and thus aid in their digestion.

Cholic acid has the characteristic structure of a soap, so it can emulsify hydrophobic

substances. In particular, cholic acid has a large hydrophobic steroid nucleus, and a highly

polar carboxylate group.

Problem 25.22 Following is a structural formula for Cortisol (hydrocortisone). Draw a conformational

representation of this molecule.

CH.OH
I

H cQr=0""^ ^ ,vNsOH

Cortisol

(Hydrocortisone)

structural formula

Cortisol
(Hydrocortisone)

conformational formula
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Problem 25.23 Much of our understanding of conformational analysis has arisen from studies on the reactions of

rigid steroid nuclei. For example, the concept of rro/w-diaxial ring opening of epoxides was proposed to explain

the stereospecific reactions seen with steroidal epoxides. Predict tfie product when each of the following steroidal

epoxides is treated with LiAlHj;

(a)

(c)

The idea here is that the hydride reagent attacks such that the epoxide opens to give a diaxial
product. This dictates that only one product is observed for each reaction, the one that is

shown below:

CH, CH,

OH H

CH,

(c)

'^J^a=^

Problem 25.24 Addition of the HOCl in the following reaction is both regioselective and stereoselective. Only
one stereoisomer is formed. Alternative regioisomers, as for example the regioisomer with -OH on carbon 5 and
-CI on carbon 6, are not formed.

AcO

CH3 ^OAc CHo jOAc

AcO
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(a) Show the four stereoisomers that place -CI and -OH trans to each other on carbons 5 and 6. (In two of these,
-CI is on carbon 5 and in the other two, it is on carbon 6).

Following are the four stereoisomers that place the -CI and -OH trans to each other on carbons
5 and 6. Note that in structures C and D the A-B ring fusion is cis.

AcO AcO

A (OH and CI are trans diaxial) B (OH and CI are trans diaxial)

iHO J I CI

AcO—^

—

AcO-

C (OH and CI are trans diequatorial) D (OH and CI are trans diequatorial)

(b) Draw a conformational representation for the product formed in this reaction.

H3C

(c) According to the mechanism proposed in Section 5.3F. addiUon of HOCl is iniliaied by inieracuon of the

alkene and chlorine to form a bridged chloronium ion intermediate. From which face of this steroid
, top or

bottom, is it more likely for chlorine to approach?

The chlorine atom is more likely to approach from the bottom, because approach from the top

is partially blocked by the axial methyl group on CIO.
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(d) Show that both the regioselectivity and the stereoselectivity of this addition are consistent with the mechanism

proposed in Section 5.3F for addition of HOCl to an alkene.

The mechanism proposed in Section 5.3F is fully consistent with formation of this product.

Chlorine approaches from the bottom (the less-hindered side) to form a chloronium ion

intermediate. H2O then must approach from the opposite side, in this instance toward the

axial position on carbon 6. Note here that the mode of opening of the chloronium ion

intermediate is not determined by which carbon atom bears the greater fraction of positive

charge, but rather by the fact that approach of H2O must be from an axial direction.

Step 1:

H3C H3C

AcO

H3C

AcO

(-H*)

H3C

AcO

Problem 25.25 Because some types of tumors need an estrogen (a steroid hormone) to survive, compounds that

compete with the estrogen receptor on tumor cells are useful anticancer drugs. The compound tamoxifen is one
such drug. To what part of the estrone molecule is the shape of tamoxifen similar?

OCH2CH2N(CH3).

Estrone

Both tamoxifen and estrone are very hydrophobic. Drawn below are highlighted regions of
tamoxifen and estrone that emphasize structural similarity. It should be pointed out that some
liberties are taken in the following structures when it comes to some bond angles in tetrahedral
and trigonal carbon atoms.
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(CH3)2NCH2CH20

Tamoxifan Estrone

Phospholipids
Problem 25.26 The hydrophobic effect is one of the most important noncovalent forces directing the self-

assembly of biomolecules in aqueous solution. The hydrophobic effect arises from tendencies (1) to arrange polar

groups so that they interact with the aqueous environment by hydrogen bonding and (2) to arrange nonpolar

groups so that they are shielded from the aqueous environment. Show how the hydrophobic effect is involved in

directing:

(a) Formation of micelles by soaps and detergents.

Water

Micelle •*

Polar groups that^ interact with water

Hydrophobic alkyl chains

that do not interact with water

Water

In micelles, the hydrophobic hydrocarbon tails are associated with each other to form the

hydrophobic interior, while the polar groups are associated with each other on the outside

surface where they interact with water.

(b) Formation of lipid bilayers by phospholipids.

Water

Lipid bilayer •«

Water

Polar groups that

y^ interact with water

Hydrophobic alkyl chains

that do not interact with water

Polar groups that

interact with water

In lipid bilayers, the hydrophobic hydrocarbon tails are associated ^ith each other to form the

hydrophobic inner layer, while the polar head groups are associated with each other on both

outside surfaces where they interact with water.
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Problem 25.27 Lecithins can act as emulsifying agents. The lecithin of egg yolk, for example, is used to make
mayonnaise. Identify the hydrophobic part(s) and the hydrophilic part(s) of a lecithin. Which parts interact with

the oils used in making mayonnaise? Which parts interact with the water?

Hydrophobic
Interacts with oil

Hydrophilic
Interacts with water

-CH, O I
I II (

^

CH—0-C- (CH2)i4CH3

CHg-O-C- (CH2),4CH3

O

rat-sglu^?l€ Vitamins
Problem 25.28 Examine the structural formula of vitamin A and state the number of cis-trans isomers possible for

this molecule.

CH2OH

Vitamin A

As shown in the structure above, vitamin A has four double bonds that can be either cis or
trans^ thus there are 2^ or 16 possible cis-trans isomers. Note that the double bond in the ring
cannot have cis-trans isomers.

Problem 25.29 The form of vitamin A present in many food supplements is vitamin A pahnitate. Draw the
structural formula of this molecule.

CH20C(CH2)i4CH3

Problem 25.30 Examine the structural formulas of vitamins A, D3, E, and Ki. Do you expect them to be more
soluble in water or in dichloromethane? Do you expect them to be soluble in blood plasma?

Vitamin D3
(Cholecalciferol)



Chapter 25: Lipids Solutions 781

OH

Vitamin E
(a-TocopheroI)

All of these structures are extremely hydrophobic, so they will be more soluble in organic
solvents such as dichloromethane than polar solvents such as water. Since blood plasma is an
aqueous solution, these vitamins will only be sparingly soluble in blood plasma.
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CHAPTER 26: THE ORGANTC CHEMISTRY OF METABOLISM

SUMMARY OF REACTIONS

\ S\ § ^

Starting N,^

Material ^v

O
u
+ x
<So<uz

<

Q
<

1!

<

o
+
Q
<
Z
+

w
u

Q

« +
S
t.
>>
0.

Fatty Acid + NAD^
+ Acetyl CoA + FAD

26A
26.3*

Glucose + NAD^
+ HP04^- + ADP

26B
26.6

Pyruvate + NADH
+ H^

26C
26.7A

26D
26.7B

Pyruvate + NAD^
+ Acetyl CoA

26E
26.7C

*Section in book that describes reaction.

REACTION 26A: p-OXIDATION OF FATTY ACIDS (Section 26.3)

o o
II ATP AMP + PjOy'^' II

CH3(CH2)i4COH + 8 CoA-SH >^ ^ 8 CH3CSC0A + 7 NADH

+ 7 NAD* + 7 FAD + 7 FADH2

- The overall process of fatty acid p-oxidation involves conversion of a fatty acid in the presence of
coenzyme A (CoA-SH) to molecules of the thioester species acetyl coenzyme A along with reduction
of NAD+ and FAD. *

- The first step in the process is the conversion of the fatty acid into an activated form as the thioester

derivative of CoA-SH in the cytoplasm. This reaction requires the hydrolysis of ATP to AMP and the

pyrophosphate ion. An acyl-AMP mixed anhydride is an intermediate in the process.

- The activated fatty acid is transported into mitochondria where the following four enzyme-catalyzed reactions

take place. [It is very helpful tofollow the chemical "logic" of the steps infatty acid ^oxidation. Notice
how the acylfatty acid isfirst oxidized to a create a new double bond that is then hydrated and oxidized to

set up the reverse Claisen type ofcleavage reaction.]

1) The alpha- and beta- carbons of the fatty acid chain are oxidized to a double bond while FAD is

reduced to FADH2. Enzyme: fatty acyl-CoA dehydrogenase.

2) The double bond is hydrated to give a p-hydroxyacyl-CoA. The hydroxyl group is added
stereoselectively to carbon 3 producing exclusively the R stereoisomer. Enzyme: Enoyl-CoA hydrase.

3) The p-hydroxy group is oxidized to a ketone while NAD+ is reduced to NADH. Enzyme: (R)-p-

hydroxyacyl-CoA dehydrogenase.
4) The carbon chain is cleaved between carbons 2 and 3 by an enzymatic reaction that is the functional

equivalent of a reverse Claisen condensation using thioesters. The reaction produces the two-carbon
fragment acetyl-CoA and an acyl-CoA that is now two carbons shorter than the original fatty acid.

Enzyme: thiolase.

- This new shorter acyl-CoA undergoes additional cycles of reactions 1) - 4) until the entire fatty acid is

converted to acetyl-CoA.
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REACTION 26B: GLYCOLYSIS (Section 26.6)

O

CgHigOe + 2 NAD" + 2 HP04'- ^^y^^^y^^'
, 2 CH3CCO2 + 2 NADH + 2 ATP

Glucose + 2 ADR Pyruvate

- Glycolysis is a metabolic pathway for converting the monosaccharide glucose into 2 molecules of
pyruvate, along with the reduction of two molecules of NAD+ to NADH and the synthesis of
two molecules of ATP from 2 molecules of ADP and phosphoric acid. It is the synthesis of the high
energy phosphoric anhydride bonds of ATP that accounts for the energy harvesting of glycolysis.

From an evolutionary standpoint, glycolysis is a very old anaerobic metabolic process for producing energy
from nutrient molecules and for providing precursors to aerobic pathways such as the tricarboxylic acid

cycle. *
- The ten enzyme-catalyzed reactions of glycolysis are Usted below. The first five steps are preparing the

molecules for the last five steps, especially steps 7 and 10, which are the energy harvesting steps. [It is very

helpful to follow the chemical "logic" of the steps in glycolysis. Notice how the six carbon sugar is set up

for cleavage via a reverse aldol type ofreaction. Also notice how high energy bonds areformed then used to

drive production ofATP. Finally, notice how keto-enol tautomerization is used several times during the

process.]

1) Transfer of a phosphoric acid group from ATP to the -OH on C6 of glucose. This step is exothermic

since a high energy phosphoric aihydride bond is broken and a lower energy phosphoric ester bond to

glucose is created. Enzyme: hexokinase.

2) The a-D-glucose-6-phosphate is isomerized to a-D-fructose-6-phosphate via a keto-enol

tautomerization to form an enediol intermediate. Enzyme: phosphoglucoisomerase.

3) a-D-Fructose-6-phosphate is phosphorylated at the -OH group on CI to form a-D-fructose-1,6-

diphosphate. Enzyme: phosphofructokinase.

4) a-D-Fructose-l,6-diphosphate is cleaved into dihydroxyacetone phosphate and glyceraldehyde 3-

phosphate. There is an imine intermediate in the reaction, which is the functional equivalent of a reverse

aldol reaction. Enzyme: aldolase.

5) Dihydroxyacetone phosphate is isomerized to glyceraldehyde 3-phosphate via a keto-enol

tautomerization to form an enediol intermediate. Enzyme: triose phosphate isomerase.

6) The aldehyde group of glyceraldehyde 3-phosphate is first oxidized to a carboxylic acid derivative in

the form of a thioester with the thiol group of coenzyme A. NAD* is reduced to NADH in the process.

The activated thioester is then converted to a high energy phosphoric anhydride, 1,3-

bisphosphoglycerate. Enzyme: glyceraldehyde-3-phosphate dehydrogenase.

7) The high energy acyl-phosphoric mixed anhydride bond of 1,3-bisphosphoglycerate is converted to a

phosphoric anhydride bond of ATP to create 3-phosphoglycerate. Enzyme: phosphoglycerate kinase.

8) 3-Phosphoglycerate is isomerized to 2-phosphoglycerate. Enzyme: phosphoglycerate mutase.

9) The 3-OH group of 2-Phosphoglycerate is lost in a dehydration to give a 2-3 double bond in the

product phosphoenolpyruvate. Note that the phosphate group keeps the molecule m the relatively high

energy enol form. Enzyme: enolase.

10) The phosphate group of phosphoenolpyruvate is u^sferred to ADP to generate a high energy

phosphoric anhydride in ATP and the ketone pyruvate. Notice how pyruvate is just the more stable kcto

form of enol pyruvate. Enzyme: pyruvate kinase.

REACTION 26C: REDUCTION OF PYRUVATE TO ETHANOL - ALCOHOL
FERMENTATION (Section 26.7B)

O Alcoholic

II
Fermentation _ mar*

CH3CC62 + 2 H" + NADH CH3CH2OH + CO2 ^ NAD

Pyruvate
^^^°'

-Yeast and other organisms can convert pyruvate to ethanol ^"^ ^0^ in the abs^^^^^^

oxveen That is whv fermentation of beer and wine must be carried out in scaled vessels that exclude air.

T^e CO, sresmriblefTu^e natural carbonai.on of beverages such as beer and champagne. Thc^^arc two

^ps mv^ediTSrc^^^^^^^ to give CO2 and acetaldehyde followed by reduction of the aceuddehyde to

ethanol. Enzymes: pyruvate decarboxylase, alcohol dehydrogenase. *
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REACTION 26D: REDUCTION OF PYRUVATE TO LACTATE (Section 26.7A)

O Lactate qH
II

Dehydrogenase
|

CH3CCO2" + H^ + NADH - CH3CHCO2+ NAD""

Pyruvate Lactate

- In vertebrates, pyruvate is converted to lactate, an important anaerobic process for

regenerating NAD+ from NADH. In the overall process of lactate fermentation, glucose is converted

all the way to two molecules of lactic acid, a relatively strong acid that is fully dissociated at the usual pH of

blood. Thus, this process generates lactate and protons. The buildup of lactate is associated with muscle

fatigue. Enzyme: lactate dehydrogenase. *

REACTION 26E: OXIDATIVE DECARBOXYLATION OF PYRUVATE TO ACETYL-CoA
(Section 26.7C)

O Oxidative O
II - . Decarboxylation II

CH3CCO2 + NAD^ + CoA-SH ^ CH3CSC0A + CO2 + NADH
Pyruvate

- Under aerobic conditions, pyruvate is oxidized and decarboxylated to give Acetyl CoA and
CO2. The acetyl-CoA then becomes fuel for the tricarboxylic acid cycle. Enzyme: pyruvate dehydrogenase
complex.

SUMMARY OF IMPORTANT CONCEPTS

26.0 OVERVIEW
• The biochemical pathways of metabolism such as p-oxidation of fatty acids and glycolysis involve
numerous enzyme-catalyzed reactions that operate in sequential fashion to effect complex overall processes.

These pathways are actually the biochemical equivalents of organic functional group
reactions that have been covered in the previous chapters of the book. *

26.1 FIVE KEY PARTICIPANTS IN GLYCOLYSIS AND pOXIDATION
• ATP, ADP, and AMP are phosphorylated derivatives of the nucleoside adenosine. AMP has a single

phosphoric acid group attached to the 5' -OH group of adenosine. ADP has an addition phosphoric acid group
attached through a phosphoric anhydride bond. ATP has a third phosphoric acid group attached to the other

two through a second phosphoric anhydride bond. *
- ATP, ADP, and AMP are involved with transfer and storage of phosphoric acid groups within

the cell. *
• NAD+, nicotinamide adenine dinucleotide, is composed of a unit of ADP joined by a phosphoric
ester bond to the terminal -CH2OH group of p-D-ribofuranose that is linked to nicotinamide via a

p-A^-glycosyl bond. NAD+ is a two electron oxidizing agent, since it is reduced by two electrons

and a proton to give NADH. In NADH, the nicotinamide is reduced. Notice that in the following structure, the
proton and electrons are shown as being independent of one another. In actual enzyme reactions, they can be
considered to be combined in the form of a hydride, H". *

Q *^ ^ n

.CNHo ^X. HNH
\/ I

u[I J + H^ + 2e

I I

R R

NAD^ NADH
- NAD+ is a cofactor in enzymatic two-electron oxidation reactions such as the oxidation of a secondary
alcohol to a ketone or the oxidation of an aldehyde to a carboxylic acid.

• FAD, flavin adenine dinucleotide, is composed of a flavin group attached to the five carbon sugar

ribotol, that is in turn attached to the terminal phosphoric acid group of ADP. The flavin group of FAD is
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reduced by the equivalent of two electrons and two protons to give FADH2. In actual enzyme reactions, the 2
protons and 2 electrons can be thought of as a hydride, H-, and a proton.

O HO

:rcxx:-—»:}i:
CH

CH3 - !» I'M U ^"3'
I I

R H

FAD FADH2
- FAD is a cofactor in two-electron oxidation reactions such as the oxidation of a carbon-carbcm single bond to

a carbon-carbon double bond.

• Every time a substrate is oxidized in the metabolic pathways, either FAD or NAD+ must be
reduced, and vice versa. ^

26.2 FATTY ACIDS AS A SOURCE OF ENERGY
• Fatty acids, as triglycerides, are the main storage form of energy in most organisms. The -CH2-
groups of the fatty acid alkyl chains can be oxidized further than oxygenated species such as carbohydrates, so
fatty acids are very potent sources of energy.

26.4 DIGESTION AND ABSORPTION OF CARBOHYDRATES
• Carbohydrates provide about 50 - 60% of daily energy needs. The carbohydrates are consumed in

the form of disaccharides or polysaccharides, which are first hydrolyzed to monosaccharides by

enzymes called glycosidases in the mouth or small intestine, *
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CHAPTER 26
Solutions to the Problems

Problem 26.

1

Under anaerobic (without oxygen) conditions, glucose is converted to lactate by a metabolic

pathway called anaerobic glycolysis or, alternatively, lactate fermentation. Is anaerobic glycolysis a net

oxidation, a net reduction, or neither?

C6H12O6

Glucose

Anaerobic

glycolysis

OH
I

2 CH3CHCO2

Lactate

+ 2H''

The overall process of anaerobic glycolysis that converts glucose to lactate is neither an
oxidation or a reduction. No electrons are involved in the balanced half-reaction.

Problem 26.2 Does lactate fermentation result in an increase or decrease in blood pH?

Lactate fermentation leads to an increase of the H-*- concentration in the bloodstream, therefore
the bloodstream pH must decrease.

Problem 26.3 Write structural formulas for palmitic, oleic, and stearic acids, the three most abundant fatty acids.

Palmitic and stearic acids are fully saturated, having 16 and 18 carbons in their chains,
respectively. Oleic acid has 18 carbons and a single cis double bond.

O

Stearic acid

Problem 26.4 A fatty acid must be activated before it can be metabolized in cells. Write a balanced equation for

the activation of palrnitic acid.

Activation of a fatty acid involves formation of a thioester with coenzyme A. The proton is

derived from the thiol group of CoA-SH.

CH3(CH2)i4CO" + CoA-SH + ATP
Palmitic acid

CH3(CH2)i4CSCoA

+ AMP + P2O7*' + H*
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Problem 26.5 Name three coenzymes necessary for p-oxidation of fatty acids. From what vitamin is each
derived?

The three coenzymes needed for p-oxidation are:

1) Coenzyme A (CoA-SH) derived from the vitamin pantothenic acid.

2) Nicotine adenine dinucleotide (NAD+) derived from the vitamin niacin.

3) Flavin adenine dinucleotide (FAD) derived from the vitamin riboflavin (vitamin B2).
All three coenzymes contain a molecule of adenosine

Problem 26.6 We have examined p-oxidation of saturated fatty acids, such as palmitic acid and stearic acid. Oleic

acid, an unsaturated fatty acid, is also a common component of dietary fats and oils. This unsaturated fatty acid is

degraded by p-oxidation but, at one stage in its degradation, requires an additional enzyme named enoyl-CoA
isomerase. Why is this enzyme necessary, and what isomerization does it catalyze? (Hint: Consider both the

configuration of the carbon-carbon double bond in oleic acid and its position in the carbon chain.)

If you count the carbon atoms in oleic acid carefully, you will see that after three rounds of p-

oxidation you are left with the following fragment that is then isomerized by enoyl-CoA
isomerase to the trans-enoyl-CoA derivative needed for the next step of p-oxidation.

SCoA

Oleic acid

Three rounds of p-oxidation

SCoA + 3 AcetylCoA

Enoyl-CoA-isomerase

O

SCoA
A trans-enoy\-Co\

GLYCOLYSIS ^ . . • • ^ • .0

Problem 26.7 Name one coenzyme required for glycolysis. From what vitamm is it denved .'

The one coenzyme required for glycolysis is NAD% which is derived from the vitamin niacin.

Problem 26.8 Number the carbon atoms of glucose 1 through 6 and show from which carbon atom the carboxyl

group of each molecule of pyruvate is derived.

By numbering the carbon atoms of glucose and following the ^itTerent atoms through the

pathway it can be seen that the carboxyl group carbon atoms are derived from carbon atoms 3

and 4 of glucose.
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^CHO
2I

H-C-OH
3I

^^0~9~" Glycolysis 1 2 II 3II . 6 si! 4II .

H-*C-OH ^ CH3-C-CO + CH3-C-CO

H-^C-OH Pyruvate

J
CH2OH

D-Glucose

Problem 26.9 How many mole of lactate are produced from three moles of glucose?

During anaerobic glycolysis, 2 mol of lactate are produce for each mol of glucose used. 6 mol
of lactate will be produced from 3 mol of glucose.

Problem 26.10 Although glucose is the principal source of carbohydrates for glycolysis, fructose and galactose

are also metabohzed for energy.

(a) What is the main dietary source of fructose? of galactose?

The main dietary source of D -fructose is in the disaccharide sucrose, or table sugar, in which
D -fructose is combined with D-glucose. The main dietary source of D-galactose is the
disaccharide lactose, from milk, in which D-galactose is combined with D-glucose.

(b) Propose a series of reactions by which fructose might enter glycolysis.

Fructose could be converted to fructose 6-phosphate, and enter glycolysis at reaction 3, where
it will be converted to fructose 1,6-bisphosphate.

CHjOH CH2OH
I I

^

c=o c=o
HO—C—

H

Phosphorylation ^O—C—

H

I

^
I

H—C-OH H—C-OH
I I

H-C-OH H-C-OH
I I 2-
CH2OH CHjOPOj

D-Fructose Fructose 6-phosphate

(c) Propose a series of reactions by which galactose might enter glycolysis.

D-Galactose can be isomerized at C-4 to produce D-glucose and thereby enter glycolysis at the
beginning.
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CHO
I

H-C-OH
I

CHO
I

H-C-OH
IHO—C—H Epimerization hO—C—

H

I

HO-C-H
I

H-C-OH
I

CH2OH

D-Galactose

I

H-C-OH
I

H-C-OH
I

CH2OH

D-Glucose

Problem 26. 1

1

How many mol of ethanol are produced per mole of sucrose through the reactions of glycolysis
and alcohoUc fermentation? How many mol of CO2 are produced?

A total of 4 mol of ethanol and 4 mol of carbon dioxide are produced from 1 mol of sucrose.
This can be seen be remembering that 1 mol of the disaccharide sucrose is first hydrolyzed to

1 mol of glucose and 1 mol of fructose. Each of these 6-carbon monosaccharides enter
glycolysis to give 2 mol of pyruvate, so a total of 4 mol of pyruvate are produced for each mol
of sucrose used. Each mol of pyruvate is converted to 1 mol of ethanol and 1 mol of carbon
dioxide, so a total of 4 mol of ethanol and 4 mol of carbon dioxide are produced for each mol
of sucrose.

Problem 26.12 Glycerol is derived from hydrolysis of triglycerides and phospholipids. Propose a series of

reactions by which the carbon skeleton of glycerol might snter glycolysis and be oxidized to pyruvate.

Glycerol enters glycolysis through the following enzyme catalyzed steps that lead to

glyceraldehyde-3-phosphate, which is converted into pyruvate according to the normal
glycolysis pathway.

CH2OH
I

HO-C-H

CH2OH

Glycerol

CH2OH
I

*- HO-C-H -
I

CH2OPO

GIycerol-3-
phosphate

CH2OH
I

0=C
2 -

CHoOPO
2 -

Dihydroxyacetone
phosphate

CHO
I

H-C-OH
I

CH2OPO 2 -

Glyceraldehyde-3-
phosphate

Problem 26.13 Ethanol is oxidized in the liver to acetate ion by NAD"*",

(a) Write a balanced equation for this oxidation.

The production of acetate ion from ethanol is an overall 4 electron process, so two mol of

NAD+ are required for every mole of ethanol. In addition, 2 protons are produced along with

the proton that will dissociate from acetic acid to give acetate.

CH3CH2OH + 2 NAD* ^ CH,CO" + 2 NADH + 3 H*

(b) Do you expect the pH of blood plasma to increase, decrease, or remain the same as a result of metabolism of a

significant amount of ethanol?

The pH of blood plasma will drop due to the protons produced as the result of metabolism of a

significant amount of ethanol.
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Problem 26.14 Write a mechanism to show the role ofNADH in the reduction of acetaldehyde to ethanol.

For this reaction, NADH delivers a hydride equivalent, and a group on the enzyme (denoted as

A) delivers a proton to the oxygen atom.

:A<D
OH

I

CH3CH

H H

Problem 26.15 When pyruvate is reduced to lactate by NADH, two hydrogens are added to pyruvate; one to the

carbonyl carbon, the other to the carbonyl oxygen. Which of these hydrogens is derived from NADH?

As can be seen in the mechanism given in the answer to Problem 26.14, the NADH delivers a
hydride equivalent, H-. This species is highly nucleophilic and reacts with the electrophilic
carbonyl carbon atom.

Problem 26.16 Review the oxidation reactions of glycolysis and p-oxidation and compare the types of functional

groups oxidized by NAD"*" with those oxidized by FAD.

NAD+ oxidizes a secondary alcohol to a ketone (reaction 3 of p-oxidation) as well as an
aldehyde to a carboxylic acid derivative (reaction 6 of glycolysis). FAD oxidizes a carbon-
carbon single bond to a carbon-carbon double bond (reaction 1 of p-oxidation).

Problem 26.17 Why is glycolysis called an anaerobic pathway?

Glycolysis is called an anaerobic pathway because no oxygen is used. Glycolysis probably
first evolved in organisms that appeared before there was oxygen in the environment.

Problem 26.18 Which carbons of glucose appear as CO2 as a result of alcoholic fermentation?

As shown in the answer to Problem 26.8, it is carbons 3 and 4 of D -glucose that end up as the
carboxylic acid carbons of pyruvate. These same two carbon atoms, carbons 3 and 4, end up
as CO2 as a result of alcoholic fermentation.
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CHO

H-'C-OH O O

HO-^C-H Givcolvsis
'^"3-C-Cd ^j.^holic

CH3CH2OH . 'CO^

^1
^'y^Q'ys's

fermentation
H-C-OH ^ +

H-C-OH
^ 5 II 4 II . 'CH3CH2OH +'C02

^iu ^u CHg-C-CO
CHjOH ^

Ethanol

Pyruvate
D-Glucose

Problem 26.19 Which steps in glycolysis require ATP? Which steps produce ATP?

Reactions 1 and 3 of glycolysis require ATP, while reactions 7 and 10 produce ATP.

Problem 26.20 The respiratory quotiem (RQ) is used in studies of energy metaboUsm and exercise physiology. It

is defined as the ratio of the volume of carbon dioxide produced to the volume of oxygen used:

Volume CO?
RQ= ^

Volume 0;

(a) Show that RQ for glucose is 1 .00. (Hint: Look at the balanced equation for complete oxidation of glucose to

carbon dioxide and water.)

In the balanced reaction for the complete oxidation of glucose into CO2 and H2O, 6 mol of O2
are used and 6 mol of CO2 are produced, so the RQ is 6/6 = 1.00.

CgHigOe + 6 O2 " 6 CO2 + 6 H2O
D-Giucose

(b) Calculate RQ for triolein, a triglyceride of molecular formula C57H104O6.

In the balanced equation for the complete oxidation of triolein, 80 mol of O2 are used and 57

mol of CO2 are produced for each mol of triolein consumed. The RQ = 57/80 = 0.71

C57H104O6 + 80 O2 " 57 CO2 + 52 H2O

Triolein

(c) For an individual on a normal diet, RQ is approximately 0.85. Would this value increase or decrease if

ethanol were to supply an appreciable portion of caloric needs?

In the balanced equation for the complete oxidation of ethanol. C2H6O, 3 mol of O2 are used

and 2 mol of CO2 are produced for each mole of ethanol consumed. The RQ = 2/3 = 0.67, so

the individual's RQ would decrease if ethanol were to supply an appreciable portion of caloric

needs.

C2H6O + 3 O2 2 CO2 -H 3 H2O

Ethanol
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Problem 26.21 Acetoacetate, p-hydroxybutyrate, and acetone are commonly known within the health sciences as

ketone bodies, in spite of the fact that one of them is not a ketone at all. They are products of human metabolism

and are always present in blood plasma. Most tissues, with the notable exception of the brain, have the enzyme
systems necessary to use them as energy sources. Synthesis of ketone bodies occurs by the following enzyme-

catalyzed reactions. Enzyme names are (1) thiolase, (2) p-hydroxy-(J-methylglutaryl-CoA synthase, (3) p-

hydroxy-p-methylglutaryl-CoA lyase, and (5) p-hydroxybutyrate dehydrogenase. Reaction (4) is sjxjntaneous and

imcatalyzed.

O

o
II

2CH3CSC0A
Acetyl-CoA

O OH O
.11 i II

OOCHgCCHpSCoA

CH3

p-Hydroxy-p-methyl-

glutaiyl-CoA

CoA-SH O CH3CSC0A CoA-SH

^ CH3CCHPSC0A
\}_) Acetoacetyl-CoA ©

CH3CSC0A

Jz
®

o o
II II -

*- CH3CCHPO
Acetoacetate

NADH

O
II

CH3CCH3
Acetone

OH O
I " -

NAD^ OH3CHCHPO
P-Hydroxybutyrate

Describe the type of reaction involved in each step and the type of mechanism by which each occurs.

Reaction 1 is a Claisen condensation (Section 18.3) between two molecules of acetyl-CoA.
Reaction 2 is an aldol reaction (Section 18.1) that can be thought of as taking place between

the enolate of acetyl-CoA and the ketone carbonyl of acetoacetyl-CoA.
Reaction 3 is a reverse aldol reaction (Section 18.1) that generates acetyl-CoA and

acetoacetate.
Reaction 4 is a decarboxylation of a p-ketoacid (Section 16.10A) that generates CO2 and

acetone from acetoacetate.
Reaction 5 is a reduction of the ketone group of acetoacetate to a secondary alcohol (Section

15.14).

Problem 26.22 Show that (S)-3-hydroxy-3-methylglutaryl-CoA is a branch point connecting the synthesis of
ketone bodies, terpenes, and cholesterol and the steroid hormones. (Hint: review Section 18.4 (Claisen
condensations in the Biological World) and Section 25.4B (The Biosynthesis of Steroids).

(S)-3-Hydroxy-3-methylglutaryl-CoA, often referred to as HMG-CoA, is produced from the
condensation of acetyl-CoA as described above. HMG-CoA is then decomposed to give
ketone bodies, condensed with more acetyl- CoA on the way to terpenes, or converted to 3R-
mevalonate on the way to lanosterol and eventually cholesterol.

3 Acetyl-CoA

O OH O
II I II

OOCHgCCHpSCoA

CH3

p-Hydroxy-p-methyl-
glutaryl-CoA
(HMG-CoA)

Ketone
bodies

•- Terpenes

Cholesterol
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Problem 26.23 A connecting point between anaerobic glycolysis and p-oxidation is formation of acetyl-CoA.

Which carbon atoms of glucose appear as methyl groups of acetyl-CoA? Which carbon atoms of palmitic acid

appear as methyl groups of acetyl-CoA?

As shown in the answer to Problem 26.8, it is carbons 3 and 4 of D-glucose that end up as the

carboxylic acid carbons of pyruvate. These same two carbon atoms, carbons 3 and 4^ end up
as CO2 as a result of oxidation and decarboxylation to acetyl CoA. This means that it is

carbons 1 and 6 that end up as the methyl groups of acetyl CoA.

CHO

H-^C-OH O O
l-..2ll__ . 3.

3.un-r-M 'CH3^C-'C0- Oxidative
CH3CSC0A * CO,

MU Y
n Glycolysis decarboxylation

4

1

»- +
H-C-OH Oon 6 5 II .

5 II 4II .
CH3CSC0A + 'CO2

CH3-C-Cd
Acetyl-CoA

H-C-OH
"CHjOH

Pyruvate
D-Glucose

Palmitic acid undergoes p-oxidation to produce acetyl-CoA, so it is the even number carbon

atoms (2,4,6,8,10,12,14,16) that end up being the methyl groups.
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CHAPTER 27: AMTNO ACIDS AND PROTEINS

REACTIONS
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Material N. w
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a-Amino Acid 27A
27.5C*

a-Amino Group 27B
27.2A

27C
27.2E

Amino Group 27D
Carboxyl Group 27.5E

a-Carboxyl Group 27E
27.2A

Peptide Bond 27F
Carboxyl Side of Methionine 27.4B

Peptide Bond 27G
N-Termlnal Amino Acid 27.4B

Section in book that describes reaction.

REACTION 27A: THE BENZYLOXYCARBONYL (Z-) PROTECTING GROUPS FOR
AMINES (Section 27.5C)

II II

H3CC'HRNHC"0C"'HoPh'"OCC'HRNHoV + CIC'OC-HpPh ^^"^.l?^. ^^ 2) HCI, HgO

- The amino groups of amino acids can be reversibly blocked as a benzylcarbamate, also known as

the benzyloxycarbonyl or Z group. This protecting group can be used during peptide synthesis, and is

stable to dilute base. *
- The Z group is put on via the chloroformate as shown above, and is removed by treatment with HBr in

anhydrous acetic acid or hydrogenolysis using H2 and Pd.

REACTION 27B: PROTONATION OF THE a-AMINO GROUP (Section 27.2A)

O O

"OCCHRNH. H" ^=:i^ 'OCC'HRNH.

The a-amino group of amino acids are relatively basic with a pKa near 10. *
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REACTION 27C: THE NINHYDRIN REACTION (Section 27.2E)

9 o

"OCC'HRNHg^

+ O

O O

Purple-colored anion

- Ninhydrin reacts with primary amino groups such as the a-amino group of amino acids to give a deep
purple-colored anion. This reaction can ue used to detect even very small amoimts of primary amino
groups. Ninhydrin has been used extensively to detect unreacted a-amino groups during solid-phase

peptide synthesis. Secondary amines like those in proline react with ninhydrin to form an orange-colored

compound. *

REACTION 27D: PEPTIDE BOND FORMATION USING DICYCLOHEXYL-CARBODIIMIDE
(DCC) (Section 27.5E)

RDCC'HR'NH, + l-DC"C"'HR"NH-Z

o o
DCC II II

»- RDCC'HR"NHC"C'"HR"NH-Z

- Carboxyl and amino groups react to form an amide bond in the presence of

dicyclohexylcarbodiimide (DCC). DCC can be used to form peptide bonds between an amino acid

with an appropriate amino protecting group, and an amino acid with an appropriate carboxyl protecting

group. The protecting groups are necessary to prevent unwanted side reactions. The DCC reaction is used

extensively in sohd-phase peptide synthesis, including automated solid-phase peptide synthesis. *
- The mechanism involves initial reaction of the carboxyl group with DCC to create an activated ester that is

attacked by the nucleophiUc a-amino group to produce the amide bond. The DCC is converted into the

relatively insoluble dicyclohexylurea (DCU) in the reaction.

REACTION 27E: ACIDITY OF THE a-CARBOXYL GROUP (Section 27.2A)

O

HDCC'HRNHa" ^

O
II

OCC'HRNHg* -H H

The a-carboxyl group is relatively acidic, having a pK, value near 2.0, due to the inductive effect of

the adjacent electron-withdrawing -NH3* group. *
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REACTION 27F: THE CYANOGEN BROMIDE CLEAVAGE REACTION OF METHIONINE
CONTAINING PEPTIDES AND PROTEINS (Section 27.4B)

O

O O O \v

peptide-CNHC'HCNH-peptide "^^ "^
> peptide-CNHC'H

I

0.1 /W HOI \ ^C"'H2

HoC" HgO ^2^"

I

HgC-SC'^Hg NH2-peptide + C'^HsSC'^'sN

- Cyanogen bromide reacts with methionine-containing peptides and proteins to give products that

are cleaved at the amide bond on the carboxyl side of the methionine residue. The reaction is used

to cleave large proteins into smaller peptides in order to facilitate sequence analysis. A substituted y-lactone

is the other product of the reaction. *

REACTION 27G: THE EDMAN DEGRADATION (Section 27.4B)

R
I

O XH
II HN^ V^O

NHgCHRC'NH-peptide + C6H5N=C"=S \ / + NHg-peptide

C"—

N

S Ce'^s

A Phenylthiohydantoin

- Reacting peptides or proteins with phenyl isothiocyanate causes removal of the ^-terminal amino
acid as a phenylthiohydantoin that can be isolated and identified. This reaction is referred to as the

Edman degradation after its inventor Pehr Edman. *
- The Edman degradation can be run sequentially on a peptide of unknown sequence, so that the exact amino
acid sequence can be determined. Since usually only twenty to thirty amino acids can be sequenced using
the Edman degradation, a large protein must first be firagmented into smaller pieces using the CNBr reaction

and/or limited hydrolysis with a protease such as trypsin or chymotrypsin. TTie Edman degradation can be
used for automated sequencing.

SUMMARY OF IMPORTANT CONCEPTS

27.0 OVERVIEW
• Proteins are composed of chains of amino acids linked together by amide (peptide) bonds. Two triumphs
of chemistry are that the sequence of amino acids in proteins can be determined chemically, and that amino
acids can be joined together synthetically to produce functional proteins. *

27.1 AMINO ACIDS
• Amino acids are compounds that contain a carboxyl group and an amino group. The a-amino acids (H2N-
CHR-CO2H) are the most important class of amino acids in biochemistry. *
- The amino group is basic, while the carboxyl group is relatively acidic, thus a proton is

transferred from the carboxyl group to the amine to create an internal salt called a zwitterion at neutral

pH. *
- Except for glycine (H2N-CH2-CO2H), the a-carbon atoms of amino acids are stereocenters.
According to the D and L designations used with carbohydrates, the vast majority of amino acids in living

systems are of the L-series. This corresponds to the S configuration in die R-S convention except for

cysteine in which the L designation corresponds to the R configuration because of the priorities assigned

with the R-S system. Isoleucine and threonine have a second stereocenter on their side chains.
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^f 20 protein-denved ammo acids are usually grouped according to the chemical properties of the
side chams as either nonpolar, polar but non-ionized, acidic, and basic side chains

- Besides these 20 ammo acids, small amounts of other amino acids are found in nature. For example, L-
ormthine and L-citniUme are components of the urea cycle. In addition, D-amino acids are found as
structural components of lower forms of life.

27.2 ACID-BASE PROPERTIES OF AMINO ACIDS
• The Henderson-Hasselbalch equation can be used to calculate the ratio of a conjugate base to weak acid

at any pH. This can be used to calculate the amount of protonated carboxylic acid or protonated amine
functions in amino acids at a given pH. *

[weak acid]

Henderson-Hasselbalch equation

• The isoelectric point, pi, for an amino acid is the pH at which the majority of molecules in solution have no
charge. At the isoelectric point, the molecules are more likely to aggregate and thus precipitate. For this

reason, amino acids can be precipitated from solution at the isoelectric point, a process known as isoelectric

precipitation. *
• Charged molecules move in an apphed electric field toward the electrode carrying the charge opposite their

own. This process is called electrophoresis, and it can be used to separate amino acids on the basis of

charge.

• Of the twenty amino acids needed by humans to synthesize proteins, ten amino acids must be supplied in the

diet. These ten amino acids are referred to as essential amino acids. *

27.3 POLYPEPTIDES AND PROTEINS
• Proteins are long chains of amino acids linked together by amide bonds between the a-amino group of

one amino acid and the a-carboxyl group of another. These amides bonds are given the special name of

peptide bonds. *

27.4 PRIMARY STRUCTURE OF POLYPEPTIDES AND PROTEINS
• The primary (1°) structure of a protein or polypeptide is the sequence of amino acids in the

polypeptide chain. The sequence of amino acids that make up a protein is determined in several steps. *
- First, the proportion of different amino acids is determined by amino acid analysis. The

polypeptide is hydrolyzed into individual amino acids by heating in 6 A/ HCl or 4 A/ NaOH, then

techniques such as ion-exchange chromatography are used to separate, identify, and quantitate the

different amino acids present.

- Next the polypeptide is selectively cleaved into fragments using the CNBr reaction (Reaction 27F,

Section 27 .4B) and/or hmited proteolysis. The fragments are subjected to sequence analysis usmg the

Edman degradation (Reaction 27G, Section 27 .4B). *

27.5 SYNTHESIS OF POLYPEPTIDES ^ ,

• The synthesis of polypeptides is complicated by the fact that certain a-amino groups, a-carboxyl

groups, and some side chains must be blocked with carefully chosen protectmg groups to avoid

unwanted side reactions. The a-amino protecting groups are usually carbamates such as the Z group (Reaction

27A, Section 27.5C), while a-carboxyl protecting groups are usually esters such as methyl or benzyl pe
rerr-butoxycarbonyl (BOC) group is another carbamate protectmg group commonly used to block the a-

amino group during peptide synthesis. The BOC group is usually removed usmg anhydrous acid such as

trifluoroacetic acid (TFA). . r^i-/- /n .• 'nrA c^.
- The amide bond is produced through the use of couplmg reagents such as DCC (Reacuon 27D. Secuon

. Synthesis of long peptides is greaUy facilitated by the use of the solid-phase strategy. The first amino acid

of the peptide chain is attached to a solid support usually at the carboxyl icrmmus. and scqucnual

reactions are earned out to add amino acids to the growing chain in the desired order. The mnhydnn reaction

(Reacuon 27C, Section 27.2E) is used to check for complete coupling at each step. Followmg synOicsis. the

completed peptide chain is cleaved from the solid support and all protccung groups removed from the s.dc

chains to yield the desired product. * .

- The solid support usually consists of very small polystyrene beaas.

- For the addition of each new amino acid residue, the following steps are carried out.
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The a-amino protecting group on the amino acid attached most recently to the growing chain on the

solid support is removed.
The next a-amino-protected amino acid is coupled using DCC.

- The a-amino protecting group of this newest amino acid is removed, and the process is repeated in the

proper order with the appropriate a-amino-protected amino acids until the entire chain is assembled.

27.6 THREE-DIMENSIONAL SHAPES OF POLYPEPTIDES AND PROTEINS
• The amide bond is planar. In other words, the carbonyl carbon atom, the carbonyl oxygen atom, the amide

nitrogen atom, the amide hydrogen atom, and both a-carbon atoms are all in the same plane. *
- The planarity is explained by considering that an amide is accurately represented as the resonance hybrid

of two contributing structures, one with a carbon-oxygen double bond and one with a carbon-
nitrogen double bond.

- The partial double bond character of the amide means that two configurations are possible for an
amide, an s-trans or s-cis configuration. Almost all peptide bonds in proteins are in the s-trans

configuration in which the two a-carbon atoms are trans to each other.

• Due to the planarity and rigidity of peptide bonds, polypeptide chains form secondary (2°) structures such

as a-helixes and p-sheets. These structures are reinforced by hydrogen bonds between the oxygen atoms
and hydrogen atoms of the peptide bonds. *

• A polypeptide chain exhibits even higher order structure, referred to as tertiary (3°) structure, that describes

the way in which the secondary structural units of the chain are oriented in three-dimensions. The 3° structure

can be held together by a combination of forces including disulfide bonds between two cysteine residues. *
• More than one folded polypeptide chain can come together to form a functional complex, and the association of

more than one chain is referred to as quaternary (4°) structure. *
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CHAPTER 27
Solutions to the Problems

Problem 27.1 Of the 20 protein-derived amino acids shown in Table 27.1, which contain (a) no stereocenter, (b)
two stereocenters.

The only amino acid with no stereocenters is glycine (Gly, G). Both isoleucine (He, I) and
threonine (Thr, T) have two stereocenters as shown with asterisks in the structures below.

HoC OH

CHgCH^HCHCOj CH^HCHC02
I + I +
NH3 NH3

Isoleucine (He, I) Threonine (Thr, T)

Problem 27.2 Draw a structural fomiula for lysine, and estimate the net charge on each functional group at pH
values of 3.0, 7.0, and 10.0.

The net charge on the functional groups is calculated as described in Example 27.2. The
results of the calculations are shown on the structures at the indicated pH:

100% 100%

' A
CH CH

H3N'^ ^002 HaN-" ^COj

(pH 3.0) (pH 7.0)

Net charge + Net charge +

78%

./

I

CH
91% I ^ u 100%

HjN CO2

(pH 10.0)

Net charge +
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Problem 27.3 The isoelectric point of histidine is 7.64. Toward which electrode does histidine migrate on papQt

electrophoresis at pH 7.0?

An amino acid will have at least a partial positive charge at any pH that is below its isoelectric

point. A pH of 7.0 is below the isoelectric point of histidine (7.64), so it will have a partial

positive charge. Therefore, at this pH histidine migrates toward the negative electrode.

ftoblem 27.4 Describe the behavior of a mixture of glutamic acid, arginine, and valine on paper electrophoresis at

pH 6.0.

The pi's for glutamic acid, arginine, and valine are 3.08, 10.76, and 6.00, respectively.

Therefore, at pH 6.0 glutamic acid is negatively charged, arginine is positively charged, and
valine is neutral. Thus, on paper electrophoresis, glutamic acid will migrate toward the
positive electrode, arginine will migrate toward the negative electrode, and valine will not
move.

Problem 27.5 Draw a structural formula for Lys-Phe-Ala. Label the N-terminal amino acid and the C-terminal

amino acid. What is the net charge on this tripeptide at pH 6.0?

H3N*

I

XH2

HaC^^.H H O H3C^^^„

II H^ '%u H II

A^-terminal O ^Hj " Q
amino acid

^ ^ C-terminal
^ 5 amino acid

Due to the presence of the basic lysine residue, this tripeptide will have a net positive charge
at pH 6.0

Problem 27.6 Chymotrypsin catalyzes the hydrolysis of peptide bonds formed by the carboxyl groups of
phenylalanine, tyrosine, and tryptophan. What structural feature(s) do these side chains have in conmion?

Phenylalanine, tyrosine and tryptophan all have aromatic side chains.

OH

R
I

HoC^ Jn

+ ^*^\
H3N XOj

R =

Phenylalanine Tyrosine Tryptophan

Problem 27.7 Which of these tripeptides are hydrolyzed by trypsin? By chymotrypsin?
(a) Tyr-Gln-Val (b) Thr-Phe-Ser

Based on the substrate specificities listed in Table 27.3, trypsin will not cleave any of these
tripeptides because there are no arginine or lysine residues. On the other hand chymotrypsin
will cleave peptides (a) and (b) between the Tyr-Gln and Phe-Ser residues, respectively.
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Prot)lgm 27.S Deduce the amino acid sequence of an undecapeptide (1 1 amino acids) from the experimental
results shown in the accompanying table.

Experimental Procedure Amino Acid Composition
Undecapeptide AlaArg,Glu,Lys2,MetJ»he,Ser,Thr,Trp,Val

Edman degradation Ala

Trypsin-Catalyzed Hydrolysis
Fragment E Ala,Glu,Arg
Fragment F ThrJ*he,Lys
Fragment G Lys
Fragment H Met,Ser,Trp,Val

Chymotrypsin-Catalyzed Hydrolysis
Fragment I Ala^rg,Glu,Phe,Thr
Fragment J Lys2>let,Ser,Trp,Val

Reaction with Cyanogen Bromide
Fragment K AlaArg,GluJ.ys2,MetJ*he,Thr,Val
Fragment L Trp.Ser

Based on the Edman degradation result, alanine (Ala) is the A^-terminal residue of the peptide.

Fragment E must have Arg on the C-terminal end because it is a peptide produced by trypsin

cleavage. Since we know Ala is the A^-terminal residue, this means fragment E must be of the

sequence Ala-Glu-Arg.
There must be two lysine residues or an arginine and a lysine residue adjacent to each other

based on the appearance of a single lysine residue as Fragment G. Since Fragment J has two
lysines and no arginine residues, the two lysine residues must be adjacent to each other.

Methionine must be the third to the last residue, because CNBr treatment created fragment L
that is only Ser and Trp. In addition, Trp and Str must be the last two residues. Combining
this information with the knowledge that there are two lysine residues adjacent to each other

indicates the Fragment J is of the sequence Lys-Lys-Val-Met-Ser-Trp. Note that Val must
come after the two Lys residues because of Fragment H. In addition, Trp has to be on the C-

terminus or a residue would have been cleaved off by chymotrypsin.

Phenylalanine must be on the C terminus of Fragment I since it results from chymotrypsin

cleavage. We already know that Fragment I must start with Ala-Glu-Arg, so the entire

sequence of Fragment I must be Ala-Glu-Arg-Thr-Phe.

Putting Fragments I and J together gives the following sequence for the entire peptide:

Ala-Glu-Arg-Thr-Phe-Lys-Lys-Val-Met-Ser-Trp

Problem 27.9 At pH 7.4, with what amino acid side chains can the side chain of lysine form salt Unkages.

At pH 7.4, the only negatively charged side chains are the carboxylates of glutamic acid and

aspartic acid. Therefore, these are the amino acid side chains with which the side chain of

lysine can form a salt linkage.

Amino Acids
Problem 27.10 What amino acids do these abbreviations stand for?

(a) Phe Phenylalanine (b) Ser Serine (c) Asp Aspartic acid

(d)Ghi Glutamine (e) His Histidine (0 Gly Glycine

(g) Tyr Tyrosine

Problem 27.11 Why are Glu and Asp often referred to as acidic amino acids.

The side chains of glutamic acid (Glu) and aspartic acid (Asp) have carboxyl groups, so these

amino acids are referred to as acidic amino acids.

Problem 27.12 Why is Arg often referred to as a basic amino acid? Which two other amino acids are also basic

amino acids?

Tu •-!• c • ••>« iAwn\ i« ctrnnplv basic, SO this amino acid is referred to as

^e';*^|rKLtira^„Ta^[d"11^e^iaP.*his rn"f'a\«ini„; IS positive,, charged a. neu.ral pH.
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Lysine (Lys) and histidine (His) are also referred to as basic amino acids because their side

chains contain a basic primary amine and imidazole functions, respectively.

Problem 27.13 Referring to Tables 27.1 and Table 27.2, identify the

(a) One achiral amino acid Glycine
(b) Two amino acids that have diastereomers Threonine, Isoleucine

(c) The two sulfur-containing amino acids Methionine, Cysteine

(d) Four amino acids with aromatic side chains Tyrosine, Histidine,

Tryptophan, Phenylalanine
(e) Amino acid with the most basic side chain Arginine
(f) Amino acid with the most acidic side chain Aspartic acid

Problem 27.14 As discussed in the Chemistry in Action box "Vitamin K, Blood Clotting, and Basicity,"

(Chapter 25), vitamin K participates in carboxylation of glutamate residues of the blood-clotting protein

protlu'ombin.

(a) Write a structural formula for -y^carboxyglutamate.

o o
II II

O ^CH ^O
I

H3*N XO2
y-Carboxyglutamate

(b) Account for the fact that the presence of y-carboxyglutamate escaped detection for many years; on routine

amino acid analyses, only glutamate was detected.

This amino acid was not detected because it is a p-dicarboxylic acid and therefore easily

decarboxylated under conditions of routine amino acid analysis.

Problem 27.15 Isoleucine has two te&ahedral stereocenters, and four stereoisomers are possible. The protein-

derived stereoisomer, L-isoleucine, is named (2S,3S)-(+)-2-amino-3-methylpentanoic acid.

(a) What is the meaning of the designation (+) in this name?

The (+) designation indicates that a sample of this compound will rotate plane polarized light

in the clockwise direction.

(b) Draw a stereorepresentation showing the configuration of each stereocenter in L-isoleucine.

CH2CH3

I

H3*N XO2

(2S,3S)-(+)-2-Amino-3-methylpentanoic acid
L-Isoleucine
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PrQ^?lem27,l^ The amino acid threonine has two stereocenters. The stereoisomer found in proteins has the
configuration 2S,3R. Draw a Fischer projection of this stereoisomer and also a three-dimensional representation
using solid, wedged, and dashed lines.

co:

HgN-

CH,-

OH

^
I

CH3»-C-*H

OH
L-Threonine

Problem 27.17 Histamine is biosynthesized from one of the 20 protein-derived amino acids. Suggest which
amino acid is its biochemical precursor, and the type of organic reaction(s) involved in its biosynthesis (e.g.,

oxidation, reduction, decarboxylation, nucleophilic substitution).

CH2CH2NH2

N

CO2
I

CH2CHNH2

H

Histidine

Histamine is derived from the amino acid histidine and is the result of a biosynthetic

decarboxylation reaction. Note how both histamine and histidine are drawn in the form
present at basic pH.

Problem 27.18 Both norepinephrine and epinephrine are biosynthesized from the same protein-derived amino

acid. From which amino acid are they synthesized and what types of reactions are involved in their biosynthesis?

OH
I

CHCH2NH2 (b) HO

HO

OH
I

GHCH2NHCH3

Norepinephrine Epinephrine

(Adrenaline)

CO,
I

CH2CHNH2

Tyrosine

NoreoinenhrinP and Pninenhrine are derived from the amino acid tyrosine. In both cases,

Sthel S^heseT^^^^^ decarboxylation, aromatic hydroxylation (a two^

ekctC oxidation) ortZ to ^^^^^^^ original aromatic -OH
g^«"P'.Jtl,'n\'T; ^rme hvTateS

two-electron oxidation) of the benzylic methylene group. ^^P'"/P»^; "*
'^^'''"i„7^,^'^-}^^^^^^

'

the a-amino group. Note how all of the molecules m the problem are drawn m the form

present at basic pH.

on
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Problem 27.19 From which amino acid are serotonin and melatonin biosynthesized and what types of reactions

are involved in their biosynthesis?

O
II

CHgCHgNHg CH2CH2NM5CH3

HO,

(a)

Serotonin

CH3O

(b)

Melatonin

CO,
I

CH2CHNH2

Tryptophan

Serotonin and melatonin are derived from the amino acid tryptophan. In both cases,
biosynthesis of these molecules involves decarboxylation. In the case of serotonin there is

also an aromatic hydroxylation (a two-electron oxidation). For melatonin the phenolic -OH
group of seratonin is methylated and the primary amino group is acetylated. Note how all of
the molecules in the problem are drawn in the form present at basic pH.

Problem 27.20 Following are values of pK^ for N-acetylglycine, and for the protonated forms of glycine and

glycine methyl ester.

O O
II II

GH3CNHCHPOH

N-Acetylglycine

(pKa3.70)

H3NCH2COH

Glycine

(pKi 2.35, pK2 9.78)

H3NCH2COCH3

Glycine methyl ester

(pKa7.80)

(a) Which is the stronger acid, the carboxyl group of N-acetylglycine or the carboxyl group of protonated
glycine? How do you account for this difference in acidity?

As revealed by the values for pKa listed above, the carboxylic acid of the protonated glycine is

the stronger acid. This is because the positively-charged ammonium group is more electron
withdrawing than the neutral acetamido group. Thus, the observed differences in pKa can be
accounted for on the basis of an inductive effect of the more electron-withdrawing ammonium
group that serves to lower the pKa of glycine compared to N-acetylglycine.

(b) Which is the stronger acid, the ammonium group of protonated glycine or the ammonium group of protonated
glycine methyl ester? How do you account for this difference in acidity?

For this problem, it is helpful to think in terms of inductive effects operating in conjugate
acid-base pairs. The ammonium ion of the glycine methyl ester is the stronger acid, and
therefore the weaker conjugate base. The ammonium ion of glycine is the weaker acid, and
therefore the stronger conjugate base. The glycine is the stronger conjugate base because
above a pH of about 3, glycine contains a deprotonated a-carboxylate group that is negatively-
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charged and thus substantially more electron releasing than the neutral methyl ester group of
glycine methyl ester.

Problem 27.21 For lysine and arginine, the isoelectric point, pi, occurs at a pH where the net charge on the
nitrogen-containing groups is +1 and balances the charge of -1 on the a-carboxyl group. Calculate pi for these
amino acids.

The pi will occur when the nitrogen-containing groups have a total charge of +1, and this
occurs halfway between their respective pK, values.

For lysine:

pi = ^ (pA:.a-NH3^ + p/ir.side chain-NHa*) = ^'^^ '^ ^^'^^

For arginine:

9.74

pl = "T" (p/r.a-NH3^+ pATgSide chain guanidium) =
9.04 + 12.48

10.76

Problem 27.22 For aspartic and glutamic acids, the isoelecuic point occurs at a pH where the net charge on the

two carboxyl groups is -1 and balances the charge of +1 on the a-amino group. Calculate pi for these amino
acids.

The pi will occur when the two acid groups have a total charge of -1, and this occurs halfway
between their respective pKa values.

For aspartic acid:

pi = i. (pA:^a-C02H + p/^.side chain-COjH) =
^'^^

^
^'^^

= [2.98]

For glutamic acid:

1
pi = ^ (p/iT^a-COiH + p/iTaSide chain-COjH) =

2.10 + 4.07
= [3.08

Problem 27.23 Draw die structural formula for the form of each amino acid most prevalent at pH 1.0.

(a) Threonine

OH
I

CH3CHCHCO2H

NH3+

(b) Arginine

NH2+
II

H2NCNHCH2CH2CH2CHCO2H

NH3+

(c) Methionine

CHoSCHXHXHCOoH'2^"2
I

NH3+

(d) Tyrosine

HO ^ V-CH2CHCO2H

NH3+

Problem 27.24 Draw the structural formula for the form of each amino most prevalent ai pH 10.0.

(a) Leucine (b) Valme

(CH3)2CHCH2CHCO"2

NHo

{CH3)2CHCHCO"2

NH2
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(c) Proline

HjC-CH,
/ \

I

H

(d) Aspartic acid

OoCCHjCHCO,
I

NHo

Problem 27.25 At pH 7.4, the pH of blood plasma, do the majority of protein-derived amino acids bear a net

negative charge or a net positive charge?

The majority of amino acids have a pi near 5 or 6, so they will bear a net negative charge at

pH 7.4.

Problem 27.26 Write the zwitterion form of alanine and show its reaction with:

(a) ImolNaOH

CH3CHCO2
3| 2

NH3+

(b) ImolHCl

CH3CHCO2

NH3+

-I- 1 mol NaOH

•I- 1 mol HCi

CH3CHCO2
3| 2

NHo

CH3CHCO2H

NH3+

Problem 27.27 Write the form of lysine most prevalent at pH 1.0 and then show its reaction with the following.

Consult Table 27.2 for pK^ values of the ionizable groups in lysine.

At pH 1.0, the most prevalent form of lysine has both amino groups as well as the carboxylic
acid group protonated and a total charge of +2 as shown in the following structure.

(a) 1 mol NaOH

H3NCH2CH2CH2CH2CHC6"2

NH3*

(c) 3 mol NaOH

H2NCH2CH2CH2CH2CHCO"2

NHo

pK^ 9.95^''~^H3NCH2CH2CH2CH2CHC02H'^~^pK3 2.10

NH3*,,^ ypK^ 9.82

(b) 2 mol NaOH

H3NCH2CH2CH2CH2CHCO"2

NH2

Problem 27.28 Write the form of aspartic acid most prevalent at pH 1.0 and then show its reaction with the

following. Consult Table 27.2 for pK^ values of the ionizable groups in aspartic acid.

At pH 1.0, the most prevalent form of aspartic acid has both carboxylic acid groups as well as
the amino group protonated and a total charge of +1 as shown in the following structure.

pK, 3.86 HO2CCH2CHCO2H -^pK. 2.10

pK« 9.82
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(a) ImolNaOH

HOgCCHgCHCO'j

NH,*

(b) 2 mol NaOH

"OjCCHjCHCO;
I

NH3*

(c) 3 mol NaOH

O2CCH2CHCO;
I

NH2

Problem 27.29 Account for the fact that the isoelectric point of glutamine (pi 5.65) is higher than the isoelectric
point of glutamic acid (pi 3.08).

Amino acids have no net charge at their pi. For this to happen with glutamic acid, the net
charge on the a-carboxyl and side chain carboxyl groups must be -1 to balance the +1 charge
of the a-amino group. This will occur at a pi = (1/2)(2.10 + 4.07) = 3.08. The amide side
chain of glutamine is already neutral near neutral pH, so the pi of the amino acid is determined
by the values for the only ionizable groups, namely the a-carboxyl group and a-amino groups,
according to the equation pi = (1/2)(2.17 + 9.03) = 5.6. This value is near that of the other
amino acids with non-ionizable functional groups on their side chains.

Problem 27.30 Enzyme-catalyzed decarboxylation of glutamic acid gives 4-aminobutanoic acid (Section 27. ID).

Estimate the pi of 4-aminobutanoic acid.

There is little if any inductive effect operating between the amino and carboxyl groups of 4-

aminobutanoic acid because there are three methylene groups between them. Thus, the pKa of

the amino group of 4-aminobutanoic acid is like that of a simple amino group, near 10.0.

Similarly, the pKa of the carboxyl group is like that of a simple carboxyl group, near 4.5.

Given these estimates for the pKa values, the pi would be:

pi = -(p/s:. a-COjH + pA:, a-NH3*) = i(4.5 + I0.0) = 7.25
2 2

Problem 27.31 Given pKg values for ionizable groups in Table 27.2, sketch curves for the titration of (a)

glutamic acid with NaOH, and (b) histidine with NaOH.

Glutamic acid has pKa values of 2.10, 4.07, and 9.47 so the titration curve would look

something like the following:

pH

14

12

10

8

6

4

2

r
9.47 j
/-

'
^

'

4.07^
2.10 ^

^"

/ '

1 2 3 .0

Mol of OH- per mol of amino acid
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Histidine has pKa values of 1.77, 6.10, and 9.18 so the titration curve would look something
like the following:

PH

1.0 2.0 3.0

Mol of OH' per mol of amino acid

Problem 27.32 Guanidine and the guanidino group present in arginine are two of the strongest organic bases

known. Account for this basicity.

The guanidino group is strongly basic because of resonance stabilization of the protonated
guanidinium ion as shown below:

NH,
II

^

RNH—C—NH,

NHr

RNH—C=NH2

R = H or alkyl group

+ I ^

RNH=C—NH,

Problem 27.33 A chemically modified guanidino group is present in cimetidine (Tagamet) , a widely prescribed
drug for the control of gastric acidity and peptic ulcers. Cimetidine reduces gastric acid secretion by inhibiting the

interaction of histamine with gastric H2 receptors. In the development of this drug, a cyano group was added to

the substituted guanidino group to significantly alter its basicity. Do you expect this modified guanidino group to

be more basic or less basic than the guanidino group of arginine? Explain.

HoC,

N-CN
II

CH2SCH2CH2NHCNHCH3

HN^N
Cimetidine

(Tagamet)

A cyano group is electron-withdrawing. As a result, the guanidino function will have less

electron density available to interact with a proton, and will be less basic than a similar
guanidino group without the cyano group.

Problem 27.34 Only three amino acids have appreciable absorption in the ultraviolet spectrum. Which three

amino acids contribute to the commonly quoted X^ax of 28(X) A for proteins?

The three amino acids that have appreciable absorption near 280 nm are the aromatic amino
acids phenylalanine, tyrosine, and tryptophan.
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reagin^.^'^'^^
^^ ^ ''^"'^^ ^"""""^ ^""^ "^^ P'^""' ^°™^ ^*^^" ^^^^ ^ '^^^^^ ^^^ ^^ following

(a) Aqueous NaOH
CH,. .H

809

u *Ki^ V^O" + NaOH 1- yO

(b) Aqueous HCl

CH3 H CH3^ ^,H

H3^N^ ^C-^' ^ "^' H3*N^%-^"

O O

(c) CH3CH2OH, H2SO4

CH3 H CH3^ MV - H2SO4 ^v
Ha^N-' ^C-^ * CH3CH2OH ^

H3*N^S-0^"2^»3
Jl "

O O

(d) (CH3CO)20, CHaCOiNa

^"^V^" - CH3CO-3 Na* """'V^" -

'
II 'll II

O

(e) ^ y—CCI
.
(CH3CH2)3N

CH3^ ,nH

CH3
. ^H O ^^ ^^^ ^O"X ^- /=\ II

(CH3CH2)3N CNH C

H3*N^ ^C-^ - V^^^'
^ ^ ^

O
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(f)

CH3 „H

J^ Ov^c>--^
.OH k^

II

CH3CH + C02

OH

(g) \ /
CHjOCCI.NaOH

CHa^ ..H
^ OX n- /^\ " NaOH

H3*n'^ ^c^° * i >-CHpcci
\ /

o o
II li

(h) (CH3)3COC0COC(CH3)3

H *N''%-'^" * (CH3)3COCOCOC(CH3)3
^

II

o

o o

(i) Product (g) + product (c) + DCC

o ^V CH3^ .^H

O ^V
CH2OCNH ^c"'

CH3^ .x"

(CH3)3COCNH^ \^^

CH20'CNH^ ^C^^ +^,^A^OCH2CH3
DCC

C
II

o

CH3 H
o ,a H

II

CH2OCNH ^C-N C^
'

II V^ "'OCH2CH3
o <NH 1::h3
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1

Problem 27,36 At what pH would you carry out an electrophoresis to separate the amino acids in each mixture of
amino acids?

Recall that an amino acid below its isoelectric point will have some degree of positive charge,
an amino acid above its isoelectric point will have some degree of negative charge, and an
amino acid at its isoelectric point will have no net charge.

(a) Ala, His, Lys

Electrophoresis could be carried out at pH 7.64, the isoelectric point of histidine (His). At
this pH, the histidine is neutral and would not move, the lysine (Lys) will be positively
charged and will move toward the negative electrode, and the alanine (Ala) will be slightly
negatively charged and will move toward the positive electrode.

(b) Glu, Gin, Asp

Electrophoresis could be carried out at pH 3.08, the isoelectric point of glutamic acid (Glu).
At this pH, the glutamic acid is neutral and would not move, the glutamine (Gin) will be
positively charged and will move toward the negative electrode, and the aspartic acid (Asp)
will be slightly negatively charged and will move toward the positive electrode.

(c) Lys, Leu, Tyr

Electrophoresis could be carried out at pH 6.04, the isoelectric point of leucine (Leu). At this

pH, the leucine is neutral and would not move, the lysine (Lys) will be positively charged and
will move toward the negative electrode, and the tyrosine (Tyr) will be slightly negatively

charged and will move toward the positive electrode.

Problem 27.37 Do the following molecules migrate to the cathode or to the anode (mi electrophoresis at the

specified pH?

The key to determining which way the molecules migrate is to estimate the net charge on the

molecules at the given pH. Molecules with a net positive charge will migrate toward the

negative electrode and molecules with a net negative charge will migrate toward the positive

electrode. Molecules at a pH below their isoelectric point (Table 27.2) have a net positive

charge, molecules at a pH above their isoelectric point have a net negative charge, and

molecules at a pH that equals their isoelectric point have no net charge.

(a) Histidine at pH 6.8

pi = 7.64, so at pH 6.8 histidine has a net positive charge and migrates toward the negative

electrode (cathode).

(b) Lysine at pH 6.8

pi = 9.74, so at pH 6.8 lysine has a net positive charge and migrates toward the negative

electrode (cathode).

(c) Glutamic acid at pH 4.0

pi = 3.08, so at pH 4.0 glutamic acid has a net negative charge and migrates toward the

positive electrode (anode).

(d) Glutamine at pH 4.0

pi = 5.65, so at pH 4.0 glutamine has a net positive charge and migrates toward the negative

electrode (cathode).
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(e) Glu-Ile-ValatpH6.0

The glutamic acid residue has a carboxyl group that will be largely deprotonated at pH 6.0, so

the overall molecule will have a net negative charge and will migrate toward the positive

electrode (anode).

(f) Lys-Gln-Tyr at pH 6.0

The lysine residue has an amino group on its side chain that will be protonated at pH 6.0, so

the molecule will have a net positive charge and will migrate toward the negative electrode

(cathode).

Problem 27.38 Examine the amino acid sequence ofhuman insulin (Figure 27.17). Do you expect human insulin

to have an isoelectric point nearer that of the acidic amino acids (pi 2.0 - 3.0), the neutral amino acids (pi 5.5 -

6.5), or the basic amino acids (pi 9.5 - 1 1.0)?

A listing of the amino acids present are shown below:

aspartic acid (Asp)
glutamic acid (Glu) 4

histidine (His) 2
lysine (Lys) 1

arginine (Arg) 1

The charge will only be neutral when there are four positively charged residues to neutralize

the four negative charges of the carboxylates from the four Glu residues. For this to happen,
the Lys, Arg, and both His residues must be positively charged. Since the imidazole of His is

not protonated until the pH is below 6 or so, the entire molecule will only be neutral around
this pH. Thus, insulin is expected to have an isoelectric point nearer to that of the neutral
amino acids. Its isoelectric point is 5.30 to 5.35.

Primarv Structure of Polvpeptides and Proteins
Problem 27.39 If a protein contains four different SH groups, how many different disulfide bonds are possible if

only a single disulfide bond is formed? How many different disulfides are possible if two disulfide bonds are

formed?

If only one disulfide bond were to be formed from the four different cysteine residues, then
there are a total of 6 different disulflde bonds that can be formed. There are three possibilities

if two disulfide bonds are to be formed.

Problem 27.40 How many different tetrapeptides can be made if:

(a) The tetr^)eptide contains one unit each of Asp, Glu, Pro, and Phe?

There could be any of the four residues in the first position, any of the remaining three amino
acids in the second position and so on. Thus, there are 4x3x2x1 = 24 possible
tetrapeptides.

(b) All 20 amino acids can be used, but each only once?

Using the same logic as in (a), there are 20 x 19 x 18 x 17 = 116,280 possible tetrapeptides.

Problem 27.41 A decapeptide has the following amino acid composition:

Ala2, Arg, Cys, Glu, Gly, Leu, Lys, Phe, Val

Partial hydrolysis yields the following tripeptides:

Cys-Glu-Leu + Gly-Arg-Cys + Leu-Ala-Ala + Lys-Val-Phe + Val-Phe-Gly
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One round of Edman degradation yields a lysine phenylthiohydantoin. From this information, deduce the primary
structure of this decapeptide.

Due to the Edman degradation result, the Lys residue must be at the A^-terminus. Given this
mformation, the rest of the peptide sequence is deduced because of overlap among the
tripeptide sequences as shown below.

The complete peptide is:

Lys-Val-Phe-Gly-Arg-Cys-Glu-Leu-Ala-Ala

The peptides fit as follows:

Lys-Val-Phe
Val-Phe-Gly

Gly-Arg-Cys
Cys-Glu-Leu

Leu-Ala-Ala

F*roblem 27.42 A tetradecapeptide (14 amino acid residues) gives the following peptide fragments on partial

hydrolysis. From this information, deduce the primary structure of this polypeptide. Fragments are grouped
according to size.

Pentapeptide Fragments Tetrapeptide Fragments

Phe-Val-Asn-Gln-His GIn-His-Leu-Cys

His-Leu-Cys-Gly-Ser His-Leu-Val-Glu

Gly-Ser-His-Leu-Val Leu-Val-Glu-Ala

The complete peptide is:

Phe-Val-Asn-Gln-His-Leu-Cys-GIy-Ser-His-Leu-Val-Glu-Ala

The peptides fit as follows:

Phe-Val-Asn-Gln-His
Gln-His-Leu-Cys

His-Leu-Cys-Gly-Ser
Gly-Ser-His-Leu-Val

His-Leu-Val-Glu
Leu-Val-Glu-Ala

Problem 27.43 2,4-Dinitrofluorobenzene, very often known as Sanger's reagent after the English chemist

Frederick Sanger who popularized its use, reacts selectively with the N-terminal ammo group of a polypeptide

chain. Sanger was awarded the 1958 Nobel Prize for chemistry for his work in determining the pnmary suiicture

of bovine insulin. One of the few persons to be awarded two Nobel Prizes, he also shared the 1980 award m
chemistry with American chemists, Paul Berg and Walter Gilbert, for the development of chemical and biological

analyses of DNAs.

O
/ \ II II

O2N

—

i }—F + H2NCHCNHCHC-polypeptide

polypeptide chain in

^ . ^. . ..;. -^^i ^„H which the A'-lcrminal
2,4-Dinitro- (N-terminal end ^ .

^^^^^
fluorobenzene of a polypeptide cham) ^.^ ^ 2,4-din.iro-

phenyl group

Following reaction with 2 4-dinitrofluorobenzene, all amide bonds of the polypeptide chain are hydrolyzed and

the ammo^cid hbeled wid^a 2!4 dmitrpphenyl group is separated by e.thcr paper or column chromatography and

identified.
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(a) Write the structural formula for the product formed by treatment of the N-terminal amino group with Sanger's

reagent and propose a mechanism for its formation. {Hint: Review nucleophilic aromatic substitution, Section

20.3B).

Step 1:

O O
II II

HjNCHCNHCHC -polypeptide

(-H*)

:0:

:0f

/^=\ F

.>s >^

NO

NHCHCNHCHC -polypeptide

Meisenheimer complex

Step 2:

NHCHCNHCHC-polypeptlde

NO,

Meisenheimer complex

(-F")

/=\ o o
^ / \ 11 II

y^*\ /""NHCHCNHCHC-polypeptlde
:0-

NO,

(b) When bovine insulin is treated with Sanger's reagent followed by hydrolysis of all peptide bonds, two labeled

amino acids are detected: glycine and phenylalanine. What conclusions can be drawn from this information about
the primary structure of bovine insulin?

This result indicates that insulin is actually composed of two polypeptide chains, so there are
two A^-terminal residues.

(c) Compare and contrast the structural information that can be obtained from use of Sanger's reagent with that

from use of the Edman degradation.

Sanger's reagent only allows identification of the A^-terminal amino acid, while the Edman
degradation can sequentially determine the sequence of amino acids at the A^-terminus.
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^Qblgm 27.44 Write structural formulas for the products formed after one cycle of Edman degradation on the
tripeptide Ser-Leu-Phe

HO ^«"5

C. .H H 9 ^'%

O ^ ^H, ^
o Phenyl isothiocyanate

CH(CH3)2

HO CcH.
I r '

H2C sH o "2C „

HN ^C^^ + ^ ^C N ^C

S CgHg CH(CH3)2

Problem 27.45 Following is the primary structure of glucagon a polypeptide hormone of 29 amino acids.

Glucagon is produced in the a-cells of the pancreas and helps maintain blood glucose levels in a normal
concentration range.15 10 15

His-Ser-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-

20 25 29
Ala-Gbi-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr

Glucagon

Which peptide bonds are hydrolyzed when this polypeptide is treated with

(a) Phenyl isothiocyanate

This reagent only hydrolyzes the A^-terminal amino acid, so the His-Ser bond would be

hydrolyzed. The site of cleavage is indicated by the *.15 10 15

His]*[Ser-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-

20 25 29

Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr

(b) Chymotrypsin

Chymotrypsin catalyzes the hydrolysis of the peptide bonds that are located on the carboxyl

side of phenylalanine, tyrosine, and tryptophan residues. The sites of cleavage are indicated

by the *.15 10 15

His-Ser-Glu-Gly-Thr-Phe]*[Thr-Ser-Asp-Tyrl*fSer-Lys-Tyr]*[Leu-Asp.Ser-

20 25 29

Arg.Arg-Ala-Gln-Asp-Phel*[Val-Gln-Trp]*[Leu-Met-Asn.Thr
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(c) Trypsin

Trypsin catalyzes the hydrolysis of the peptide bonds that are located on the carboxyl side of

arginine and lysine residues. The sites of cleavage are indicated by the ^.15 10 15

His-Ser-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys]*[Tyr-Leu-Asp-Ser-

20 25 29
Arg]*[Arg]*[Ala-Gln-Asp-Phe-Val.Gln-Trp-Leu-Met-Asn-Thr

(d) Br-CN

Cyanogen bromide cleaves on the C-terminal side of methionine residues. The site of cleavage

is indicated by the *.15 10 15
His-Ser-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-

20 25 29
Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met]*[Asn-Thr

Problem 27.46 Glutathione (G-SH), one of the most common tripeptides in animals, plants, and bacteria, is a

scavenger of oxidizing agents. In reacting with oxidizing agents, glutathione is converted to G-S-S-G.

o o
+ II II

HgNCHCHoCHpCNHCHCNHCHoCOp
I _ I

CO2 CH2SH

Glutathione

(a) Name the amino acids in this tripeptide.

The amino acids in glutathione are glutamic acid (Glu), cysteine (Cys), and glycine (Gly).

(b) What is unusual about the peptide bond formed by the N-terminal amino acid?

The A^-terminal glutamic acid is linked to the next residue by an amide bond between the
carboxyl group of the side chain, not the a-carboxyl group.

(c) Write a balanced half-reaction for the reaction of two molecules of glutathione to form a disulfide bond. Is

glutathione a biological oxidizing agent or a biological reducing agent?

2G-SH G-S-S-G + 2H+ + 2e-

The glutathione is oxidized in this process, so it is a biological reducing agent.

(d) Write a balanced equation for reaction of glutathione with molecular oxygen, O2, to form G-S-S-G and H2O.
Is molecular oxygen oxidized or reduced in this process?

2G-SH + 1/2 O2 ^ G-S-S-G + H2O

The molecular oxygen is reduced in this process.
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Synthesis of PolvDeptides

Problgni 27,47 In a variation of the Merrifield solid-phase peptide synthesis, the amino group is protected as by a
fluorenylmethoxycarbonyl (FMOC) group. This protecting group is removed by treatment with a weak base such
as the secondary amine, piperidine. Write a balanced equation and propose a mechanism for this deprotection.

H
O

\ II

CHoOCNHCHCOoH
I

R

Y
Fluorenyhnethoxycarbonyl

(FMOC) group

The key to the mechanism is that the FMOC group is unusually acidic for a hydrocarbon, since

deprotonation generates a relatively stable dibenzocyclopentadienyl anion. The stability of
this anion is analogous to cyclopentadiene itself, as described in Section 19.2E. The
following is a reasonable mechanism for the removal of FMOC protecting groups in weak
base:

Step 1:

CHoOCNHCHCO,
^

I

R

CH5OCNHCHCO2
I

R

Step 2:

Step 3:

CHjOCNHCHCOo"

R

OCNHCHCOo"
I

R

H,0

C=CH, + OCNHCHCOj-
I

R

HOCNHCHCO2
i

R
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Step 4:

HOCNHCHCOo
I

R

(-CO2) H2NCHCO;
I

R

Problem 27.48 The BOC-protecting group may be added by treatment of an amino acid with di-/erf-butyl

dicarbonate as shown in the following reaction sequence. Propose a mechanism to account for formation of these

products.

00 O
II II II

MegCOCOOOCMea + HgNCHCOg" ^Me3C0ClvHCHC02"+ MeaCOH + CO2

R R
Di-rerr-butyl dicarbonate

Step 1:

.. 11^.. II ..

MeaC-O-C—0-C—O-CMe,

BOC-Amino acid

(.
(-H*)

Step 2:

H2NCHCO2
I

R

:6:"I :o:

:0: :o:
..I ..II ..

MeoC—O-C—O-C—O-CMe,3 ...... 3

HNCHCOo

R

.. l^/r. II .. II ... II ..

MegC-O-C—p-C—p-CMeg ^ Me3COCNHCHC02 + :p-C—p-CMeg
HNCHCO: R

Step 3:

'O'

:0-C—0-CMe,
H*

:o:

*- HO-C—0-CMe,

Step 4:

:o:

HO-C—0-CMe,
(-CO2)

MesCOH
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PrQblgm 27.49 In peptide synthesis with BOC protecting groups, acid is used for deprotection. What is the initial

fate of the tert-hutyl group during acid deprotection? Why is a nucleophile such as anisole often added to the
peptide deprotection mixture?

The tert-buty\ group initially is converted to a carbocation.

CH3 :0:

HjC—C-T-O—C—N—Peptide

The anisole is added to react with the r^rr-butyl carbocations before they can take part in

unwanted side reactions with the peptide.

Problem 27.50 The side chain carboxyl groups of aspartic acid and glutamic acid are often protected as benzyl

esters.

O O
II II

MegCOCMHCHCOCHa

/ CH2

_,^_ /^u benzyl ester as carboxyl-
BOC as ammo- CHg

p^ot^ang group
-' protectmg group '

*^ e e* f

(a) Show how to convert the side-chain carboxyl group to a benzyl ester using benzyl chloride as a source of the

benzyl group.00
II II

II II

MegCOCNHCHCOCHa MeaCOCNHCHCOCHa

CH + PhCHjCI ^ CHj

C=0 c=o

0" GCHjPh

(b) How do you deprotect the side-chain carboxyl under mild conditions without removing the BOC protecting

group at the same time?

The benzyl esters can be removed under very mild conditions using hydrogenolysis using

hydrogen in the presence of a transition metal catalyst.



820 Solutions Chapter 27: Amino Acids and Proteins

Problem 27.51 In solid-phase peptide synthesis, it is important that the coupling reaction give as close to a 100%
yield as possible, otherwise shorter peptides (failure sequences) accumulate. Using a large excess of the BOC-
protected amino acid and long reaction times maximize the coupling yield but can also lead to wasteful, expensive,

and slow peptide syntheses. Suppose you remove a small amount of the Menifield resin from the reaction vessel

after a coupling reaction. How could you tell, based on the chemistry covered in this chapter, if the coupling

reaction has gone to completion?

A great way to see if the coupling has gone to completion is to use the ninhydrin reaction

(Section 27.2E) to look for the presence of free amino groups on the solid-phase resin. If the

coupling step is finished, then there will be no free amino groups left on the resin. In this

case, the amines have all been turned into amides and the chains end in the newly added ^-
blocked amino acid. If the reaction is not yet finished, then there will be some free amino
groups left on the resin. In practice, a small amount of resin is removed from the reaction

vessel and reacted with the ninhydrin reagent. The presence of significant blue color indicates

that the coupling is not complete and the reaction is continued. This ninhydrin procedure can
be quantitated to establish the extent of coupling at each step of a peptide synthesis.

Problem 27.52 Outline a synthesis of the tripeptide Phe-Val-Ala from its constituent amino acids using the

Merrifield soUd-support synthesis.

For the solid phase synthesis of this molecule, the following steps will be required. There are
several brief washing steps with pure solvents between each step mentioned below.
1) Attach BOC-protected alanine (Ala) to the resin as a benzyl ester using the carboxylate
cesium salt.

BOC—

N

H3C

.V
H

II

O

O" Cs

H,C
M

BOC—
r;!

H

2) Remove the BOC group on the Ala residue with trifluoroacetic acid (TFA), then wash with
base to deprotonate ammonium group.

MH3C

V
BOC—N'^ ^C

r. f D ' \ 1. TFA
,0—I Resin

|
».

H3C

2. Base HjN
.V

H

C
II

o

O—I Resin
|

3) Couple BOC-protected valine (Val) using DCC as the coupling agent.

O H3C ..
/^ ^

H
I 11

BOC—N. .C^
JC ^OH + HM'

H3C CH3

k^-T*"'" )^^
II

O

O H3C ^
H

II 'V.s"
BOC—N. X^ X.

^C^ ^N^ ^C
" /CH H o
H3C CH3
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4) Remove the BOC group on the Val residue with trifluoroacetic acid (TFA), then wash with
base to deprotonate ammonium group.

O HoC ^

BOC—N^ X. .C.
^C N ^C
u^ 5- ill II

H3C CH3

H3C CH3

5) Couple BOC-protected phenylalanine (Phe) using DCC as the coupling agent.

CeHg

^C^ /OH
BOC—N X ^

CeHs

H2C ,.H ^
.C

BOC—N' "C^ >^ ^N' "C

O "
H3C CH3

6) Remove the BOC group on the Phe residue with trifluoroacetic acid (TFA).

CgHg

H^C^^H H
O H3C

BOC-^^-'^-C-'x'^-N-^-f
^ i H^>H ^ i

CgHg

,k ^o—f
^^^'"

j

H2C >H
jj<

H3*N''^ c^ ;c

fi
H- tH H 6
H3C CH3
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7) Remove the completed peptide from the solid phase resin, usually by treatment with

hydrofluoric acid (HF).

O HgC ..
/^ \

>v. ^^^ /C^ Xv. /O—^
^^^'«

O " CH
HgC CHg

CeHs
HF

II H^ i- 1^ II

H3C CH3

Problem 27.53 Following is the structural formula of the artificial sweetener aspartame. Each amino acid has the

L configuration. L-aspartyl-L-phenylalanine methyl ester has a sweet taste (it is significantly sweeter than sugar)

whereas its enantiomer, D-aspartyl-D-phenylalanine methyl ester, has a bitter taste.

O O
+ II II

H3NCHCNHCHCOCH3
^1

I

^

CH5 CH'>
I . I

CO2 Ph

Aspartame

(a) Name the two amino acids in this molecule.

Aspartame is composed of aspartic acid (Asp) attached via a peptide bond to the methyl ester

of phenylalanine (Phe).

(b) Propose a synthesis of aspartame starting with its constituent amino acids.

A reasonable synthetic scheme is shown below. In this scheme, Z-protected aspartic acid with
a benzyl protecting group on the side chain carboxyl group is reacted with phenylalanine
methyl ester using DCC as a coupling agent. The Z and benzyl ester protecting groups are
removed by hydrogenolysis over palladium or platinum metal.
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H2NCHCOCH3

CHjPh

+
II II

PhCHjOCNHCHCOH
I

CH,

COjCHjPh

DCC ^ PhCHjOCNHCHCNHCHCOCH,11'
CH, CHjPh

I

COjCHjPh

Hj/Pd or Pt H3NCHCNHCHCOCH3

CH.
I

co:

CHjPh

Three-Dimensional Shapes of Polypeptides and Proteins

Problem 27.54 Following is a diagram of the groups that make up the backbone of a polypeptide chain:

Draw a Newman projection looking down bond (1) with the nitrogen atom toward the front Also, draw a

Newman projection down bond (2) with the tetrahedral carbon in the front. What favorable conformations can

you identify on the basis of these projections?

Bond 2:

NHC—w
C{0)NH—

O O

/-^ H

The favorable conformations are ones that place the peptide chains anti or gauche with respect

to each other and the side chain R group.

Problem 27.55 Examine the a-helix conformation. Are amino acid side chains arranged all inside the helix, all

outside the helix, or is their arrangement random?

All of the amino acid side chains extend outside the helix.
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Problem 27.56 From the diagram in Figure 27.15, what do you predict to be the direction of the dipole moment
of a polypeptide a-helix?

The dipole moment in a peptide bond extends from the amide hydrogen atom on the positive

end, to the carbonyl oxygen atom on the negative end.

i
O
II—C-N

—

A|

As seen in the diagram in Figure 24.15, all of the peptide bonds are lined up in the same
direction in an a-helix, with the carbonyl oxygen atoms oriented toward the C-terminus.
Therefore, the overall positive to negative orientation of the dipole moment extends in the

direction from the A^ to the C-terminus of the a-helix.

Problem 27.57 The terms s-cis and s-trans are not as well defined for a peptide bond involving proline as they are

for peptide bonds involving the other naturally occurring amino acids. l3raw what you predict to be the more
stable and less stable conformations of a peptide bond between proline and another amino acid.

H. ROn O ^r-"—
N'

trans cis

Both of these structures have about the same stability, so cis peptide bonds are often found in

proteins at proline residues.

Problem 27.58 Denaturation of a protein is a physical change, the most readily observable result of which is loss

of biological activity. Denaturation stems from changes in secondary, tertiary, and quaternary structure through
disruption of noncovalent interactions including hydrogen bonding and hydrophobic interactions. Two common
denaturing agents are sodium dodecyl sulfate (SDS) and urea. What kinds of noncovalent interactions might each

reagent disrupt?

The SDS disrupts the hydrophobic forces that keep the non-polar residues in the interior of the
structure away from the aqueous solvent and the urea disrupts the hydrogen bonds of the
protein.
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CHAPTER 2Rr NT TCLETC AriDS

28.0 OVERVIEW
• The genetic information inside living cells is stored and transmitted in the form of long stretches of
deoxyribonucleic acid (DNA) often referred to as genes. The genetic information is relayed to the cell in two
stages, transcription of the DNA to ribonucleic acids (RNA) and then translation of the RNA to

give proteins. *

28.1 NUCLEOSIDES AND NUCLEOTIDES
• A nucleoside is a compound containing a heterocyclic aromatic amine (base) bonded to a

monosaccharide, D-ribose or 2-deoxy-D-ribose, via a p-A^-glycoside bond. *
- The heterocyclic bases most common to the nucleic acids are adenine (A) and guanine (G), both
purines, as well as cytosine (C), a pyrimidine. DNA also has the pyrimidine thymidine (T), while
RNA contains the pyrimidine uracil (U). Uracil has a methyl group at the 5 position on the pyrimidine

ring that is not foimd in thymine, otherwise they are the same.
- The p-N-glycoside bond of nucleosides is between the anomeric (C-T) carbon atom of the
monosaccharide and the A^-1 of the pyrimidine base or A^-9 of the purine base, resp>ectively.

- Nucleosides are named after the heterocyclic base as well as the type of monosaccharide attached. If the

monosaccharide is D-ribose, then the common ribonucleosides are named adenosine, guanosine,

cytidine, and uridine. If the monosaccharide is 2-deoxy-D-ribose then the common
deoxyribonucleosides are named 2'-deoxyadenosine, 2'-deoxyguanosine, 2'-deoxycytidine,

and 2'-deoxythymidine.
• A nucleotide is a nucleoside that has one or more phosphate groups attached to one of the hydroxyl

groups, usually at the 5' and/or 3' positions. Nucleotides usually have between one and three phosphate

groups attacheid, and are named according to the nucleoside present, followed by the position and number

of phosphate groups attached. For example, adenosine 5'-triphosphate (ATP) is the name given the

molecule that has adenosine with three phosphates attached at the 5'-position of the D-ribose ring. The three

phosphates groups are held together via phosphate anhydride hnkages. The phosphate groups are deprotonaicd

and thus negatively-charged at neutral pH. *

28.2 THE STRUCTURE OF DNA
• There are three levels of structural complexity of DNA. *
• The primary structure of a nucleic acid refers to the sequence of nucleotides thai are linked via

single phosphate units between the 5' position of one nucleotide and the 3' position of the

adjacent nucleotide. These chains of nucleotides linked 5' to 3' with phosphates can be exu-emely long.

Because of this structure, the backbone is often referred to as being a sugar-phosphate backbone. Because

the phosphodiester units have a negative charge, the backbone is polyanionic. *
• The secondary structure of DNA is best thought of as a double helix as described by Watson and

Crick. *
. .. . , u .4 ^

- In the DNA double helix, the two stands of nucleic acids are antiparallel. In other words, one su^d

is in the 5' to 3' direction, while the other is in the 3* to 5* direction.

- The bases project inward toward the axis of the double helix, and they pair m a specific manner with

the bases of the opposite strand. Guanine makes three specific hydrogen bonds with cytosine.

and adenine makes two specific hydrogen bonds with thymine. The specific pattern of hydrogen

bonding ensures that these are the only two sets of base pairs normally observed. This means that the two

strands are held together by these hydrogen bonds, so the sequences must be complementary for them to be

paired in a double helix. * . ._,. . .u ^ «^„„-„i ^:,„
- Since each of these base pairs is composed of a purine and a pyrimidine. they are the same general size

and the double hehx is relatively regular in strucmre.

• There are several forms of the double helix.
. • ». u„„^„^ koi:^- ..,;.i, .^

- The most common type of DNA helix is called the B-form helix. Ii is a right-handed helix with so-

called minor and major grooves of similar depths but different widths
^jfTprpnt mnfnrmafinn of

- An A-form helix is also known. It is also a right-handed hehx but .i ^^
.^^^'^^^.^"^^^^^^

the 2'-deoxy.D.ribose ring leading to different grooves and a slightly different number of ba.cs per turn

of the helix.
, «. u a^ i,^i:«

- A so-called Z-form helix has also been found that is a left-handed neiix.
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- The different types of helices can be interconverted depending on parameters such as temperature,

ionic strength, polarity of the solvent, and the nature of the cations associated with the negatively-

charged helix backbone.
• The long pieces of DNA are flexible and can exhibit tertiary structure called supercoiling.

Supercoiling involves a different number of helical turns than normal along the DNA helix.

Supercoiling is observed in circular pieces of DNA, as well as in long pieces of linear DNA wound around

histone proteins.

28.3 RIBONUCLEIC ACIDS (RNA)
• RNA is different from DNA in three important ways:

- p-D-Ribose is found in RNA instead of the P-D-2'-deoxyribose found in DNA.
- The pyrimidine base uracil is found in RNA instead of the thymine found in DNA.
- RNA is single-stranded, rather than double-stranded like DNA.

• RNA is found in three major forms within the cell, listed in decreasing order of abundance:
- Ribosomal RNA (rRNA) is present in ribosomes, the particles responsible for protein

synthesis. Ribosomes contain 60% RNA and 40% protein.

- Transfer RNA (tRNA) are relatively small nucleic acid molecules, 73-94 bases in length, that carry
amino acids to the appropriate sites of protein synthesis on the ribosome.

- Messenger RNA (mRNA) are short-lived, single-stranded pieces of RNA that result from transcription

of DNA. The mRNA serves as the actual template for protein synthesis on the ribosome.

28.4 THE GENETIC CODE
• The genetic code is a triplet code since three nucleic acid bases code for a single amino acid or a "stop"

signal. There are 4^ or 64 possible sequences of three nucleic acid bases, and these code for 20 different

amino acids and stop signals. Therefore, the genetic code is degenerate in that different sequences
can code for the same amino acid, and there are three different "stop" sequences.

28.5 SEQUENCING DNA
• Sequencing of nucleic acids is accomplished by selectively cleaving a strand of nucleic acids at a
given base or bases, then separating the cleaved fragments by electrophoresis on a polyacrylamide
gel. The individual steps in tfiis process are as follows:

- Double stranded DNA is cleaved at specific sites using enzymes called restriction enzymes that

selectively cleave a 4-8 base sequence of DNA. The resulting fragments, referred to as restriction

fragments, are purified. A variety of restriction enzymes are commercially available.

- Both strands of the restriction fragment are labeled with radioactive ^^p in the form of phosphate that is

added to the 5'-0H group via an enzyme-catalyzed reaction. This produces a restriction fragment

that has two ^^p labels; one 32p on the 5' end of each strand.

- In order for sequencing to take place in an unambiguous manner, only one strand can have a ^^p label. This

is because trying to carry out sequencing reactions with two different ^^p labels on the same sequence of

DNA will lead to double ^^p signals on the polyacrylamide gel.

In theory, the two labeled single strands could be separated by heating, then isolated as single-stranded

pieces ofDNA to be sequenced individually. In practice, this is rarely done because of the difficulty

associated with the isolation of single-stranded fragments of the same length.

More often, a new restriction enzyme is used to cut the doubly ^^p-iabeled fragment in the middle,

thereby creating two new shorter fragments, each with only a single ^2? label at the 5' end of one of the

strands. These singly-labeled fragments are easily separated and isolated because they are generally of
different lengths. The singly-labeled fragments are sequenced individually.

-The singly-labeled DNA fragments are placed into separate equivalent samples, that are then subjected to

limited base-speciflc cleavage reactions. Each sample undergoes a reaction with different base
specificity, and conditions are adjusted so that, on average, each strand is cleaved only once.

There are chemical, base-specific cleavage reactions that cleave the DNA at G, G or A, C, and T
residues. These reactions are run separately.

- The cleaved fragments are subjected to electrophoresis on a polyacrylamide gel, where they separate

according to size. The radioactivity from the ^^P label is used to visualize the different fragments
by exposing the finished gel to photographic film.

- Shorter pieces of DNA run faster than longer pieces of DNA on the polyacrylamide gels. Therefore, the

lengths of the fragments in the different lanes correspond to locations of the different bases. For
example, the G cleavage reaction will generate fragments of DNA corresponding in length to the locations of

the G residues, and so on. When the lengths of the fragments for each of the different cleavage reaction are
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compared, an entire sequence can be determined. Up to 400 or more bases can be sequenced on a single

polyacrylamide gel.

- A different strategy based on an enzyme called a polymerase and chain terminating 2',3'-dideoxy nucleotides

has been developed to generate labeled sequences of different lengths for use in sequencing. It is this latter

method that is generally used in automated DNA sequencing.
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CHAPTER 28
Solutions to the Problems

Problem 28.1 Draw structural formulas for these compounds,
(a) 2'-Deoxythymidine 5'-monophosphate

Phosphate
ester bond "'^

/.oXJ
O—P-O-CHj

I

o *^H H
3-| p
HO H

(b) 2'-Deoxythymidine 3'-monophosphate

Phosphate
ester bond ^*"

|

"0-P=0

p-N-Glycoside
bond

p-N-Glycoside
bond

Problem 28.2 Write the structural formula for the section of DNA that contains the base sequence CTG and is

phosphorylated on the 3' end only.

NH2

>==N

(c>=o

5' End

HOCH,

O

O
y— NH

o

v° 3- End
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Problem 28.3 Write the complementary DNA base sequence for 5'-CCGTACGA-3'.

The complementary sequence would be 3'-GGCATGCT-5'

Problem 28.4 Here is a portion of the nucleotide sequence in phenylalanine tRNA.

3'-ACCACCUGCUCAGGCCUU-5'

Write the nucleotide sequence of its DNA complement.

Remember that the base uracil (U) in RNA is complementary to adenine (A) in DNA. The
complement DNA sequence of the above RNA sequence would be:

5'-TGGTGGACGAGTCCGGAA-3'.

Problem 28.5 The following section of DNA codes for oxytocin, a polypeptide hormone.

3'-ACG-ATA-TAA-GTT-TTA-ACG-GGA-GAA-CCA-ACT-5'

(a) Write the base sequence of the mRNA synthesized from this section of DNA.

The base sequence of the mRNA synthesized from this section of DNA would be:

5'.UGC-UAU-AUU-CA4-AAU-UGC-CCU-CUU-GGU-UGA.3'

(b) Given the sequence of bases in part (a), write the primary structure of oxytocin.

The primary sequence of oxytocin would be:

Amino terminus- Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly -Carboxyl terminus

Note how the last codon, UGA, does not code for an amino acid, but rather is the stop signal.

Problem 28.6 The following is another section of the bovine rhodopsin gene. Which of the endonucleases given

in Example 28.6 will catalyze cleavage of this section.

Sad

Hpall

5'-ACGTGGGGTGGTCGTCGTCTCGCGGTGGTGAGTCT 1CCGqCTCTTCT-3'

The Sad and Hpall cleavage sites are shown on the sequence above.

Problem 28.7 In what order will the excision fragments in Example 28.7 appear on the developed photographic

plate? Remember that only the 5' end of the original restriction fragment is labeled with phosphorus-32.

On the polyacrylamide gel, shorter fragments migrate faster. Thus, fragment (i)

^J"
be

closest to the bottom, fragment (ii) will be in the middle, and fragment (iii) will be closest to

the top of the gel.



830 Solutions Chapter 28: Nucleic Acids

PROBLEMS
Nucleosides and Nucleotides
Problem 28.8 Two important drugs in the treatment of acute leukemia are 6-mercaptopurine and 6-lhioguanine.

In each of these drugs, the oxygen at carbon 6 of the parent molecule is replaced by divalent sulfur. Draw
structural formulas for the enethiol forms of 6-mercaptopurine and 6-thioguanine.

HN"(6)

6-Mercaptopurine

The enethiol forms are shown below:

SH

r >

6-Thioguanine

SH

[>

Problem 28.9 Following are structural formulas for cytosine and thymine. Draw two additional tautomeric forms
for cytosine and three additional tautomeric forms for thymine.

H

Thymine (T)

Three additional tautomeric forms for cytosine are shown here:

NH NH
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Four additional tautomeric forms for thymine are shown here:

OH O

Problem 23.10 Draw structural formulas for a nucleoside composed of
(a) p-D-Ribose and adenine

HOCH

HO OH

(b) P-D-Deoxyribose and cytosine

HOCH

Problem 28.11 Nucleosides are stable in water and in dilute base. In dilute acid, however, the glycoside bond of

a nucleoside undergoes hydrolysis to give a pentose and a heterocyclic aromatic amine base. Propose a

mechanism for this acid-catalyzed hydrolysis.

Acid-catalyzed glycoside bond hydrolysis is most pronounced for purine nucleosides. A
reasonable mechanism involves protonation of the heterocyclic base to create a good leaving

group that is displaced by water to produce the product pentose and free base. The reaction of

guanosine in acid is shown below.
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HOCH2 HOCH

HoO
HOCH,

0.
H H

OH

H H

HO OH

Problem 28.12 Estimate the net charge on the following nucleotides at pH 7.4, the pH of blood plasma:
(a) ATP

The fourth pKa of ATP is 7.0, so that at pH 7.4 there is approximately a 70:30 ratio of species
with a net charge of -4 or -3, respectively. This ratio was determined using the Henderson-
Hasselbalch equation (Section 27.2B).

(b) GMP

The phosphate groups are fully deprotonated at pH 7.4, so GMP has a net charge of -2.

(c) dGMP

Regardless of the type of sugar residue, the phosphate groups are fully deprotonated at pH
7.4, so dGMP also has a net charge of -2.

The Structure of DNA
Problem 28.13 Why are deoxyribonucleic acids called acids? What are the acidic groups in their structure?

Deoxyribonucleic acids are called acids because the phosphodiester groups of the backbone are
acidic. At neutral pH, they are fully deprotonated, leading to the anionic nature of DNA.

Problem 28.14 Human DNA contains approximately 30.4% A. Estimate the percentages of G, C, and T and
compare them with the values presented in Table 28.1.

The A residues must be paired with T residues, so estimate that there is also 30.4% T. A and
T must therefore account for 30.4% + 30.4% = 60.8% of the bases. That leaves (100% -

60.8%) / 2 = 39.2% / 2 = 19.6% each for G and C. In Table 28.1, there is actually slightly
less T than expected, so there is also slightly more G and C than expected.
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Problem 2g.l5 Draw the structural formula of the DNA tetranucleotide 5'-A-G-C-T-3". Estimate the net charge
on this tetranucleotide at pH = 7.0. What is the complementary tetranucleotide to this sequence?

o
V-NH

V*° 0-1 V-NH

" v° o4
hTI

3' End

As shown in the preceding structure, there is a net charge of -5 on this tetranucleotide at pH
7.0. This oligonucleotide is self-complementary, that is the complementary oligonucleotide

also has the sequence 5'-A-G-C-T-3'.

Problem 28.16 Write die DNA complement for 5'-ACCGTTAAT-3'. Be certain to label which is die 5' end and
which is the 3' end of the complement strand.

The complementary sequence is 3'-TGGCAATTA-5'

Problem 28.17 Write the DNA complement for 5'-TCAACGAT-3'.

The complementary sequence is 3'-AGTTGCTA-5'

Problem 28.18 Write the structural formula for each nucleotide and estimate its net charge at pH 7.4, the pH of

blood plasma.

(a) 2'-Deoxyadenosine 5'-triphosphate (dATP)

- " " " ^ l^O—P-O-P—O—P-O-CH
L L I.

The values for the first three pKa's of dATP are all below 5 so these are fully deprotonated

at pH 7.4. The fourth pKa of dATP is 7.0, so that at pH 7.4 there is approximately a 70.30

ratio of species with a net charge of -4 or -3, respectively. This ratio was determined using

the Henderson-Hasselbalch equation (Section 27.2B).
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(b) Guanosine 3'-monophosphate (GMP)

The two pKa values for GMP are well below 7.4, so these are fully deprotonated, leading to

an overall charge of -2.

(c) 2'-Deoxyguanosine 5'-diphosphate (dGDP)

0-P—O—P-O-CH,
L L
o o

The values for the first two pKa's of dGDP are all below 5.0, so these are fully deprotonated
at pH 7.4. The third pKa of dATP is 6.7, so that at pH 7.4 there is approximately a 83:17
ratio of species with a net charge of -3 or -2, respectively. This ratio was determined using
the Henderson-Hasselbalch equation (Section 27.2B).
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PrQt)lgm2g,19 Cychc-AMP, first isolated in 1959, is involved in many diverse biological processes as a regulator
of metabolic and physiological activity. In it, a single phosphate group is esterified with both the 3" and 5'

hydroxyls of adenosine. Draw the structural formula of cycUc-AMP

Problem 28.20 Discuss the role of the hydrophobic interactions in stabilizing:

(a) Double-stranded DNA

In the DNA double helix, the relatively hydrophobic bases are stacked on the inside,

surrounded by the relatively hydrophilic sugar-phosphate backbone that is on the outside of

the structure. The stacking of the hydrophobic bases minimizes contact with water.

(b) Lipid bilayers

In lipid bilayers, the hydrophobic hydrocarbon tails are associated with each other to form the

hydrophobic inner layer, while the polar head groups are associated with each other on both

outside surfaces.

(c) Soap micelles

In micelles, the hydrophobic hydrocarbon tails are associated with each other to form the

hydrophobic interior, while the polar groups are associated with each other on the outside

surface.

Problem 28.21 At elevated temperatures, nucleic acids become denatured, that is, they unwind into single-

stranded DNA. Account for the observation that the higher the G-C content of a nucleic acid, the higher the

temperature required for its thermal denaturation.

G-C base pairs have three hydrogen bonds between them, while A-T base pairs have only two.

Thus, the G-C base pairs are held together with stronger overall attractive forces and require

higher temperatures to denature.
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Problem 28.22 The Watson-Crick pattern of hydrogen bonding is not the only type of interaction possible for

nucleic acids. Draw the structure of an A-T base pair in which the purine uses N-7 instead of N-1 as a hydrogen

bond acceptor.

N }—

N

H \^^\

XT
I

R

Problem 28.23 Reading J.D. Watson's account of the discovery of the structure of DNA, The Double Helix, you
will fmd that for a time in their model building studies, he and Crick were using alternative (and incorrect, at least

in terms of their final model of the double helix) tautomeric structures for some of the heterocyclic bases,

(a) Write at least one alternative tautomeric structure for adenine.

tautomerization

adenine tautomeric adenine

(b) Would this structure still base-pair with thymine, or would it now base-pair more efficiendy with a different

base and if so, with what base?

This tautomeric form of adenine would not be able to base pair with thymine, but it would be
able to form a reasonable base pair with cytosine, as shown below:

r

H H

N« H—
N^

^ ^; N—H'"""N \>

N=/

Cytosine
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PrQblgm 2g,24 The following questions deal with the chemistry and physical properties of the sulfur and nitrogen
mustard compounds discussed in the box Chemistry in Action: Mustard Gases and the Treatment of Neoplastic
Diseases.

(a) Account for the fact that sulfur mustards undergo more rapid reaction with nucleophiles than do niux)gen
mustards.

The sulfur mustard cyclizes to form a positively-charged sulfonium species, which is therefore
more reactive with nucleophiles than the neutral aziridine formed by the nitrogen mustard. In
addition, a sulfide is a better nucleophile than an amine, so the sulfur mustard will cyclize
more readily.

(b) Account for the fact that substitution of phenyl for methyl in a nitrogen mustard decreases the nucleophilicity

of nitrogen.

The lone pair of electrons on nitrogen are partially delocalized into the phenyl ring, thereby
reducing nucleophilicity compared with the methyl derivative.

(c) Account for the fact that substitution of carboxyl in the para position of the aromatic ring further decreases the

nucleophilicity of nitrogen.

The carboxyl group is electron withdrawing, thus increasing the delocalization of the nitrogen

lone pair into the ring. This further reduces nucleophilicity.

(d) Account for the fact that N-7 of guanine is more nucleophilic than -NH2 at C-2; than N-1 ; than N-9.

The N-7 position of guanine is highly nucleophilic, because the lone pair of electrons on N-7

is in an sp^ hybrid orbital that is pointing out and away from the aromatic ring, preventing any

delocalization. The lone pair of electrons on N-9 is in a 2p orbital and is part of the aromatic

7c system, so it is not nucleophilic. The lone pair of electrons on N-1 and on the exocyclic

-NH2 group of C-2 are partially delocalized by resonance, thus limiting their nucleophilicity.

O ^- in an sp^ hybrid orbital and

^ -\
II

r arenot part of the aromatic

delocalized by resonance/^ H Jl *• sextet of the ring

^N N N̂.. in a 2p orbital and are

I p part of the aromatic
H sextet of the ring

(e) Draw the structural formula for the product of reaction of two molecules of guanine, each at N-7, with one

molecule of niu-ogen mustard, that is, show how a niu-ogen mustard cross-links DNA.

H H H H
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(f) Consider a guanine alkylated at N-7 by a nitrogen mustard. Draw the enol form of this guanine.

CH2-CH2—N-CH2-CH2CI

(g) Account for the fact that the enol form of guanine hydrogen bonds with thymine rather than with cytosine.

As shown below, the end form of guanine could potentially make three hydrogen bonds with

thymine.

H3C 0""«iiH_Q
N

O'MniiH—N

"/

H

Ribonucleic Acids (RNA)
Problem 28.25 Compare the degree of hydrogen bonding in the base pair A-T found in DNA with that in the base

pair A-U found in RNA.

"3C
^b:".„.H--N'"

^--^\ K- '"^,

*b:'"...H_,^^
H

" 0:

The only difference between uracil (U) and thymine (T) is the presence of a methyl group at
the 5 position of thymine, that is absent in uracil. As can be seen in the structures, the
presence or absence of this methyl group has very little influence on hydrogen bonding.

Problem 28.26 Compare DNA and RNA in these ways:
(a) Monosaccharide units

DNA contains 2'-deoxy-D-ribose units, while RNA contains D-ribose units.

(b) Principal purine and pyrimidine bases

DNA RNA
Purines Pyrimidines Purines Pyrimidines

Adenine

Guanine

Thymine

Cytosine

Adenine

Guanine

Uracil

Cytosine
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(c) Primary structure

The monosaccharide unit in DNA is I'-deoxy-D-ribose, the monosaccharide in RNA is D-
ribose. The bases are the same between the two types of nucleic acids, except thymine is

found in DNA while uracil is found in RNA. DNA is usually double stranded and RNA is

primarily single stranded. In both DNA and RNA, the primary sequence consists of linear
chains of the nucleic acids linked by phosphodiester bonds involving the 3' and 5' hydroxyl
groups of the monosaccharide units.

(d) Location in the cell

DNA is found in cell nuclei, while the bulk of RNA occurs as ribosome particles in the
cytoplasm.

(e) Function in the cell

DNA serves to store and transmit genetic information, and RNA is primarily involved with the

transcription and translation of that genetic information during the production of proteins.

Problem 28.27 What type of RNA has the shortest lifetime in cells?

Messenger RNA has the shortest lifetime in cells, usually on the order of a few minutes or

less. This short lifetime is thought to allow for very tight control over how much protein is

produced in the cell at any one time.

Problem 28.28 Write the mRNA complement for 5'-ACCGTTAAT-3'. Be certain to label which is the 5' end

and which is the 3' end of the mRNA strand.

The mRNA complement would be 3'-UGGCAAUUA-5'

Problem 28.29 Write the mRNA complement for 5'-TCAACGAT-3'.

The mRNA complement would be 3'-AGUUGCUA-5'

The Genetic Code
Problem 28.30 What does it mean to say that the genetic code is degenerate?

The genetic code is referred to as degenerate because more than one codon can code for the

same amino acid. This is because there are 64 different codons, but only twenty ammo acids

and a stop signal for which coding is needed.

Problem 28.31 Write the mRNA codons for

(a) Valine GUU, GUC, GUA, GUG (b) Hisudine CAU, CAC
(c) Glycine GGU, GGC, GGA, GGG

Problem 28.32 Aspartic acid and glutamic acid have carboxyl groups on their side chains and are called acidic

amino acids. Compare the codons for these two amino acids.

All of the codons for these two acidic amino acids begin with GA. The codons for aspartic

acid are GAU and GAC, while the codons for glutamic acid are GAA and GAU.

Problem 28.33 Compare the structural formulas of the amino acids phenylalanine and tyrosine. Compare also the

codons for these two amino acids.

/"^CHjCHCO; HO-f yCH^CHCO;

\=/ NH,*
^^ NH3*

Phenylalanine Tyrosine
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Phenylalanine has a phenyl group while tyrosine has a phenol group. The mRNA codons for

phenylalanine are UUU and UUC, while the mRNA codons for tyrosine are UAU and UAC.

Problem 28.34 Glycine, alanine, and valine are classified as nonpolar amino acids. Compare the codons for

these three amino acids. What similarities do you find? What differences do you find?

Glycine Alanine Valine

GUI GOD Cuu
GGC GCC GUC
GGA GCA GUA
GGG GCG GUG

All of these amino acids have four mRNA codons, all codons start with G, and in each case,

the first two bases of the codon are identical for a given amino acid. This makes the last base
irrelevant.

Problem 28.35 Codons in the set CUU, CUC, CUA, and CUG all code for the amino acid leucine. In this set,

the first and second bases are identical, and the identity of the third base is irrelevant. For what other sets of
codons is the third base also irrelevant, and for what amino acid(s) does each set code?

The third base is also irrelevant for GUX (valine), GCX (alanine), GGX (glycine), ACX
(threonine), CCX (proline), CGX (arginine), and UCX (serine). In the preceding codons, X
stands for any of the bases.

Problem 28.36 Compare the codons with a pyrimidine, either U or C, as the second base. Do the majority of the

amino acids specified by these codons have hydrophobic or hydrophilic side chains?

The majority of amino acids with a pyrimidine in the second position of their codons are
hydrophobic. This set contains phenylalanine, leucine, isoleucine, methionine, valine,
proline, and alanine. Only serine and threonine have a pyrimidine in the second position and
also have a somewhat hydrophilic side chain.

Problem 28.37 Compare the codons with a purine, either A or G, as the second base. Do the majority of the
amino acids specified by these codons have hydrophilic or hydrophobic side chains?

The majority of amino acids with a purine in the second position of their codons are
hydrophilic. This set contains histidine, giutamine, asparagine, lysine, aspartic acid, glutamic
acid, arginine, cysteine, and serine. Only glycine and tryptophan are not hydrophilic, while
tyrosine is a special case that is aromatic with a polar group.

Problem 28.38 What polypeptide is coded for by this mRNA sequence?

5'-GCU-GAA-GUC-GAG-GUG-UGG-3'

This mRNA codes for the following polypeptide:

Amino terminus- Ala-Glu-Val-Glu-Val-Trp -Carboxyl terminus.

Problem 28.39 The alpha chain of human hemoglobin has 141 amino acids in a single polypeptide chain.
Calculate the minimum number of bases on DNA necessary to code for the alpha chain. Include in your
calculation the bases necessary for specifying termination of polypeptide syntfiesis.

The minimum number of bases needed for the alpha chain of human hemoglobin must code for
the 141 amino acids as well as three extra bases for the stop codon. Therefore, the minimum
number of bases that will be required is (3 x 141) + (1 x 3) = 426 bases.
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Problem 28.40 In HbS, the human hemoglobin found in individuals with sickle-cell anemia, glutamic acid at

position 6 in the beta chain is replaced by valine.

(a) List the two codons for glutamic acid and the four codons for valine.

The two mRNA codons for glutamic acid are GAA and GAG, while the four mRNA codons for

valine are GUU, GUC, GUA, and GUG.

(b) Show that one of the glutamic acid codons can be converted to a valine codon by a single substitution

mutation, that is, by changing one letter in the codon.

Both of the glutamic acid codons can be converted to valine by replacing the central A with a

U residue.
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