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Chapter 1

Chemical Bonding and Chemical Structure

Solutions to In-Text Problems

(b)  The neutral calcium atom has a number of valence electrons equal to its group number, that is, 2.
(d)  Neutral Br, being in Group 7A, has 7 valence electrons; therefore, Br' has 6.

(b)  The positive ion isoelectronic with neon must have 10 electrons and 11 protons, and therefore must have an
atomic number = 11. This is the sodium ion, Na*.
(d)  Because Ne has atomic number = 10 and F has atomic number = 9, the neon species that has 9 electrons is

Ne”.
(b) @
H— T—H H—|O+—H
H H
ammonia hydronium ion

The structure of acetonitrile:

|
H —(.|‘,— C=N
H
acetonitrile

(b)  The overall charge is —2.

(b)  Formal charge does not give an accurate picture, because O is more electronegative than H; most of the
positive charge is actually on the hydrogens.

(d)  Ananalysis of relative electronegativities would suggest that, because C is slightly more electronegative than
H, a significant amount of the positive charge resides on the hydrogens. However, carbon does not have its
full complement of valence electrons—that is, it is short of the octet by 2 electrons. In fact, both C and H
share the positive charge about equally.

The bond dipole for dimethylmagnesium should indicate that C is at the negative end of the C—Mg bond, because
carbon is more electronegative than magnesium.

“—t 1+
H3C — Mg_CH3

(a)  Water has bent geometry; that is, the H—O—H bond angle is approximately tetrahedral. Repulsion between
the lone pairs and the bonds reduces this bond angle somewhat. (The actual bond angle is 104.5°.)
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1.13

1.18

(¢)  The formaldehyde molecule has trigonal planar geometry. Thus, both the H—C—H bond angle and the H—
C=0 bond angle are about 120°.

(a)  Bond angles: aa, ab, bc, bd, cd, de, df, and ef are all about 120°, because all are centered on atoms with
trigonal planar geometry; fg is predicted to have the tetrahedral value of 109.5. The bond lengths increase in
the order

a:g<e<b<d:f<c

(In Chapter 4, you’ll learn that C—H bonds attached to carbons of double bonds are shorter than C—H bonds
attached to carbons of single bonds. For this reason, a <g.)

(a)  Because the carbon has trigonal-planar geometry, the H—C==0 bond angle is 120°.
(b)  The two structures are as follows:

] i
H/C\O/CH3

O0—C—0/C—0—=C CHs
dihedral angle = 0°
O0—C—0/C—0—=C
dihedral angle = 180°

The resonance structures of benzene:

H
C C C
HCZ~CH HC™™SCH HC7=CH
| | -—> || I R
HC\\C/CH HC\C¢CH HC%-.-~CH
H H H
resonance structures of benzene hybrid structure of benzene

Each bond is a single bond in one structure and a double bond in the other. On average, each bond has a bond order
of 1.5.

(b) A 4s orbital is four concentric spheres of electron density, each separated by a node, as shown in “cutaway”
diagram (b) in Fig. IS1.1.

(b)  The chloride ion, CI” (atomic number = 17 and one negative charge, therefore 18 electrons): This ion has the
same electronic configuration as argon: (1s5)%(25)*(2p)°(35)*(3p)°. The valence orbitals are the 3s and 3p
orbitals, and the valence electrons are the eight electrons that occupy these orbitals.

(d)  The sodium atom (atomic number = 11) has 11 electrons. Therefore its electronic configuration is
(15)%(25)*(2p)®(3s)". The valence orbital is the 3s orbital, and the valence electron is the one electron that
occupies this orbital.

wave
peaks

wave
troughs

nodes
cross-section of a 4s orbital

Figure 1S1.1 Cross section of a 4s orbital in the solution to Problem 1.17b.
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1.22

The pictures and energy levels of the molecular orbitals for parts (a), (b), (d), and (e) are essentially the same as they
are for the dihydrogen molecular orbitals in Fig. 1.14 of the text. For part (c), the atomic orbitals involved are 2s
orbitals, which have a node. However, the various species differ in their electron occupancies.

(b)  The H, ion contains three electrons. This can be conceived as the combination of a hydrogen atom with a
hydride ion (H"). By the aufbau principle, two occupy the bonding molecular orbital, and one occupies the
antibonding molecular orbital. This is shown in the electron-occupancy diagram (b) of Fig. IS1.2. Because
the bonding molecular orbital contains a greater number of electrons than the antibonding molecular orbital,
this species is stable. Notice that in terms of electron occupancy, H, and He, " are identical.

(d)  The H,> ion can be conceived to result from the combination of two hydride ions (H"). This species contains
four electrons; two occupy the bonding molecular orbital, and two occupy the antibonding molecular orbital.
This is shown in the electron-occupancy diagram (d) of Fig. IS1.2. In this species, the energetic advantage of
the electrons in the bonding molecular orbital is cancelled by the energetic disadvantage of the same number
of electrons in the antibonding molecular orbital. This species consequently has no energetic advantage over
two dissociated hydride (H") ions, and therefore it readily dissociates.

(a)  The oxygen of the hydronium ion has approximately tetrahedral geometry and is therefore sp*-hybridized.
Two of the sp> hybrid orbitals contain an unshared electron pair. One of these becomes the lone pair in H;0;
the other overlaps with a proton (H") to give one of the O—H bonds. The other two sp> hybrid orbitals
contain one electron each; each of these overlaps with the 1s orbital of a hydrogen atom (which contains one
electron) to give the three sp>~1s obonds (the O—H bonds) of H;O".

(b)  The H—O—H bond angles in H;0" should be somewhat larger than those in water, because there is one less
lone pair and a smaller associated repulsion.

ANTIBONDING MO

-
—=

(b) ()
H, HY

nucleus

H H
1s orbital \‘ % + % . 1s orbital
(b) (d)

(b), (d)

ENERGY

BONDING MO

Figure 1S1.2 Electron-occupancy diagram for the solution to Problems 1.19b and 1.19d.
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1.23

1.24

1.26

1.27

1.29

1.31

1.32

1.34

1.37

Solutions to Additional Problems

(b)  Compound (2), cesium fluoride, would be most likely to exist as an ionic species, because Cs and F come
from opposite corners of the periodic table.

The formal charge on all the hydrogens is 0. For the other atoms:

(b)  Nitrogen has a complete octet and a formal charge of 0.
(d) Boron has a sextet and a formal charge of 0.
® Boron has an octet and a formal charge of —1.

The lengths of the C—C bonds in isobutane have no significance; two are longer merely to accommodate the rest of
the structure. Remember that these Lewis structures show only connectivity—not geometry.

’
H H H H H H—|C—H H
TR S S SV VI S S Y
DS R
butane “isobutane”
® @ ®
:(|):_ H/E\H :Cl—0¢
HiC Loch metene overal] harge = -1

trimethylamine oxide
overall charge = 0

Silicon atom (atomic number = 14; therefore 14 electrons): (1s)2(2s)2(2p)6(3s)2(3px)1(3py)1. The valence electrons
are the two 3s and the two 3p electrons.

(b)  The beryllium (Be) bears two groups, and therefore has linear geometry. The H—Be—H bond angle is 180°.

(d)  The silicon is bound to four chlorines, and is therefore tetrahedral. The CI—Si—Cl bond angle is 109.5°.

(f)  The terminal carbons are bound to three groups, and are therefore trigonal planar. The central carbon is bound
to two groups, and is therefore linear. Hence, the H—C—H and H—C==C bond angles are 120°; the
C=C==C bond angle is 180°.

(b)  Using the method in part (a), the hybrid orbitals in the O—H bonds have about 18.6% s character; they
therefore have 81.4% p character. Two such orbitals account for 37.2% of an s orbital. The 62.8% remaining
s character is divided equally between the orbitals containing the unshared pairs—that is, 31.4% for each

orbital. Therefore, the hybrid orbitals in the bonds are s'%6p%!4, or sp** hybrids, and the orbitals containing

the unshared pairs are s>'“*p®_ or sp?2 hybrids.

We use reasoning analogous to that used in the previous problem. This ion is a hybrid of three identical structures.
Hence, each property will be the sum of that property in each structure divided by 3.

(a)  Negative charge on each oxygen: (-1 +0 +—1)/3 =-2/3.

(b)  Bond order of each carbon—oxygen bond: (1 +2 + 1)/3 =4/3 or 1.33.

(a)  The number of equivalent forbitals equals the number of possible values of the quantum number m;, which is
7 (£3,+2,+1, 0). That is, there are / + 1 = 7 equivalent f orbitals.
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1.42

1.44

(b)  The orbital designation f means / = 3. Orbitals with / = 3 (that is, f orbitals) first appear in principal quantum

level 4.
(¢) Therearen—1=5-1=4nodes. (Three of them are planar, and one is spherical; see Problem 1.35. Can you
sketch a 4f orbital?)

No matter how any CH, group is turned, the resultant bond dipole is the same:

identical resultants

of C—H bond dipoles
H H H

N/ H... /
+— C=C —I—>/C =C
/ 0\ 3 \
H H H
planar staggered

Hence, ethylenes with the two different dihedral angles should both have zero dipole moment because the resultants
of the two CH, groups cancel each other in either arrangement. The observation of zero dipole moment does not
permit a choice between these two dihedral angles.

To solve this problem, we first have to know the geometry of CCly. This should be easy: it’s tetrahedral, because the
carbon is bonded to four identical groups. Now, as suggested in the hint, let’s do a vector addition for the bond
dipoles of each CI-—C—Cl pair. (Use a dipole arrow of arbitrary length as long as it is the same for both. We’ll use
an arrow with the length of the C—Cl bonds.) Here’s the result of the vector addition, which we’ve done
graphically, for the first pair. Notice that, because the C—Cl bonds are identical, the resultant must bisect the angle
between the two bonds.

resultant of
Cl~~__ vector addition

9

Cl=/" =l

Now let’s do the resultant for the second pair. Because the C—CI bonds are identical to those of the first pair, it
follows that the resultant is the same length, and it again bisects the CI-—C—Cl bond angle. (We’ve rotated the
molecule about an axis along the dipole so we are viewing the other two chlorines from the perspective we used to
view the first two—in the plane of the page.)

. |
resultant of &
vector addition ~~Cl

The two resultants we have just obtained are oriented at an angle of 180°; that is, they are pointed in opposite
directions. Since they are identical in magnitude, they cancel. Hence the dipole moment of CCly is zero.

//rcsullanlclipolc 0

This problem requires a construction similar to the one used in Problem 1.43 in which the resultant is known and the
individual O—H bond dipoles are unknown.
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0

angle = 180° - 6
1.84 D

0=104.5°

Applying the law of cosines, with x as the O—H bond dipoles,

1.842=x* +x2—2x2(cos (180° - 0)
3.39 =2x%(1 — cos 75.5%) = 2x*(1 — 0.25) = 1.50 x*

x=,/& =1.50D
1.50

This is the calculated value of the O—H bond dipole, which is very similar to the value assumed in Problem 1.43.

(a)  The bonding molecular orbital is derived by the constructive “side-to-side” overlap of peaks with peaks and
troughs with troughs. The antibonding molecular orbital is derived by changing the peak to a trough and the
trough to a peak in one of the two 2p orbitals. Destructive overlap of troughs with peaks and peaks with
troughs gives an additional node in the antibonding orbital. These molecular orbitals are shown in Fig. IS1.3
on the following page.

(b)  The nodes are also shown in Fig. IS1.3. Both of the MOs have the nodes of the original 2p orbitals, which
merge into a single node because the nodal plane is common to both orbitals. The antibonding MO has in
addition a node between the original orbitals that results from the destructive overlap of a peak and a trough.

(c)  Fig. SG1.8 is the required interaction diagram.

(d)  The resulting bond is not a o bond because it is not cylindrically symmetrical about the internuclear axis.

This type of bond, called a pi (7) bond, is important in the carbon—carbon double bond. Pi

::} bonds are discussed in Chapter 4.
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ANTIBONDING MO

e
(N

nodal plane

nodal plane 1 1

ENERGY

2p orbital % 2p orbital

BONDING MO

Figure 1S1.3 An orbital interaction diagram for the side-to-side interaction of two 2p orbitals. The
small spheres are nuclei, and the gray lines are nodal planes viewed end-on.
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Chapter 2
Alkanes

Solutions to In-Text Problems

No; all alkanes—indeed, all hydrocarbons—must have an even number of hydrogens. Thus, if 2n +2 =23,
then n would have to be 10.5—an impossible number of carbons.

The staggered conformations of isopentane are 4, C, and E, the eclipsed conformations are B, D, and F.

- g e

Hy HsC CH, CH, HC CH H,C HyC CH,

A B C D E F

The curve of potential energy versus angle of rotation is shown in Fig. IS2.1. The staggered conformations B
and D have the highest energy because they have eclipsed methyl groups.

Conformations 4 and £ have the lowest energy because they have one less interaction in which methyl
groups are “close together”—that is, the C—CHj; bonds have a 60° dihedral angle—than conformation C;
hence, either of these conformations is present in greater concentration than conformation C.

The projected bond is the carbon—carbon bond at the end of the butane molecule:

projected bond
H3C _CHQCHQCHg

There are three identical staggered conformations and three identical eclipsed conformations.

POTENTIAL EN

F A B C D E F

angle of internal rotation

Figure 1S2.1. A diagram of potential energy versus angle of internal rotation in isopentane to
accompany the solution to Problem 2.3b. The conformations are shown the solution to part (a).
Each conformation differs from the adjacent ones by a rotational angle of +60°.
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" yH y 4t . 1 CHaCHs
H CH,CH;, ﬁ H H CH4CH, H
H H H HHCHs H H H H H H H

H CH,CH; H

A B C D E F

(b)  The curve of potential energy versus angle of internal rotation is essentially identical to the curve for ethane
(Fig. 2.3, text p. 52), except that the energy difference between staggered and eclipsed forms is slightly
greater. That is, the energies of all staggered forms lie at equal minima, and the energies of all eclipsed forms
lie at equal maxima.

(c)  All staggered conformations are present in equal amount because they are identical.

There is a subtlety here. Problem 2.4 has considered the conformation about the C1-C2 bond in
E} isolation. Any staggered conformation about the C1-C2 bond contains a mixture of gauche and
anti conformations about the C2—C3 bond.

2.5 (b)  2,4-Dimethylhexane
(d)  2,5,5-Trimethylheptane. Rule 8 rules out 3,3,6-trimethylheptane.

2.6 (b)  Following the systematic approach used in part (a) (see the Study Guide and Solutions Manual), we first draw
the structure of hexane itself.

CH,;CH,CH,CH,CH,CH;  hexane

Next, draw the structures with a principal chain of five carbons and one methyl branch:

CH3(|3HCH2CH2CH3 CH3CH2C|3HCH7_CH3
CH; CH,
2-methylpentane 3-methylpentane

Finally, we draw the structures with two methyl branches.

CHs CHs
CH3(|3HCHCH3 CH3C|3CH2CH3
h <':H3
2,3-dimethylbutane 2,2-dimethylbutane
2.7 (b)  Numbering from either direction gives the branch numbers (4,5,5,6); for that reason, alphabetical citation

(rule 10) provides the basis for numbering. The name is 4-ethyl-5,5,6-trimethylnonane.

2.9 The structure of 4-isopropyl-2,4,5-trimethylheptane:

CH; CHs CHy
CH3CHCH,C—CHCH,CH;
CH(CHs),

4-isopropyl-2,4,5-trimethylheptane
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2.11

2.12

2.13

2.14

2.15

2.17

2.19

Your structure might look different from this one. Any structure with the same connectivity
as this one is correct.

In the following structure, p = primary, s = secondary, ¢ = tertiary, and ¢ = quaternary.

p p P
CH; CH, c|:|-|3
CH3CHCH2(|3 CHCH20H3

CH(CHa),
ip

4-isopropyl-2,4,5-trimethylheptane

(b)  The primary hydrogens are those in the structure labeled “p”; the secondary hydrogens are those at the
carbons labeled “s”; and the tertiary hydrogens are those at the carbons labeled “z.”

Ethyl groups are in the shaded circles; methyl groups are in the boxes. Each ethyl group by definition contains a

methyl group.
@' I:l methyl group
4-sec-butyl-5-ethyl-3-methyloctane
(b)

@/\

ethylcyclopentane

(b)  The name is 1-ethyl-2,4-dimethylcyclopentane. Rule 10 (alphabetical citation) and rule 8 dictate the numbers
of the substituents.

(b) By the reasoning in part (a), the formula is 2n — 4.

(b)  The number of hydrogens differs from the fully saturated number (16) by 4, or two pair. Therefore, the
compound has two rings.

(b)  Benzene is a very symmetrical compound. The carbon framework is essentially a planar hexagon. Because of
its resonance structures, all carbon—carbon bonds have equal length. (See Problem 1.15, text p. 22.) The
more symmetrical benzene has an usually high melting point (for a hydrocarbon), +5.5°. The less
symmetrical toluene has a more typical melting point, —-95°.

(b)  Because only two layers form, two of the three substances are mutually soluble. From part (a), we know that
water and bromoethane are insoluble—they form two layers. From the reading, we know that hexane, a
hydrocarbon, is insoluble in water. Therefore, one layer is water and the other is a solution of hexane and
bromoethane. If volumes are nearly additive, the hexane-containing layer will be the one with larger volume.
But we are not given which layer has the larger volume, so let’s decide the answer in another way.
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2.20

2.22

223

2.24

Because we use equal volumes of hexane and bromoethane, a reasonable conclusion is that the density of
the mixture is the average of the two densities, that is, (1.46 g mL™" + 0.66 g mL™")/2=1.06 g mL™". The
mixture is somewhat denser than water and is therefore the lower layer.

(b)  Follow the same procedure as in part (a), noting that there is one less mole of water formed per mole of CO,
and one less atom of oxygen required.

Cotln + 10, — nCO, + nH,0

The Oxhide family burns (12,000 miles/25 miles gal™') = 480 gallons of gasoline per year. The result from Problem
2.21 is based on 15 gallons; scale the result from that solution to 480 gallons by multiplying it by the factor (480/15)
= 32. This gives a carbon footprint of 8,544 pounds per year of CO, for the Oxhide family car.

For about 250,000,000 vehicles in the United States, with an average mileage of 18 miles gal™',
|::} the carbon footprint is about 3 x 102 (three trillion) pounds of CO,!

(b)  Any structure with five carbons, an —OH group, and either a ring or a double bond is correct. Two of many
examples are the following:

4-penten-1-ol
cyclopentanol

With 12 hydrogens and 5 carbons, this compound cannot have any double bonds or rings. Because amides,
carboxylic acids, phenols, and esters each contain one or more double bonds, these groups are ruled out. An amide is
ruled out also because it contains nitrogen, which is not present in the compound. The remaining possibilities are a
compound with two ether groups, a compound with two alcohol groups, or a compound with both an ether and an
alcohol. Examples of each are the following:

OCHs C|)CH3
HO—CH,CH,CH,CH,CH,—OH HO—CH,CH,CHCH, CH;0—CH,CHCH,3
a compound with a compound with a compound with

two alcohol groups an alcohol and an ether group two ether groups
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Solutions to Additional Problems

2.25 (b)  The second compound has two more carbons than the first, and should have a boiling point that is 40—50°
greater—approximately 168—178°.

2.26 (b)  The isomers of octane with six carbons in their principal chains:

HyC —C|:H —(|3H—CH2—CH2—CH3 HyC —(|3H —CH2—C|JH—CH2—CH3 HyC —C|:H —CHZ—CHz—C|3H—CH3

CH; CHs CH, CH, CH, CH,
2,3-dimethylhexane 2,4-dimethylhexane 2,5-dimethylhexane
CH3 CH3

H3C_C|:_CH2_CH2_CH2_CH3 H3C—CH2_C|;_CH2_CH2_CH3 H3C_CH2_?H_CH2_CH2_CH3

CH, CH, CH,—CH;

2,2-dimethylhexane 3,3-dimethylhexane 3-ethylhexane
227 (b

p

t s
q
p p
p P

2.28 (b)  Cyclopentane has five carbons and only secondary hydrogens:

W

cyclopentane

(d) The simplest composition has 6 carbons (72.06 atomic mass units) and 12 hydrogens (12.10 atomic mass
units) for a molecular mass of 84.16. Cyclohexane or any other six-carbon hydrocarbon containing either one
ring or one double bond would fit.

O HQC :CHCHQCHQCHQCH3

1-hexene
cyclohexane

2.29 (b)  4-Ethyl-5-methyloctane
(d)  4-Isopropyloctane
W In noncyclic skeletal structures, don’t forget to count the carbons on the ends of the chains.
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2.30

231

232

233

2.34

2.36

(b)

(®)

(d)

(b)

(®)

(b)

2,3,5-trimethyl-4-propylheptane

5-Neopentyldecane is a correct name.
CH3CH,CH,CH,CHCH,CH,CH,CH,CH;
CH,C(CH,)3
5-neopentyldecane

The correct name is 4-tert-butyloctane.

H,C  CH,CH,CH,CH,

|
CHiC—CHCH,CH,CH,

|
HyC

4-tert-butyloctane

The systematic name for “pullane” is 1,1-di-tert-butyl-2,4-diethylcyclopentane.

Hence, structures B and C are Newman projections of the same compound, 3-ethyl-2-methylpentane.
Compound 4 is 2,3,3-trimethylpentane.

Structures 4 and C both have the connectivity [(CHs),CH, CH,, CH(CH3), CH,, CH,, CH;3]. The
connectivity of B is different. Consequently, structures 4 and C represent the same compound, 2,4-
dimethylheptane. Compound B is 3-ethyl-2-methylheptane.

The propyl group on carbon-4 has to be gauche to either the ethyl group or the isopropyl group. Because the
isopropyl group is larger, the propyl group is gauche to the ethyl group in the most stable conformation.

carbon-4 is hidden

H
CH3CH2CH2 \\ H

2 1
CH,CH; (|;H—CH3
CH,
1

The ambiguity in drawing the structure is that it has a mirror image, which is not the same, although it has the
same energy. (The issue of mirror-image structures is considered in Chapter 6.) If you drew the mirror-image
structure, it is equally correct. As noted in the solution to Problem 2.33(b), the name of this compound is 3-
ethyl-2-methylheptane.

Both curves would have the same general appearance, that is, three barriers of equal height. (See Fig. S2.2.)
However, the curve for 2,2,3,3-tetramethylbutane should have greater potential-energy barriers because each
eclipsed conformation has three severe methyl-methyl eclipsing interactions, and because eclipsed methyl groups
have greater repulsion than gauche methyl groups.
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239

244

245

methyl-methyl
eclipsing interactions

CHs HscCH3
HsC CH;s
H,C
H3C CH3 H3& ({'}-‘:3
CH,
A B

conformations of 2,2,3,3-tetramethylbutane

2,2,3,3-tetra-

methylbutane

angle of internal rotation

Figure 1S2.2. Diagrams of potential energy versus angle of internal rotation in 2,2,3,3-tetramethylbutane
and ethane to accompany the solution to Problem 2.36. The conformations are shown above the graph.
The staggered conformations of ethane and 2,2,3,3-tetramethylbutane are placed at the same energy for
comparison purposes. Each conformation differs from the adjacent ones by a rotational angle of +60°.

Because severe van der Waals repulsions occur between the ferz-butyl groups in compound 4 at normal bond lengths
and angles, the only way for the molecule to relieve these repulsions is to stretch the appropriate bonds and flatten
itself by widening the C—C—C angles. The observed structure is a compromise between the Scylla of van der
Waals repulsions and the Charybdis of nonoptimal bond lengths and angles.

(b)

(b)

Because each ring subtracts two hydrogens from the number present in a noncylic hydrocarbon (27 + 2), the
alkane must contain two rings. [See the solution to Problem 2.14(c)]. Two of several possibilities that meet

the criteria are the following:

The possibilities are as follows:

cle3 CH,CI CH; Cl
CH3(|)CH2CH3 CH3(|)CH2CH3 CH3C|—CHCH3 CH3C|CH2CH2CI
CHs CHs CH, CHs
2,2-dimethylbutane A B €

Compound B, like compound B in part (a), can exist as nonsuperimposable mirror-image structures.
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8

(|)H3 C|)| (|)H3 (|)H3
Sl OHC=F el cm K C(CHy)
CH, H H
B nonsuperimposable mirror-image structures of 2,2-dimethyl-3-chlorobutane

2,2-dimethyl-3-chlorobutane

2.46 Consult the inside front cover of the text for a list of common functional groups.

(b)  nitrile
(d)  ether

247 The functional groups in acebutolol are identified and the compound classes are labeled in the following structure.

ketone
amide I
— C—CH;,
(|'|) amine
CH,CH,CH,—C—NH OCH;— CH— CH,—NH—CH(CH),
aromatic e :QH
hydrocarbon alcohol
acebutolol
2.48 (b)  The following are three of several possibilities:
i ] i
CH3CH,CHy,— C—NH, CH3CH,—C—NH—CHjs H— C—NH— CH,CH,CH,

(d) A compound with the formula C4;H¢NO cannot be a nitrile. A nitrile contains a triple bond, which would
reduce the number of hydrogens to 7.
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Chapter 3

Acids and Bases.
The Curved-Arrow Notation

Solutions to In-Text Problems

3.1 (b)  The nitrogen of ammonia donates an electron pair to electron-deficient boron of BF;. (The electron pairs on
the fluorine are not shown because they have no direct part in the reaction.)

electron donor

F F

| -+
F—B<  —:NH; —> F—B—NH,

F Lewis base F
Lewis acid
32 (b) (d)
O:
e, H2C|)/ \
C—C—CH; :Br: 10
| ’ h HZC\O/
H3C CH3
33 (b)

HN:  HiCBr: —> HN —CHy :Bri

34 (b)

prATA ]

G CHLCH, <—> H,C—CH—CH,

allyl anion

3.6 Let H,O be the acid on the left. Then CH;OH is the acid on the right. (If you chose CH;OH as the acid on the left,
then switch reactants and products in the reaction below.)

conjugate

base—acid pair

HO—H + =0CH; === HOT + H—{QCH;

conjugate

acid—base pair

3.7 (a)  Thereverse of reaction 3.18a is a Lewis acid—base association reaction; there is no leaving group.
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an electrophile

and a Lewis acid .
a nucleophile

CHs, CHs and a Lewis base
H,C—C—Br: == H,C—C'< ~:Brf

|
CH, CH, c

A B
(b)  The reverse of reaction 3.18b is a Lewis acid—base dissociation reaction. There is no nucleophile.

leaving group
and Lewis acid
] T

HC—C* + :0—H =—> HC—C——0—H

| | \J

CHs D CHs
B E
(¢)  Like the forward reaction, the reverse of reaction 3.18c¢ is a Bransted acid—base reaction.

Bronsted base
and Lewis base

CH, H CH, H

7 . n @ e
HC—C—O0—H + OH, == H3C—C—O:/\H—/EL}H2

electrophile
leaving group

CHj /2 CHs H
E G Bronsted acid
3.8 (b)  This is a Lewis acid—base association reaction.
C|)H (?H
+
H,0:~ ™»B—OH —> H,0—B—OH
nucleophile and |

Lewis base OH OH

electrophile and
Lewis acid

The reverse reaction is a Lewis acid—base dissociation reaction:

leaving group

w\ OH OH

2\l .
H20—?—OH —> H,0: +
OH
3.9 (b)  The curved-arrow notation:

LN -
H,C—CH,—Br: + :C=N: —> H,C—CH,—C=N: + :Br:

\J

The analogous Brensted acid—base reaction replaces the ethyl group with H:

N .
H—B.r: + :C=N: —> H—C=N: + :Br:
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3.12

3.13

3.14

3.16

3.17

3.18

3.19

3.20

3.21

3.22

Find the K, by changing the sign of the pK, and taking the antilog.
(@ K,=10* (b)) K,=107%=158x10"° (¢) K,=10*=100

(b)  The strongest acid in Problem 3.12 is the one with the largest K,—that is, (c).
(b)  The acid-base reaction is
H—CN + :F: <= :CN + H—F:

The acid on the right side of the equation is H—F (pK, = 3.2), and the acid on the left side is H—CN (pK, =
9.4). Using the procedure in part (a), we find that log K, =3.2-9.4 =—6.2, and
Keq=1007=63x10"".

(b)  For this calculation use Eq. 3.30 on text p. 106.

AG® =-230RT log K., = —5.71 log(305) kI mol"' =-5.71(2.48) kJ mol ' = -14.2 kJ mol "'

In these solutions and in the Study Guide and Solutions Manual, kJ mol™' is used as the unit of
:} energy. If you wish to convert kJ mol™' to kcal mol™', simply divide by 4.184 kJ kcal™'. Also, it
is helpful to remember that 2.30RT at 298 K (25 °C) is 5.71 kJ mol ™.

(b)  Ifthe AG” is positive, the equilibrium constant is less than unity and the reaction is less favorable;
consequently, there should be much less C and more 4 and B at equilibrium.

An actual calculation shows that [C] = 0.0061. Then [A] =0.1 —x=0.0939 M, and [B] =0.2 — x
:} = 0.1939. The concentration of C is 10% of that in part (a), a result consistent with the
statement in part (b).

(a) 5.71
(b)  The more acidic species is CH;—"SH,.

(b)  Compound 4 is much more basic than compound B (charge effect). By the element effect, C is much more
basic than A4; this follows from the fact that if we rank their conjugate acids, the conjugate acid of C,
ammonia, is less acidic than the conjugate acid of 4, CH;0H. Note that a comparison of 4 and B brings into
play the amphoterism of methanol: like water, it can act as both an acid and a base in different reactions.

] A negatively charged atom is more basic than the same neutral atom. This can be understood on

::} the basis of the charge effect for positively charged atoms by taking into account the

relationships of conjugate acids and bases. By the charge effect, an acidic proton on a positively

charged atom is more acidic than an acidic proton on the same neutral atom. It follows, then,
that the neutral conjugate base of the positively charged acid is less basic than the negatively
charged conjugate base of the neutral acid.

In each set, label the compounds from left to right as 4, B, and C.

(b)  The order of pK, values is B (least acidic) > 4 > C (most acidic). The acidity of compound 4, relative to
compound B, is increased by the polar effect of one methoxy (—OCHj3) group. The acidity of compound C is
increased by the polar effect of two methoxy groups.

(b)  AG,L =23RT(pK,) = (5.71)(4.76) = 27.2 kJ mol '. More energy is required to ionize the less acidic
compound.
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3.24

3.25

3.26

3.28

Solutions to Additional Problems

(b)  Every atom has an octet; therefore, this is not an electron-deficient compound.
(d)  The boron is electron-deficient because it has a sextet of electrons.

(b)
i i
H3C—9<C_H3/ s —> H3C—C|3—CH3

:q:

(d)
N+ - +
(CH3)B  :C=0: —> (CH;);B—C=0:

(b)

conjugate

acid—base pair
:0: :0:

AW | .

HC—C—0—H H0: —> HC—C—07 + H0:'

conjugate

base—acid pair

(d)
conjugate
ti acid—base pair —L
D\ N\ o .
:0—H :0: :0: H— O:
\ / \
0—C c—=0 —> 0—C T c=0
\ / \ /
CH—CH,—CH, CH— CH,— CH,
/ /

H3C H3C
conjugate

base—acid pair

As in Problem 3.27, every reaction that involves the donation or acceptance of electron pairs, and therefore every
reaction in this problem, is (1)—a Lewis acid-base reaction.

(a)  In general, if a reaction in one direction is a Brensted acid—base reaction, it is also a Brensted acid-base
reaction in the reverse direction. Therefore, Steps I and 3 are (5)—Brensted acid—base reactions—and (4)—
electron-pair displacement reactions.

(b)  The conjugate acid—base relationship is unchanged by the direction of the reaction. The answer is the same as
for Problem 3.27(b).

(¢)  See the equations in part (d).

(d)  The curved-arrow notation and the labeling of the various species:
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Step 1:
leaving group .
(also Lewis acid) Lewis base and
Bronsted base
(|:H3 CH3 ‘/\
. +
H3C—C|)—QH + H—0OH, == HC— C (|3+ H OH2

CHs B 3 H ‘ D

y electrophile
Step 2:

Lewis acid Lewis base
and electrophile and nucleophile
CHs (|3H3 I
+ .
H3C—C|3—OH2 <= He—c* OH,

CH, CH, F

C E
Step 3:

Lewis base .
(and Brensted base) electrophile

H,C—H \(ﬁHz / leaving group
v (and Lewis acid)
HC—C* + O, => _C__ HLoh
H,C CHs

CH3 G H /

E (redrawn)

3.29 (b)  Interconversion of the resonance structures of carbon monoxide with the curved-arrow notation:

{[\.. _/E}

:(C=0: «—>:C=0:
Because the carbon in the structure on the left has a sextet of electrons, it can accept another electron pair.

3.31 (b)  The resonance structures of the carbonate ion are shown in Problem 1.34, text p. 44. The solution to that
problem discusses the significance of these structures. The hybrid structure:

C\
P AN
’Q/ \Q‘

hybrid structure of the carbonate ion

332 (b) (d)
C|)H3 :0:
. .
HC—C"  + N=N: HiC— C—NH, + 0C,Hs
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3.33 Remember that an arrow must originate at a source of electrons—a bond or an electron pair.

(b)

(d)

334 (b)

(d)
335 (b)
336 (b)
337

f\f\ﬁ

:Br—CH,~~CH,~C-—0: ——> :Brt + HC=CH, + 0=C=0
05
:0:
AN

_ |
HC—TCH, N —> CH,—CH,—CN
S

The reaction is a Lewis acid—base association.

| —

:0:~ > AlCh :?—AICIg,
C C
H,C”~ “CH, H,C”™ “CHs

The reaction is a Bronsted acid—base reaction with a proton:
HO:— HDNHZ— CH,CH; —> HO—H + NH,— CH,CH;

Species 4 is a Lewis base and a nucleophile. Carbon B is an electrophile. Carbon C is a leaving group
towards carbon B but also a nucleophile towards carbon D. Carbon D is an electrophile. Oxygen E serves as a
leaving group (and also a Lewis acid). When atoms in double or triple bonds serve as leaving groups, one
bond remains intact, so that the leaving group doesn’t actually “leave,” but remains tethered within the same
molecule. This is the case with atoms C and E.

O> :(|):

CH3S/_\C CH c CHy —> CH;8—CH,—CH=C—CH,
\ b
4 B C D

The one curved arrow is shown correctly, but a second one is needed. Otherwise, carbon would have five
bonds in the product, and this situation would violate the octet rule.

HiC—0: HyC—Br: —> H,C—0—CH; + :Br:
"\_/ .. .. ..

The resonance structures of anthracene:

B0 - — )

338 (b)

anthracene

Let K, be the ratio [anti]/[gauche]; then AG® for gauche <= anti is 2.8 kJ mol!. (Because gauche has
higher energy than anti, AG® is negative.) Then use Eq. 3.31b in the text.

K. = 10—AG°/2A3RT: 1028571 = 10049 =3 |
eq )
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3.39

3.40

3.41

3.42

3.45

(b)

(d)

This is the ratio of the anti conformation to any one gauche conformation. Taking the total fraction of butane
as 1.0, and noting from above that [anti] = 3.1[gauche],

1.0 = [anti] + 2[gauche] = 3.1[gauche] + 2[gauche] = 5.1[gauche]
or [gauche]=1.0/5.1 =0.20

Consequently, the total fraction of gauche conformations is 2 x 0.20 = 0.40 (that is, about 40% gauche
conformations); and the total fraction of anti conformation is 1.0 — 0.40 = 0.60 (that is, about 60% anti
conformation) in a sample of butane.

Because of the element effect, both thiols (the compounds with —SH groups) are more acidic than ethanol
(CH53CH,0H). The compound CICH,CH,SH is the more acidic of the two thiols because of the polar effect of
the chlorine substituent.

CH;CH,OH is less acidic than (CH;),NCH,CH,0H because of the polar effect of the electronegative
nitrogen substituent. In the last compound, not only is the polar effect of the nitrogen present, but also a
positive charge, which can stabilize the conjugate-base anion (charge effect). Furthermore, the positively-
charged nitrogen is closer to the —OH group. Consequently, (CH;);N"*—OH is the most acidic of the three
compounds and it is thus the strongest acid of all.

In each part, we apply Eq. 3.25b on text p. 104 and the procedure used in Study Problem 3.6.

(b)

We apply text Eq. 3.25b with pK, = 15.7 for H,O.
Koq=10"7190 =102 =1.58 x 10°

constants K. These equilibrium constants use dissociation constants in their calculation, but are

W Don’t confuse equilibrium constants for the reactions of acids and bases with dissociation

(b)

(b)

not themselves dissociation constants. Similarly, log K. is related to the pK, values of the two
acid—base systems involves, but is not itself a pK,.

Use the same procedure as in part (a) in the Study Guide and Solutions Manual.
AG® =-23RT log Keq = (-5.71)(5.2) = -29.7 kI mol "'
The problem is asking for the standard free energy of dissociation AG,°. Use Eq. 3.37 in the text. (Assume
25°Cor298K.)
AG.° =2.3RT(pK,) = 5.71(4.31) = 24.6 kJ mol™!

According to text Fig. 3.2 (text p. 113), selective destabilization of the conjugate acid form of an acid-base pair
raises the energy of the acidic form relative to its conjugate base and reduces its pK,.

Now let’s apply this reasoning to the specific example in the problem. This analysis is similar to the one used in

the solution to Problem 3.44. First, assume that the chlorine affects the stability of the charged species, which in this
case is the conjugate acid:

bond dipole of the C—CI bond
interacts repulsively with the
positive charge

«—t H
Cl—CH,CH,—NH,

The repulsive interaction between the positive charge and the positive end of the C—CI bond dipole selectively
raises the energy of the conjugate acid. This should reduce the pX, of the conjugate acid of A relative to the pK, of
the conjugate acid of B. This is shown diagrammatically in Fig. IS3.1. This means that B is the more basic of the
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3.47

3.48

two conjugate bases. The actual data bear out this prediction: chlorine substitution reduces the pK, of
ethylammonium ion by almost two units:

+ +
Cl—CH,CH,— NH; CH;CH,—NH;,
2-chloroethylammonium ion ethylammonium ion
conjugate acid of 4 conjugate acid of B
pK,=8.8 pK,=10.6

The AG® for the reaction is found by taking the logarithm of the equilibrium constant and multiplying it by
—2.3RT.

AGE =-23RTlog K, =-23RT(pKyy; — DK pyy) = AGS g~ AG

(b)  The amide ion is strong enough to react completely with water, and this reaction results in a 10> M solution
of hydroxide ion—that is, a solution pH = 11. This is identical to the solution made from 10> M hydroxide
itself, except for the ammonia by-product, which reacts only slightly with water.

CH3CH2_NH2 T Cl_CHQCHZ_ NH2 —
+ H0 + H0"

AG® =-23RT(pK,)
AG® =-23RT(pK,)

= +

% Cl—CH,CHy— NH; ==~

3 conjugate acid

E + destabilization

E CHyCH;— NH; == bythe
chlorine substituent

B A

Figure 1S3.1. The effect of chlorine substitution on the energy and pK, of the conjugate acid of
ethylamine to accompany the solution to Problem 3.46. Note that by raising the energy of the conjugate
acid, chlorine substitution reduces the pKj,. (The two conjugate bases, which are uncharged, are arbitrarily
placed at the same energy for comparison purposes.)
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Chapter 4

Introduction to Alkenes.
Structure and Reactivity

Solutions to In-Text Problems

4.1 (b)  3-Hexene can exist as both cis and trans isomers; both carbons of the double bond (carbons 3 and 4) are
stereocenters.
(d)  2-Methyl-2-pentene cannot exist as cis, trans isomers because two of the groups at one carbon of the double
bond are the same (the methyl groups). This molecule contains no stereocenters.

42 (b (d)
//CH2
H.C—C H2C=CH—CH=CH—C|)H—CH=CH—CH=CH—CH3
CHj CH,CH,CH=CH —CHj
2-methylpropene 5-(3-pentenyl)-1,3,6,8-decatetraene

Some chemists were educated in nomenclature to understand that if the position of a substituent
E} is unambiguous it need not be cited by number. Thus, compound (b) could be called
methylpropene, because the methyl substituent must be on carbon-2. That is, if it is on carbon-
1, the compound would not be named as a propene; it would be named as a butene. None of the
formal “rule books” on nomenclature support this idea. Hence, we number all substituents. The
1993 nomenclature recommendations of the IUPAC went a step further and recommended
numbering not only substituents, but also all double bonds, whether ambiguous or not;
furthermore, the number is always cited before the suffix “ene.” Thus, compound (b) in the
1993 system is called 2-methylprop-1-ene. (The 1993 recommendations are discussed in the
sidebar on text p. 134.) A positive aspect of this recommendation is that it creates consistency
in the way that all alkene names are constructed. However, this recommendation has not yet
been generally accepted, and for that reason it has not been used in this text.

43 (b)  3-Heptene
4.4 (b)  (2)-3-Isopropyl-2-hexene

45 (b
H H
\ /
HyC H c=C
/ /
/C:C CH2 CH3
H CH,— CH H
\ /
C=C
\
H CH;

(2E,7Z)-5-|(E)-1-propenyl]|-2,7-nonadiene
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4.6

4.7

4.8

4.10

4.11

4.14

4.16

4.18

(®)

(b)
(b)
(a)

(d)
C(C,H,H) €(0,0,0) C(H,H,H) AN
versus (|: |C ‘ ﬁ: (|:
H,C—CH— (CH3);C—  versus  HC—C—
higher priority | |
C C
higher priority

Use Eq. 4.7 on text p. 139 to obtain U = 3.
The prefix “cyclo” as well as the suffix “ane” indicates that the compound has one ring; consequently, U = 1.

This cannot be a correct formula, because a compound containing only C, H, and an odd number of nitrogens
must have an odd number of hydrogens.

using Eq. 4.7 on text p. 139. A formula that gives a negative or fractional unsaturation

W Another way to tell whether a formula is reasonable is to calculate its unsaturation number

(b)
(c)

(d)
(b)

(a)

(b)

(b)

(b)

number is not possible.

This could be the formula of an organic compound.

This could not be the formula of an organic compound, because the maximum number of hydrogens possible
in a compound containing 10 carbons, 3 nitrogens, and any number of oxygens is 25.

This could be the formula of an organic compound.

In propene, the H;C—C bond dipole adds vectorially to the smaller H—C bond dipole; the resultant is
smaller than the H;C—C bond dipole itself, as the following diagram shows. In 2-methylpropene, the
resultant of the two H;C—C bond dipoles is about equal in magnitude to one H;C—C bond dipole. (This can
be shown analytically if we assume 120° bond angles.) 2-Methylpropene has a somewhat greater dipole
moment. (In the following vector analysis, the H—C bond dipoles of the CH, groups are ignored because
they cancel in the comparison of the two molecules.)

H3;C—C bond dipole /
’ P HC H HiG H K\H3C—c bond dipole
resultant (sum) /Y\\i C=C C—C /
b4 H HaC H \\% resultant (sum)
H—C bond dipole 3

of H;C—C bond dipoles

propene 2-methylpropene

The overall AH® of the process, +15.3 kJ mol™!, must equal the difference in the AHp values of product and
reactant. Hence,

+15.3 = AH°(1-hexene) — AH°(2-ethyl-1-butene)
+15.3 =-40.5 — AH(2-ethyl-1-butene)
Solving, we have that x = AH°(2-ethyl-1-butene)= —55.8 kJ mol .

Because the AH,° of 2-ethyl-1-butene is more negative than that of 1-hexene, 2-ethyl-1-butene is the more
stable isomer.

Compound B is more stable than compound 4, because compound 4, which is a cis alkene, is destabilized by
significant van der Waals repulsions between the fert-butyl group and the methyl group. Because compound

B is a trans alkene, these destabilizing repulsions are absent.

Br—CHchz—Br
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3

4.19

4.20

4.21

4.22

4.23

4.25

(b)
Br

Cf=

We follow the patterns in text Eqs. 4.18a and 4.18b. First the double bond is protonated on the carbon with fewer
alkyl substituents by HBr to give a carbocation on the carbon with more alkyl substituents and Br . Note that even
through a proton is transferred, we use the curved-arrow notation to show the flow of electrons. In the second step,
the Br reacts with the carbocation in a Lewis acid-base association reaction to give the product.

A

:Br—H :Brr :Br:
4 Br \l | r
HQC:?CHQCH2CH3 (——> H3C_(|:CH2CHQCH3 e H3C_ ?CHQCHQCH:;
CH3 CH3 CH3
2-methyl-1-pentene a tertiary carbocation
(b)
HsC CH,

. oo
c=c and c—c CHs CH,
/ \ / \ and
H,C CH, HiC CH,

(b) A rearrangement by the shift of a hydride from the adjacent tertiary carbon gives the same carbocation;
hence, this carbocation does not rearrange.

Protonation of the double bond gives a secondary carbocation:
/\.4. :Br:
H—Br: . o
(CH,),C —CH==CH, —> (CH3)2(|3—CH—CH3

|
H H

This secondary carbocation can react by two pathways: (a) rearrangement to a more stable tertiary carbocation
followed by reaction of the rearranged carbocation with Br™; (b) reaction with Br.

Vi i i
+ (a) b |
(CHg G —CH—CHs SR (CHJC—CH—CHy —> (CHyC—CH—CH
~J
H (a) H H

lrb)

:?'r:
(CH3)2C|: —CH—CH,
H

(b)  This is a Lewis acid—base dissociation reaction.
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4.28

430

431

432

433

\, o s o7
(CH3)3C_(\5.“ —> (CH)C :Br: [(CH:@)?,C‘--‘:BIJ

transition state
(a)  Apply Eq. 4.33b, with :

AGS - AGSH AGY - 90
5.71 571

Solving for AG3°,
AG** =55.7 kJ mol™

(b)  The reaction free-energy diagrams are shown in Fig. IS4.1.

()  The standard free energy of activation of a reverse reaction is the height of the energy barrier measured
measured from the energy of the products. In each case, this is 10 kJ mol™' greater than the standard free
energy of activation of the forward reaction: 100 kJ mol™' for reaction 4, and 66 kJ mol™' for reaction B. (See
Fig. 1S4.1.)

The diagram in Figure IS4.2 meets the criteria in the problem.

Because the transition states of the two reactions should resemble the respective carbocation intermediates
(Hammond’s postulate), examine the structures of the two carbocations and determine which should be more stable.

+ +
H3C—C|:—CH3 Br~ H3C_CH _CHQ_CH3 Br~

CH, carbocation intermediate

o . from HBr addition to frans-2-butene
carbocation intermediate

from HBr addition to
2-methylpropene

The carbocation intermediate in the addition of HBr to 2-methylpropene is tertiary, and is thus more stable than the
carbocation intermediate in the addition of HBr to frans-2-butene, which is secondary. If the transition states for the
two addition reactions resemble the carbocation intermediates, the transition state for the reaction of 2-methylpro-
pene is also more stable. The relative rates of the two reactions are governed by the differences between the standard
free energies of the transition states and their respective starting materials. Therefore, we have to consider the free
energies of both the alkenes and the transition states. If the two alkenes do not differ appreciably in energy, then the
relative rates of the two reactions are governed only by the relative free energies of the two transition states. (This is
a fairly good assumption, because both alkenes have two alkyl branches.) Under this assumption, addition of HBr to
2-methylpropene is faster, because the transition state for this reaction has lower free energy.

(b)  The hydrogenation product of (E)-1,3-hexadiene is hexane, CH;CH,CH,CH,CH,CHjs.

(b)  Any alkene with the carbon skeleton of methylcyclopentane will undergo hydrogenation to give this
cycloalkane. There are four such alkenes.

Do Do Do Deon

1-methylcyclopentene  3-methylcyclopentene 4-methylcyclopentene  methylenecyclopentane
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435

100
kJ mol™

66
kJ mol™!

STANDARD FREE E

\v

reaction B reaction A

reaction coordinate

Figure 1S4.1. A reaction free-energy diagram to accompany the solution to Problem 4.28b. The two
curves are drawn to scale. The standard free energies of activation for the forward reactions are shown
under their respective curves, the standard free energies of activation for the reverse reactions are
shown to the right of their respective curves.

=
&
)
:
a
Z
é

reaction coordinate

Figure 1S4.2. The reaction-coordinate diagram to accompany the solution to Problem 4.30.

The reaction mechanism is exactly like the one in the solution to Problem 4.34, except that a methyl group migrates
in the carbocation intermediate. The various intermediates are shown below; we leave it to you to fill in the other
molecules or ions involved as well as the curved-arrow mechanism.

T T P
HiC—C—CH=CH, —> H,C—C—CH—CH; — > HyC—C—CH—CH; —>
|
CH3 CH3 CH3
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H
H—0: CH, :OH CH,
|| |
|
CHs CHs
4.36 (b)  Inthe solution to Problem 4.34, the rearrangement of carbocation 4 to carbocation B is completely
irreversible because the much greater stability of B. Once this carbocation is formed, the only alkenes that can
form are those that are derived from it—the ones shown in part (a).
4.38

The hydration of propene involves the usual mechanistic steps of alkene protonation to form a carbocation followed
by the nucleophilic reaction of water with the carbocation. The structure of isopropyl alcohol follows from the
structure of the carbocation. Notice that a secondary carbocation rather than a primary carbocation is involved.

(Why?).
H—/\GH :6H -ZQH/\:GH .6H
o (£ | Co
H,—CH=CH, @ ——> H;C—CH—CH; ——> H,C—CH—CH; —> H;C—CH—CH; + *OH,
propene

isopropyl alcohol
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4.40

441

442

443

4.44

4.45

4.46

4.47

4.49

Solutions to Additional Problems

The structures of the isomeric substituted butenes:

(b)

(b)

(b)

(b)
(d)
®

(®)

(b)
(©)

(b)
(d)

(a)
(b)
(©)
(d)
(e)

(|3H3 (|3H3 H3C\ /CH3
H2C=CH(|JCH3 HQCZCC|)HCH3 HQCZCIJCHCH3 c=0C
CH, CHs CH,CH;, HsC CHs

3,3-dimethyl-1-butene 2,3-dimethyl-1-butene 2-ethyl-1-butene 2,3-dimethyl-2-butene

Each of the alkenes from the solution to Problem 4.40 except 3,3-dimethyl-1-butene should give one product
when it reacts with HBr. 3,3-Dimethyl-1-butene should give one normal addition product and one rearranged
product. (The corresponding addition of HCI to the same alkene is shown on text pp. 155-156.)
2,3-Dimethyl-2-butene has four alkyl substituents on the double bond. This alkene is more stable than 2,3-
dimethyl-1-butene and 2-ethyl-1-butene, each of which has two substituents on the double bond; these are
about equally stable. All of these alkenes are more stable than 3,3-dimethyl-1-butene, which has one alkyl
substituent on the double bond.
(d)
H,C==CHCHCH,CH,CH,CH,CH, H3C\
| — CH—
CH, //C CH==CH,
3-methyl-1-octene b0
isoprene
6-Methyl-1-heptene
(E)-2-Butyl-1,3-pentadiene
(E)-5-[(£)-1-propenyl]-1,6-nonadiene
(d) c
H
CH,yCH,— CH==CH, .
“3-butene”
1-butene

“6-methylcycloheptene”
4-methylcycloheptene

The stereochemistry is £. The Br has higher priority on one carbon stereocenter, but it has lower priority on
the other.

The stereochemistry is £. The two branches of the ring are treated as separate substituents; the fact that the
two branches are tied into a ring has no effect on their relative priorities.

These are not isomers because they have different molecular formulas (N).
These compounds are constitutional isomers (C) because they have different connectivities.

An sp*(C)-1s(H) o bond

An sp*(C)- sp*(C) o bond

An sp*(C)— sp*(C) o bond and a carbon—carbon 7 bond
An sp*(C)- sp*(C) o bond

An sp*(C)-1s(H) o bond
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4.50

4.51

4.52

4.55

4.57

4.59

(b)  Although the bromine is on the same carbon in the products from the respective alkenes, the hydrogen from
HBr (and hence the deuterium from DBr) is not. Consequently, different products are obtained from DBr
addition to the two alkenes. In other words, DBr differentiates the proton that is added from the hydrogens
that were in the alkene to begin with.

CHs
DBr

H

CH,

CH, Br. CH,D

The process to be used in working this problem is thoroughly explained in Study Guide Link 4.3 on p. 43 of the
Study Guide and Solutions Manual. The structures of X and Y are as follows:

Br
D& D4
CH, CH;j
X Y

Both cis- and trans-3-hexene should give the same single alkyl halide product when they react with HI, and both
would undergo catalytic hydrogenation to give hexane:

CH4CH, CHCH;  CH,CH, H
\ / \ /

c=cC or C—cC L CH3CH2CH2C|)HCH2CH3
H/ \H H/ \CHZCH3 |
cis-3-hexene trans-3-hexene 3-iodohexane
le, catalyst
CH3CH,CH,CH,CH,CH;
hexane

(a) Compound D is present in greatest amount when the reaction comes to equilibrium, because it has the lowest
standard free energy. Compound C is present in least amount because it has the highest standard free energy.

(b)  The rate-limiting step in this reaction is the B == C step, because it has the transition state of highest
standard free energy.

(c)  The standard free energy of activation is the energy difference between the transition state of highest free
energy and the reactant. See Fig. [S4.2 for the 4 - D case. (What is AG°* when the reactant is D, that is, in
the case of the reverse reaction?)

(d)  The reaction of C > D is faster than the reaction C - B because the energy barrier for the C — D reaction is
smaller. The two barriers are labeled in Fig. 1S4.3.

(b)  The reactive intermediate formed in the rate-limiting step is the carbocation:

=

Because 3-methyl-1-butene and 2-methyl-1-butene are isomers and produce the same amount of CO, and H,O when
they are burned, the difference in heats of combustion must equal the difference in their heats of formation. The
more stable alkene isomer, 2-methyl-1-butene, gives off the smaller amount of heat on combustion. This is
diagrammed in Fig. IS4.4. Using this figure, with the AH° of combustion of 3-methyl-1-butene as x,
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4.61

barrier for l

C;Nt +

barrier for
C—>D

STANDARD FREE E}

reaction coordinate

Figure 1S4.3. Reaction free-energy diagrams to accompany the solutions to Problem 4.55¢ and 4.55d.

x—-35.1=-31493-274

from which we find that x = —-3141.6 kJ mol™!. Thus, 3141.6 kJ mol! of heat is liberated when 2-methyl-1-butene is
burned. Less energy is liberated than when 3-methyl-1-butene is burned than when 3-methyl-1-butene is burned
because 2-methyl-1-butene has lower enthalpy than 3-methyl-1-butene. (Why?)

In each trans-isomer, the large groups have modest if any van der Waals repulsions with the neighboring hydrogens.
However, the tert-butyl groups in the cis-isomer of (1) suffer more severe van der Waals repulsions than the methyl
groups in the cis-isomer of (2), because tert-butyl groups are much larger than methyl groups. Consequently, relative
to the frans-isomer, the cis-isomer of (1) has much higher energy than the cis-isomer of (2). Therefore, more energy
is released in the conversion shown in (1) than in the conversion shown in (2). This is summarized in the Fig. IS4.5,
in which the two frans-isomers have been placed at the same enthalpy for comparison.

_______________ — 5C+5H,

______________ R H2C=CH(|)HCH3 3-methyl-1-butene

CHs
______ — HZC:?CHZCHS 2-methyl-1-butene

CH;

_______________ — 5C0, +5H,0

Figure 1S4.4. A diagram of relative enthalpies (not to scale) to accompany the solution to Problem 4.59.
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more severe van der Waals repulsions

(CH3)3C\ /C(CH3)3

__________ — C:

A / \
H H

less severe van der Waals repulsions

H,C CH
3 \ / 3
i C=C
/ \
H H

___________ m— rans isomers

Figure 1S4.5. Enthalpy relationships for the solution to Problem 4.61. The two trans-isomers have been
arbitrarily placed at the same enthalpy for comparison.

4.64 The mechanism is a sequence of two Bronsted acid—base reactions. In the first (step a), the double bond is
protonated to give a tertiary carbocation; in the second (step b), the carbocation loses a different proton to give the
alkene. The equilibrium is driven to the right by the greater stability of the alkene product. (Why is it more stable?)

H—0SOH

H,C / CHs Hic  CHs HsC CH
N @ Ny R .. A A )
/C—C|—H . —C|—H :0SOH =<=> Cc=C + H—0SO;H
Hs;C CH, H,;C CH, HsC CHs

4.65 This is an acid-catalyzed addition to the double bond much like hydration, except that an alcohol rather than water is
the nucleophile that reacts with the carbocation intermediate. Notice that the ionized form of H,SO,4 in methanol is

protonated methanol (CH;0"H,).

H
(\|+ .
H-—0CH 3 HOCH,8
H,;C C gl H3C\ [\H_/QCH3 q}?/"
C == CH, — /c+—CH3 —> (CH):C—OCH; ~ —> (CHy):C—0CH,8
H3C H3C

+ HZQCH3

4.69 This problem can be framed in terms of two reaction coordinate diagrams. To do this for methylenecyclobutane
requires a knowledge of the standard free energy of activation for its hydration. Letting the hydration of
methylenecyclobutane be reaction 4, and the hydration of 2-methylpropene be reaction B, we use Eq. 4.33b on text

p. 160 to obtain
AGy - AGH _ AG% - AGY
2.30RT 5.71

rate
A = = —| =
10g(rate3 ) =10g(0.6) = —0.222

or AG % — AG®* =1.27 kI mol™'. With AG°* =91.3 kJ mol™", then AG ,°* = 92.6 kJ mol™".
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Next, we need to convert the relative hydration equilibrium constants for reactions 4 and B into relative
standard free energies. A similar equation applies. (This can be derived by combining two equations like Eq. 3.31a
on text p. 107.)

AGH - AGH 556 - AGF
230RT 5.71

K,

K
log( 4 ) = log(250) = 2.40 =
B

or AG,° =-19.3 kI mol™". We can now construct reaction coordinate-free energy diagrams for the two reactions,
which are given in Fig. IS4.6. We have enough information to calculate the standard free energies of activation for
the reverse reactions, which are shown in italic type in the figure. Because the standard free energy of activation of
the reverse of reaction 4 is larger, it is the slower reaction. The relative rates are calculated from Eq. 4.33b on text p.

160:
(rate 5
log
rate ,

AG®: — AG!
o 5 _ 1 56
230RT 5.1

The reverse of reaction B is therefore 103 , or 427, times faster than the reverse of reaction A.

it iti -
4 transition state (4) i transition state (B)

92.6 111.9 913 96.9
kJ mol™! kJ mol™! KJ mgl 1 kJ mol™!

B~
(=)
g
a
Z
=
%]

 /
556kImol ' — '\
19.3 kJ mol™
Y

reaction coordinate

Figure 1S4.6 Reaction coordinate diagrams to accompany the solution to Problem 4.69. The starting
alkenes are placed at the same energy for comparison. The numbers in italics are calculated graphically
from either the numbers given or calculated in the problem.
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Chapter 5
Addition Reactions of Alkenes

Solutions to In-Text Problems

5.1 (a)  The iodine is the electrophile, because it adds to the carbon of the double bond with fewer alkyl substituents.
This result does seem to fit the electronegativity pattern for electrophilic addition, as nitrogen is considerably
more electronegative than iodine.

52 (b)  The reaction of Br, with 2-methyl-1-hexene follows the pattern in Eqs. 5.12 and 5.13 of the text.

2B:r— B.ri + B. CH

- :Br: :Br: 3
/> |
H2C=C|(CH2)3CH3 —> HzCF,C|(CHz)30H3 —= H2C—?(CH2)3CH3

CH3 .e _ CH3 :B.r:
:Br:
2-methyl-1-hexene
54 The reaction of bromide ion as a nucleophile at the bromine of the bromonium ion would give a species that violates
the octet rule.
:Br:
:BJrr:/\:é:r:_ :B|r: %@
AN C/ \C/ NN\
— — —
/ AN J/ N

As we’ll learn, atoms in periods beyond the third can have more than an octet of electrons, and a structure such as
this is not impossible. However, the octet rule can still be used as a guide to reactivity. A reaction of the bromide ion
at the carbon of the bromonium ion gives a much more stable structure.

55 (b)  Inthis part and in part (d), the double bond is symmetrically placed in the molecule; so, regioselectivity is not
an issue.
1) Hg(OAc),, H,0 OH
O 2) NaBH,, NaOH O/
cyclohexene
(d)
CH3C\H2 /CHZCH3 1) Hg(OAC),, Hy0 O|H
2) NaBH,, NaOH
C=C A NeBR N o oH,CH,CHCH,CH,CH,
s \
H H

cis-3-hexene
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5.6

5.7

5.8

59

5.10

5.12

When 3-methyl-1-butene undergoes acid-catalyzed hydration, rearrangement occurs because carbocation
intermediates are involved. (See the solution to Problem 4.35.) Oxymercuration—reduction gives addition without
rearrangement because the intermediate is a cyclic mercurinium ion, which does not rearrange.

OH <|:H3
+ |
MO0 o HC—C—CH—CH,
CH, |
| CH,
HiC — CH— CH=CH,

3-methyl-1-butene

1) Hg(OAc)y, H,0 CH; OH

| |
2 NaBHuNaOH o Gl CH—CH,

(b)
VGH —CH,

cyclopropylethylene

(b)  Inthis part and in part (d), the double bond is symmetrically placed in the molecule; so, regioselectivity is not

an issue.
1) BH,, THF OH
@ 2) H,0,, “OH O/
_—

cyclohexene
(d)
CHiCH,  CHCHy  +) gH, THF OH
\ 2) H,0,, ~OH |
/C - C\ —_— CH3CH2CHCHQCH2CH2
H H

cis-3-hexene

The products of hydroboration—oxidation are the same as the ones in parts (b) and (d) of Problem 5.5. In both, the
alkene is symmetrical; consequently, regioselectivity has no meaning. In part (c), the carbons of the double bond
have the same number of alkyl substituents; consequently, there is no reason to expect significant regioselectivity.
However, the relative amounts of the products in each case could be different.

(b)
1) BH,, THF
2) H,0,, “OH
CHyCH,C=CHCH; ——%*%—"> CH;CH,CH—CHCH,
CH; CH; OH

3-methyl-2-pentene

(a)  Because cis-2-butene is a symmetrical alkene, it reacts to give the same product in either oxymercuration-
reduction or hydroboration-oxidation.
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HsC CHs OH

hydroboration-oxidation
or oxymercuration-reduction

|
4 H

cis-2-butene

(b)  Because 1-methylcyclohexene has different numbers of alkyl branches at the carbons of its double bond, it
gives different products in the two reactions.

CH,
oxymercuration-reduction ‘ OL OH
CH,

(j CH,

hydroboration—oxidation -

1-methylcyclohexene (I
OH
513  (b)
6] CHj3),S

<:>:CH2 2y CHE, @o + 0=CH,

methylenecyclohexane

(d)  2-Methylpentane is an alkane; because it has no double bond, it does not undergo ozonolysis.

0
|
<:>:CH2 Dy MO, @o + HC—OH

methylenecyclohexane

514 (b)

(d)  2-Methylpentane is an alkane; because it has no double bond, it does not undergo ozonolysis.

515 (b)
CH3CH2CH2CH = CHCH2CH2CH3

cis- or trans-4-octene

5.16 As the solution to Problem 5.15(b) illustrates, £ and Z isomers of an alkene give the same ozonolysis products.
Therefore, ozonolysis cannot be used to determine the stereochemistry at the alkene double bond.

517 (a)

(CHa)sC L

CHz); —> 2(CHa)3C-
(d)

R CH,2CHy» ——> R- + H,C—CH,

520 (a)  The first initiation step is shown in Eq. 5.49, text p. 203. In the second initiation step, the radical produced in
the first initiation step abstracts a hydrogen atom from HBr:
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5.21

522

5.23

5.25

5.26

H —(Er

KJ |

NC—C(CHa)s —> NC—C(CHs); + -Br

The bromine atom then adds to the 7 bond of cyclohexene in the first propagation step (1); the resulting
radical then reacts with HBr in the second propagation step to give the addition product.

ﬂ-Br —>(1) 4 N —>(2) i + -Br
-/]/H\ —Br H
(a)

H,C=CHCH,CH,CH; + HBr —2# »  BiCH)—CH,CH,CH,CH;

1-pentene 1-bromopentane

(b)  The free-radical intermediates in the propagation steps of the peroxide-promoted HBr addition to 1-
methylcyclopentene:

Br

CH; and Br-

(b)  Two Cl—CH, bonds are formed (355 kJ mol™! each); a CI-—Cl bond (239 kJ mol™!) and a carbon—carbon 7
bond (= 243 kJ mol ') are broken.

AH® =239 + 243 — 2(355) = —228 kJ mol ™'

The second propagation step in which Br is abstracted rather than H involves formation of a secondary C—Br bond
rather than a secondary C—H bond; the bond broken (H—Br) is the same. Hence, we use the calculation in the
solution of Problem 5.24(a), except that the bond dissociation energy of a C—Br bond is substituted for that of a
C—H bond. The closest value in Table 5.3 is the bond dissociation energy of (CH;),CH—Br, 309 kJ mol™!. The
required AH° is therefore

AH®=368 — 309 = 59 kI mol"'
Hence, abstraction of Br is a very unfavorable process energetically (AH° >> 0), whereas the abstraction of H is a
very favorable process (AH® < 0). As is usually the case in free-radical reactions, the relative enthalpies of the

processes governs their relative rates. Hence, abstraction of H is much more favorable, and therefore is much faster,
than abstraction of Br.

(b)
(|I|
(3)

poly(vinyl chloride)
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Solutions to Additional Problems

(e)
CO,

+ H20

528  (a) (b) (c) - (d)
Br Br (O CH,CH; HZC+—O (|f|) . ﬁ)
J HCOH  HO—C—CH,CH,

||
CH,CHCH,CH; 0— O=CHCH,CH;

(8) (h) O] ()
Br H B(CH2CH2CH2CH3)3

®
H Br | OH CH3CH2CHQCH3

| | |
CH,CHCH,CH

|
CH,CHCH,CH; CH,CHCH,CH
+

OH |

|
CH,CHCH,CH;
M (m) (n) (0)

HOCH,CH,CH,CH, AcOHg OH (|)H || ||
CH,CHCH,CH; CH,CHCH,CH; ~ CHiCHCH,CH;

(k)

CH,CHCH,CH

530  (a) (b) (©)
o O oo o o”
(d) (e) (H (&
(CH,),C=CHCH,CH,CH, H3C\ /CHZCHZCH3 A CH4CH,CH=CHCH,CH,
H,C C= C\ cis or trans

\ /
and CCHQCHQCH20H3 CH3CH2CH2 CH3

HsC EorZ
5.31 (b) (d)
0] CH=0 CH;3CH, H
3 /
c=cC

/ 3

H,C CH,CH,

(either stereoisomer)

5.32 (b)
1) Hg(OAc),, H,0 OH
HyC = CHCH,CH,CH,CH, —2ersNaOR o o CHCH,CH,CH,CH,
1-hexene
(d)

HyC—CHCH,CH,CH; — P o B CH,CH,CH,CH,CH;

1-pentene
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5.33

5.36

S

(h)

@

(b)

(a)

(b)

(c)

Br Br

| |
CH,CH=C—CH,CH; —2> CH,CH —C|:—CH2CH3

|
CH; CH;

3-methyl-2-pentene

[ l
@ %y %O o Ho—C(CH,),C —OH

cyclopentene

H,, Pt/IC
CH4CH,—C=—CHCH; ———>  CH3CH,CHCH,CH;

CH,CH; CH,CH3

3-ethyl-2-pentene

An oxymercuration—reduction on the alkene used in part (a) gives the desired compound.

1) Hg(OAC)z, HQO

2) NaBD,, NaOH
—_—

HQC:CHCH2CH(CH3)2 HZC_ClHCHQCHZ(CH3)2

4-methyl-1-pentene D OH

Only the first two products are formed in the absence of peroxides, and only the third is formed in the
presence of peroxides. Different products are formed because different mechanisms and reactive
intermediates are involved under the different conditions.

The mechanism for the formation of the first two products is identical to that shown for reaction of the same
alkene with HCl in Eqs. 4.26 and 4.27a-b, text p. 155, except that HBr is used instead of HCI. The first
product results from a carbocation rearrangement, and the second from normal regioselective
(“Markovnikov”) addition. The third product is the consequence of a free-radical addition mechanism, the
propagation steps of which are as follows:

D\ /A TS
(CH3)3C—CH=CH, -Br —> (CH,;);C—CH —(|3H2 — > (CHy)sC —CHZ—(|3H2 + -Br
Br Br
(The initiation steps are shown in Egs. 5.48 and 5.50 on p. 203 of the text.)

Peroxide-promoted addition is in competition with normal addition and rearrangement. The normal processes
occur at the same rate at which they occur in the absence of peroxides. The fact that only the product of
peroxide-promoted addition is observed, then, means that this process is much faster than the other,
competing, processes.
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537 (b) . (d)
reactive product: reactive product:
intermediate: CH intermediate: CH
CH3CH2\\ . CH3CH2\\ '
CHCH  cHy c” CHiCH, cCH, c”
c+ | c:
- | CHs | CH,Br
CH3 CHzBr
a carbocation a free radical

5.42 (a)  The H—CN bond is stronger than the O—H bond, the abstraction of a hydrogen atom from HCN by the zert-
butoxy radical is endothermic by 528 — 438 = 90 kJ mol'. (These numbers are from Table 5.3 with the bond
energy of CH;0—H as an approximation for that of (CH;);CO—H.) The first initiation step, formation of the

tert-butyloxy radical from a peroxide, is also endothermic. Because both initiation steps are highly

endothermic, the reaction is not likely to generate a high enough concentration of radicals to initiate a chain

reaction.

(b)  This propagation step involves breaking an H—CN bond (528 kJ mol™!) and formation of a secondary
carbon-hydrogen bond (—412 kJ mol™"). The AH® of this step is 528 — 412 =+116 kJ mol". This step is
highly endothermic and therefore not reasonable as a propagation step.

545 (a)  The structure of polystyrene:

fCH —CH, or CH—CH,
|
Ph n n

polystyrene

(b)  Because both “ends” of 1,4-divinylbenzene can be involved in polymer formation, addition of 1,4-

divinylbenzene serves to connect, or crosslink, polymer chains. Such a crosslink is shown with bolded bonds

in the following structure:

Ph  Ph

~—————— crosslink
Ph P|h Ph

Notice that because only a small amount of 1,4-divinylbenzene is used, divinylbenzene does not polymerize

with itself.

>

Crosslinks are introduced into polymers to increase their strength and rigidity.

5.47 Compound 4 has the connectivity of octane; because it has an unsaturation number U = 1 and reacts with bromine, it
is an alkene. The ozonolysis results show that compound 4 is 4-octene, CH;CH,CH,CH=CHCH,CH,CHj3. Because

the double bond is located symmetrically, only one ozonolysis product is formed. Ozonolysis cannot determine
whether the compound is cis or trans.

5.48 (d)  The oxygen of a hydroxy group introduced in the oxymercuration reaction of one double bond serves as the

nucleophile in the opening of the mercurinium ion formed at the second double bond within the same
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molecule. Two products are formed because the oxygen can react with the mercurinium ion at either of two

carbons.
HO:  HgOAc HO:,  HgOAc
N
© 9(OAc), HZO 9(OAc), H2O - >
wquw
S+
AcO
HgOAc HgOAc
+ HOAc
(by- product
of oxymercuration)
AcOHg AcOHg
from (a) from (b) from (a) from (b)

[The acetate ion is a by-product of the first step of oxymercuration; its reaction with the protonated ether is
shown only for (b).] Treatment with NaBH, replaces the mercury with a hydrogen.

HgOAc HgOAc
AcOHg
from (a) from (b) from (a) from (b)

® The initiation step, reaction of the thiol with an alkoxy radical formed by homolysis of a peroxide, is shown
in Eq. 5.55a, text p. 206. The radical produced in that step adds to the 77 bond of the alkene so as to produce
the tertiary free radical, and this radical reacts with the thiol to propagate the chain.

H
CHs /Cm/_\(\SCH CH
(j?/\ T O o CH & -SCHCH,
-SCH,CH; " SCH,CH, SCH,CH,

Be sure that you did not form the product by a recombination of two radicals; see the discussion of Eq. 5.56
in Study Problem 5.4, text p. 206.

5.50 These are both examples of steric effects. Placing three highly branched groups around a central boron results in van
der Waals repulsions. These repulsions are severe enough that only two groups can be bound to boron in the case of
disiamylborane, and only one group in the case of thexylborane. (Notice the greater number of alkyl substitutuents
in the “thexyl” group.) Now, alkyl branches stabilize sp>-hybridized boron (see the solution to Problem 4.48 on p. 62
of the Study Guide and Solutions Manual) just as they stabilize sp’-hybridized carbon; but if the alkyl branches are
themselves branched, they form a thicket of methyl groups that interact repulsively with each other as more of these
branches are accumulated. These repulsive interactions reduce the relative stability of the trialkylboranes—
evidently, so much so that they cannot form.
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6.3

6.4

6.5

6.6
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Chapter 6
Principles of Stereochemistry

Solutions to In-Text Problems

(a)  This compound is chiral.
(b)  Methane is achiral.

(a)  Planes of symmetry in methane bisect one set of H—C—H bonds and contain the other H—C—H bonds.
(There are four such planes.)

(¢)  One plane of symmetry in ethylene is the plane of the page; the two others are the planes perpendicular to the
page. The center of symmetry is the point in the center of the C=C bond.

(e)  The plane of symmetry in cis-2-butene is the plane of the page and the plane perpendicular to the page that
bisects the C=C bond.

(f)  The plane of symmetry contains a C—H bond on one carbon as well as the C—C bond, and it bisects an H—
C—H bond angle on the other carbon. (There are three such planes.) The center of symmetry is a point at the
center of the C—C bond.

center of symmetry center of symmetry
H H H
| H //H HiC. CHy NS
C C . C == H ------ C == C
------- ==
He P~ e Ny e Ny H/ H

(a)

The asymmetric carbon is indicated with an asterisk.

(b)

0

Remember that there are many different ways to draw a correct line-and-wedge structure. If your structures don’t
look like these, and if you’re not sure whether yours is correct, make a model of both and check them for
congruency. (When possible, we often adopt a “standard” representation in which the bond to the atom of lowest
priority—hydrogen in these examples—is the wedged bond, and it is placed to the left of the asymmetric carbon.
This makes it very easy to determine configuration. However, this “standard” representation is not necessary.)

(b)

H™" & ~~CH,CH,
CHy

(2Z,4R)-4-methyl-2-hexene

(b)  The asymmetric carbon in the given stereoisomer of malic acid has the S configuration.
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6.8

6.11

6.13

6.14

6.17

(a) UseEq. 6.1 on text p. 237:

I
[a]el = (66.5 degmL g dm " )(1 dm)(5 g) ~3.33 degrees
100 mL

o=

(b)  The specific rotations of enantiomers must have the same magnitude but the opposite sign. Therefore, the
enantiomer of sucrose must have specific rotation = —66.5 degmL ™' g! dm™".

The racemate has no effect on the observed rotation other than to dilute the sample. Hence, after addition of the
racemate, the concentration of the excess (R)-2-butanol is 0.75 M. This corresponds to (0.75 mol L™)(74.12 g mol™
1(0.001 L mL™1)=0.055 g mL"!. Use this as the value of ¢ in Eq. 6.1 with [a] =-13.9 degmL g ' dm™":

a=(-13.9degmL g ' dm")(0.0556 g mL')(1 dm) =-0.773 deg

Proceed in the manner suggested by the solution to Problem 6.12. The absolute configuration of the alkene in Eq.
6.2 is known. Carry out the following catalytic hydrogenation:

Ph Ph
(l; |
™/ SCH=CH, + H, —» H"F~CH,CH,
CH; CH,
R enantiomer R enantiomer

If we assume that hydrogenation proceeds in the normal manner, then the product must have the R configuration.
Determine the sign of its specific rotation. If positive, then the product shown is the (R)-(+)-enantiomer, and it is the
dextrorotatory enantiomer; if negative, then the product shown is the (R)-(—)-enantiomer, which means that the (S)-
(+)-enantiomer is the dextrorotatory enantiomer.

(a)  For a molecule to have a meso stereoisomer, it must have more than one asymmetric atom, and it must be
divisible into constitutionally identical halves (that is, halves that have the same connectivities relative to the
dividing line). By these criteria, compound (a) does possess a meso stereoisomer.

(b)  This compound does not have a meso stereoisomer. A meso compound must have at least two asymmetric
carbons.

(b)  This compound is chiral.
Cl

|
HsC 0CH— CHj
\ /*

[— The example in part (d) shows that a tetrahedral stereocenter need not be the same thing as an

:} asymmetric carbon.
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6.19 (a)  The three conformations of meso-2,3-butanediol:

HO H HO H HO H
CH, . OH
CH3 CH3 CH3
A B C
achiral; has a chiral chiral

center of symmetry ti
enantiomers

Conformation 4 is achiral; it has a center of symmetry and is congruent to its mirror image. (See Eq. 6.4 on
text p. 246.) Conformations B and C are enantiomers. This relationship can be seen from the following
manipulation of conformation C:

HO H HaC+
OH A CH3
CH; !
HsC H

C C &)

enantiomers

(b)  Because its conformations interconvert rapidly, meso-2,3-butanediol cannot be optically active. As the text
indicates, molecules that consist of rapidly interconverting enantiomers are said to be achiral. However, at
very low temperatures, conformations B and C could in principle be isolated; each would be optically active,
and the two conformations would have rotations of equal magnitudes and opposite signs.

6.20 (b)  All staggered conformations of propane are achiral (and identical); therefore, even at low temperature,
propane could not be resolved into enantiomers.
(d)  Like ethane, 2,2,3,3-tetramethylbutane, (CH;);C—C(CHs); consists entirely of achiral (and identical)
staggered conformations and therefore cannot be resolved into enantiomers even at very low temperature.

6.21 (b)  Each of the rapidly interconverting species in part (a) has an enantiomer: C(S),N(S) has an enantiomer
C(R),N(R), and C(S),N(R) has an enantiomer C(R),N(S). Because inversion of the nitrogen stereocenter does
not affect the configuration of the carbon stereocenter, it would be possible to resolve the racemate of this
compound into enantiomeric sets of rapidly interconverting diastereomers.

enantiomers

\l T

r CRIN(R) | <%= | C(SN(S) 1

! !

F CRIN(S) | <= | CON(R)
I

enantiomers

In other words, the set of compounds in one box could be resolved from the set in the other box.

diastereomers diastereomers
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6.22 (a)  Only the specified bond is shown in Newman projection.
C5 — CH2CH3
C4 —CHOH

HO H
(C2 in front; C3 hidden)

HO H
CH;

6.23 (a)  Sawhorse projections of the three conformations of butane:

H H H H H H
CHs H H
CHs CHs CH,
i " H CH, HaC H
anti gauche #1 gauche #2

(b) Line-and-wedge structures for the three conformations of butane:

HyC H H H H\ H
*_H £ _H _=H
- c\ H‘,_.yc c\ H3C""7C c\
H CH; HyC CH; H CH;
anti gauche #1 gauche #2

To convince yourself that this is the meso diastereomer, let either carbon undergo an internal rotation of 180°
to see the internal plane of symmetry.

6.24 (b) A simple way to provide this answer is to leave the two methyl groups in their same relative positions and
reverse the positions of the Br and the H at one of the carbons. As in part (a), several other valid projections
can be drawn.

Br_ H Br_ _CH; HsC H HsC Br
CH; Br M \C C..’;H
CH H Br Br
Br > He Br /N

H H CH; H CH,

three sawhorse projections a line-and-wedge projection

6.26 The “resolving agent” was the first crystal that Pasteur separated. The handedness of each subsequent crystal was
either “like” that of the first one or “opposite” to it.
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6.27

6.29

6.30

6.31

6.33

Solutions to Additional Problems

Asymmetric carbons are indicated with asterisks (¥), and stereocenters with diamonds ().

(b)
HiC H
\o o/
C —_—
/ \o
H *(|3HCH2CH3
CH;

(E)-4-methyl-2-hexene
(d)  2,4-Dimethyl-2-pentene, (CH;),C=CHCH(CHj;),, has no stereocenters or asymmetric carbons.
The structure:
CH
?3
CH,4
3,4-methyl-2-hexene
This compound exists as four stereoisomers: (22,45), (2E,5S), (2Z,5R), and (2E,5R).

(a)  The carbon stereocenters are carbons 2, 3, and 4, indicated with diamonds (0) in the structure in part (a).
(b)  Carbon 4 is an asymmetric carbon, indicated with an asterisk (¥) in the structure in part (a).

The asymmetric carbons are indicated with asterisks (*).

(b) (d)

CH3CH2€;‘,H4<:>—CH3 H3C—?H—CHZOH

CH; NH,

® There are no asymmetric carbons in this structure.

(b)
CH,0, H

H OH

(d)  Any meso compound containing two asymmetric carbons must have opposite configurations at the two
carbons. Therefore, one of the asymmetric carbons is S and the other is R.

CH; CH;,
*| one of the asymmetric carbons (*)

CHaCH,CH— CHCH,CH, i S and the other is R

3,4-dimethylhexane

(a)  The line-and-wedge structure of the two enantiomers of ibuprofen:
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T T
H"/C s COQH HOzc /C\-:H Ar= (CH3)2CHCHQO}
HyC CH,
(S)-ibuprofen (R)-ibuprofen

(the active stereoisomer)

There are several ways to draw these structures; if you have any doubts as to whether your structures are
correct, make models of yours and the ones above and compare them.

(b)  The active stereoisomer is identified in part (a).

6.35 The following stereoisomer of 1,2-dimethylcyclopropane is chiral. If you’re not convinced, build a model of it and
another model of its mirror image and test them for congruence.

CH, HiG, H

H =

HC H CH,

6.36 (b)  True by definition.

(d)  True by definition.

® False. Some E,Z isomers are not chiral (e.g., (E)- and (Z)-2-butene). Likewise, any meso compound is an
achiral diastereomer of a compound containing asymmetric carbons.

(h)  False, because some stereoisomerism is not associated with chirality—for example, E,Z stereoisomerism
(double-bond stereoisomerism).

)] False. Molecules with a mirror-image relationship must be either enantiomeric or identical.

@ False. Optical rotation has no general relationship to R and S configuration.

(n)  True, because the presence of a plane of symmetry is sufficient (although not necessary) to eliminate
chirality.

6.38 Meso compounds must be achiral compounds with at least two symmetrically-placed asymmetric carbons and
symmetrical branching patterns.
(|3H3 CH,CI
CH3(|IHCH2CH2(|.‘.HCH3 CH3CH2(|IH(|IHCH2CH3 CH;CHCHCHCH, CH;CHCHCH,

| |
Cl o cl Cl c CHCI

A B C D

All exist as a single meso compound, except for compound C, which can exist as two different meso compounds.
H CH, H,C H

H b Al g%l

6.40 (a)  The sawhorse projections of ephedrine: (The projections labeled with double letters are eclipsed; the
projections labeled with single letters are staggered.)



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 6 7

CH,§ CH,§ CH,§
CHNH CHNH N CHNH
CH, H CH, Ph CH, HO
CHNH-7  Ph"" oy CHNHZ Ny HO™ “h CHNHZ Ny H™ pp
H OH AB Ph H BC HO Ph CA
Ph OH H
B C

(b)  Each of these conformations is chiral. Had any one of them been achiral, ephedrine would not be chiral.

6.43 (b)  The rotation of the (—)-enantiomer cancels half of the rotation of the (+)-enantiomer, and the concentration of
the (+)-enantiomer is, in addition, halved. Therefore the rotation is 25% of that in part (a)—that is, +0.70 deg.

6.47 (b)  Hydrogenation of (S)-3-methyl-1-hexene does not break any of the bonds to the asymmetric carbon, and we
are given the experimental result that the product, 3-methylhexane, has () rotation. Therefore, we can deduce
the absolute configuration of (—)-3-methylhexane. Notice that the relative priorities of the groups at the
asymmetric carbon change as a result of the reaction.

CH,CH,CH, CH,CH,CH,4 CH,CH,CH,
C| H,, catalyst (|: |
H"'") CH==CH, H'"") ~CH,CH; therefore: ~ CH;CH; ™ (”"H
CHs CH, CH,
(S)-(+)-3-methyl-1-hexene (R)-(-)-3-methylhexane (S)-(+)-3-methylhexane

Because (—)-3-methylhexane must have the R configuration, it follows that its enantiomer, (+)-3-
methylhexane, must have the S configuration.

6.50 In a compound of the form X,ZY, with square-planar geometry, there are two ways to arrange groups X and Y
about atom Z: with like groups in adjacent corners, or with like groups in opposite corners:

(|:| (|:|
H;N—Pt—Cl H3N—I'rt—NH3
NH; Cl

diastereomers

Because these are stereoisomers, and they are not enantiomers, they must be diastereomers. Tetrahedral compounds
of the form X,ZY, (for example, H,CCl,) cannot exist as stereoisomers. Hence, the fact that Cl,Pt(NH;), exists as
stereoisomers with different properties shows that these stereoisomers are diastereomers, and hence that their
geometry about platinum is square-planar.

6.52 The ultimate test for chirality is to make the mirror image and test it for congruence:
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Cl Cl (|II
Br Bra.., rotate 180° «~0C H3
Cl—Ps P—Cl == Cl—PX
| NOCH; | CH07 | | Br
OCH, CH;0 OCHj

mirror images —T

not congruent;
therefore, enantiomers

Because the structure is not congruent to its mirror image, the compound is chiral.
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Chapter 7

Cyclic Compounds.
Stereochemistry of Reactions

Solutions to In-Text Problems

Following the procedure in the solution to Problem 7.2 (in the Study Guide and Solutions Manual), we first calculate
the K4 for tert-butylcyclohexane:

Keq — 10—AG°/2A30RT — 10—20/571 — 10—35 =31 x 10—4
From this we calculate, in a total concentration of mol L™, [4]= (3.1 x 107)[E] = 0.00031. There is about
0.051/0.00031 = 168 times more axial conformation of methylcyclohexane than there is axial conformation of terz-

butylcyclohexane per mole.

(@)  The two chair conformations of cis-1,3-dimethylcyclohexane:

O ch,
mc%cm —= &

cis-1,3-dimethylcyclohexane

(@) A boat conformation of cis-1,3-dimethylcyclohexane:

H3Cﬂ

cis-1,3-dimethylcyclohexane
(a boat conformation)

The more stable conformations of the two 1,4-dimethylcyclohexanes:

two 1,3-diaxial interactions

CHy<— HV H
H3C CH3
trans-1,4-dimethylcyclohexane cis-1,4-dimethylcyclohexane

The cis isomer has the same number of 1,4 methyl-hydrogen interactions—two—as the axial conformation of
methylcyclohexane itself, and thus has a destabilizing contribution of 7.4 kJ mol™'. There are no destabilizing
interactions in the trans isomer.
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7.10 (b) (d)
CH, CHs $C|
: Sy
- Q) e
"CHy CH, H
trans-1,3-dimethylcyclohexane (1S,2R)-1-chloro-2-methylcyclopentane
7.11 (b)  The most stable conformation is the one that has the greater number of groups in the equatorial position:
Cl
77
Cl

7.12 (b)  1,1-Dimethylcyclohexane is achiral, and therefore cannot be optically active.
HsC, CHs

1,1-dimethylcyclohexane

(d)  Cis-1-ethyl-3-methylcyclohexane can be isolated in optically active form.
CH,CH;  CH5;CH,

CH; HyC

noncongruent

mirror images

cis-1-ethyl-3-methylcyclohexane

7.14 (b)  The two structures differ in configuration at both asymmetric carbons. They are enantiomers. (Show that they
are noncongruent mirror images.)

7.15 (b)  Cyclobutane undergoes an interconversion of puckered forms analogous to the chair interconversion of
cyclohexane. This interchanges axial and equatorial groups. Therefore, one conformation of trans-1,2-
dimethylcyclobutane—the more stable conformation—has diequatorial substituents, and the other—the less
stable conformation—has diaxial substituents.

CH,
CH — > §7
A/SCH3 éH
3

more stable conformation

trans-1,2-dimethylcyclobutane

7.16 (b)  Trans-1,2-dimethylcyclopropane is chiral.
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trans-1,2-dimethylcyclopropane
noncongruent mirror images

7.17 (b)  Bicyclo[3.2.0]heptane

7.20 (b)  The model of trans-bicyclo[5.3.0]decane is easier to build. The larger is a ring, the easier it is to compress the
dihedral angle of the trans bonds at the ring junction without introducing significant strain in the ring. This
angle must be very close to 0° in order to accommodate a fused cyclopropane, that is, to bridge the ends of
trans bonds with only one carbon.

a dihedral angle close to 0°
is required for the cyclopropane ring

H,C

—— strain in the larger ring
decreases with
increasing ring size

H

7.21 (b)  Although both molecules have bridgehead double bonds, the double bond in compound B is more twisted,
and a model of this molecule is more difficult to build. Consequently, compound B is less stable and therefore
would have the greater (more positive or less negative) heat of formation.

7.22 (b)  Premeds could take out their stethoscopes and determine which side of each person the heart is on. Or, you
could offer to shake hands. Mr. L would extend what he calls his right hand, but to us it would be his left. Or,
you could ask them to smell a spearmint leaf and describe the odor. (R)-Carvone, the active principle of
spearmint, has a spearmint odor, but its enantiomer (S)-carvone smells like caraway (the odor of rye bread).
(R)-Carvone would smell like caraway to Mr. L.

CH,

0

Hs/\

(R)-(-)-carvone

In any case, the point is that the two mirror images are distinguished by comparing a chiral reference element
(our bodies, our right hands, or the odors or tastes of enantiomers) with the corresponding elements of the two
people.

7.24 Hydroboration-oxidation of frans-2-butene gives racemic 2-butanol—that is, two enantiomers formed in equal

amounts.
HC H 1) BHy, THF |'|| T
_ 2) H,0,, "OH
C —C\ —_ > CH3CH2““')C\OH HO/C ...... 'CH,CH,
H CH3 H3C CH3

racemic 2-butanol
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7.27 Because the bromines of the product are trans, products B and C, and their respective enantiomers B and C’, are the
major products. Compounds B and B’ are formed in identical amounts, because they are enantiomers, and
compounds C and C" are formed in identical amounts for the same reason. Compounds B and C, as well as
compounds B and C’, are formed in different amounts, because they are diastereomers.

CH;, CH; CH, CHs
Br LwBr LBr
Br Br "By

A B C D

CHs CHy CHs CHs
OBr O\Br O/Br O:Br
"By Br "By Br

A’ B’ (o D’

7.29 The presence of deuteriums in Problem 7.28 gives rise to diastereomeric products. If the starting material is not
isotopically substituted, then the two products are enantiomeric, and the same pair of enantiomers is formed whether
the cis- or trans-alkene is used as the starting material.

H,C CHs HsC H 1) BH,, THF HsC CHs HsC CHs
Cc=C or Cc=C —_— o H
/ \ / \ / \
H H H CHs HO H H OH

28 2R

enantiomers; formed in identical amounts

7.30 (a)  Oxymercuration is an anti-addition. Two enantiomeric products are formed in equal amounts.

HiC H HO  H 3 OH
Hg(OAc),, H,0 k
c=c =~ R, C—C—CH . HC~c_cl
/ \ s~/ 3
H CHs H HgOAc AcOHg H

enantiomers; equal amounts are formed

(b)  The enantiomeric products of the reaction in part (a) are shown below as P and P’. Because the
NaBD,/NaOH reaction occurs with loss of stereochemistry, two diastereomers are formed from each of the
enantiomers P and P’. As a result, all four possible stereoisomers are formed.

HO\ H H’ /o|-| HO\ H HO CH;,
NaBD,, NaOH
HowC—C—CO 4 HC—g_¢_  —=» . .c—C—=Ch , ._c—c—H .
3 # AR ™/ \ >/ \
H HgOAc AcOHg H H D H D
P P’
products from P
H OH HsC, OH
HC~¢ ¢, ~c—c.
/ \ CH3 + / \ CH3
D H D H

products from P’
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7.33

7.35

7.36

7.37

7.38

7.39

(a)

Solutions to Additional Problems

(b)
CH,CH;
N
bicyclo[3.2.2]nonane (R)-3-ethylcyclobutene

As the problem indicates, 2-pentanol is a chiral molecule.

OH

|
CHyCHCH,CH,CH

2-pentanol

Distinguishing between enantiomers requires a technique that has a chiral attribute.

(a)
(b)
()
(d)
(e)
(H
(2

(®)

(b)

(b)

(b)

Boiling point does not distinguish between two enantiomers.

Optical rotation does have a chiral aspect, and therefore can distinguish between two enantiomers. (See
Further Exploration 7.3.)

Because hexane is an achiral solvent, enantiomers have identical solubilities in hexane.

Density is not a chiral property, and therefore the two enantiomers have identical densities.

The solubilities of two enantiomers in principle differ in an enantiomerically pure chiral solvent.

Dipole moment is not a chiral property, and therefore the two enantiomers have identical dipole moments.
Because taste buds are chiral, they in principle differentiate between two enantiomers.

OH

In choosing which conformation to draw, the goal is to put the maximum number of methyl groups possible
in equatorial positions.

CHs
CH,

CHs
CH
CH,

The standard free energy change for the reaction equatorial == axial is +9.2 kJ mol™'; the axial confor-
mation has the higher standard free energy. The equilibrium constant is calculated by applying Eq. 3.31b, text
p. 107.

Keq — 10—AG°/2A30RT: 10—92/5‘71 — 10—161 =24 x 10—2

That is, the ratio [axial]/[equatorial] is 0.024. This means that there is 1/0.024 = 42 times as much equatorial
conformation as there is axial conformation at equilibrium.

Compound 4 could be formed by oxymercuration—reduction from either cis- or trans-3-hexene because the
alkene is symmetrical and, for that reason, regioselectivity and stereoselectivity are not relevant.

Oxymercuration—reduction of 1-methylcyclopentene gives compound C; therefore compounds B and D
are not formed.
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7.40

CH,§
CHs 1) Hg(OAc),, H0 “OH
@/ 2) NaBH,, NaOH CL
'-‘-‘ H
H

1-methylcyclopentene
(¥)-1-methyl-1-cyclohexanol
(compound C)
For reaction (2):
(@)  The products:
Br

|
CH3CH2CH2(|3CH3
CH,CH;
Rand S

(b)  The two products are enantiomers.

(¢)  The two products are formed in identical amounts.

(d)  The two products have identical boiling points and identical melting points. An enantiomeric resolution
would be required to separate the two compounds.

For reaction (4):

(a)  The starting alkene is racemic, and is therefore an equimolar mixture of two enantiomers. To predict the
products, make the prediction for each enantiomer separately and then combine the results.

Ph Ph Ph Ph
| s | R | s | R
CH3CH(|3HCHzBr + CH;;CH?HCHQBr + CH3CH(|)HCHZBr + CH3CH(|3HCHzBr
S S R R
Br Br Br Br
A B C D
from the 3S alkene from the 3R alkene

(b)  Compounds 4 and B, which come from the S enantiomer of the starting material, are diastercomers, as are
compounds C and D, which come from the R enantiomer of the starting material. Compounds 4 and C and
compounds B and D are also diastereomers. Compounds 4 and D, as well as compounds B and C, are
enantiomers.

(¢)  The diastereomers are formed in different amounts; the enantiomers are formed in identical amounts.

(d)  Any pair of diastereomers have different melting points and boiling points; any pair of enantiomers have
identical melting points and boiling points.

For reaction (6):

(a)  The starting alkene is a single enantiomer of a chiral compound. Two syn-additions of D, are possible: one
from the upper face of the double bond, and one from the lower face.

addition from the upper face addition from the lower face
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(b)-(d)  As the foregoing structures show, the two modes of addition give the same product; so, only one
structure is possible.

7.41 (b)  An achiral trimethylcyclohexane that undergoes the chair interconversion to give conformational

diastereomers:
HsC
HsC
3
\—{ conformational diastereomers }—‘

(¢) A chiral trimethylcyclohexane that undergoes the chair interconversion to give conformational diastereomers:

LT =
HsC CH,
|—{ conformational dlastereomers

7.43 The chair conformations of glucose:

HocH, CH,OH
HO 0 Y i 0 OH
HO -~
OH oH OH OH
A B

Conformation A4 is more stable because all the substituents (except one) are equatorial.

7.44 (b)  The bromonium ion derived from the reaction of cyclopentene with bromine undergoes backside substitution
by water to give the trans-bromohydrin, which is chiral. Because the starting materials are achiral, the chiral
product is obtained as a racemate.

Br LBr
@ + Br, + HO ——> O/ + <:L
“OH OH

7.46 Given that addition of bromine at each double bond is anti, two diastereomers of 1,2,4,5-tetrabromocyclohexane can
be formed. One is the achiral meso compound, and the other is the racemate.

Br Br Br - Br
@ vk \O/ " \O\
Bre" “u Br Br+" Br

meso racemate

Because these are diastereomers, they have different physical properties; evidently, one melts at 255°, the other at
1882, although the data do not determine which is which.
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Assuming you had samples of the two compounds but didn’t know which was which, what

I
:} experiment could you do that might identify the two compounds? (Answer: Carry out an

enantiomeric resolution. The compound that can be separated into optically active

749 ()
(b)
752 (a)

components —its two enantiomers—is identified as the racemate.) It turns out that the meso
compound is the higher-melting stereoisomer.

The only stereocenter in the molecule is the nitrogen, which rapidly undergoes inversion, a process that
rapidly interconverts enantiomers. Consequently, this compound cannot be resolved into enantiomers at room
temperature.

Because nitrogen inversion interconverts enantiomers, the compound cannot be resolved into enantiomers.

Imagine both syn- and anti-additions to fumarate with the OD entering from the face of the alkene that leads
to the product malate-3-d in which carbon-2 has the S configuration. A syn-addition will lead to (2S5,35)-
malate-3-d, whereas an anti-addition will lead to the observed 2R,3R product. Therefore, the reaction is an
anti-addition.

o P \
1 I . CO, syn-addition _ e —C o JAA—
_ H/C C 2 —>_H / \ CO;
0L H 0,C H
(28,35)-malate-3-d
(:)D DO C0;
i H..._ (:::C_“..»COE anti-addition H,.....\C—Cf’ H
0L 1 H /A
‘D ~0,C D
(28,3R)-malate-3-d
(observed)

There are experimental techniques —for example, NMR spectroscopy, which is the subject of

I
::} Chapter 13 —that can make the subtle stereochemical distinctions required to solve stereo-

chemical problems like this.

(b)

753 (b)

(d)

The use of D,0 allows us to differentiate the protons of the solvent from those of the starting material. The
stereochemistry of the addition cannot be determined without this distinction.

This is essentially like the addition in part (a), except that the nucleophile that reacts with the bromonium ion
is water; a bromohydrin is formed rather than a dibromide. (See text pp. 183—184 to review this reaction.)
The product is a racemate.

Blr Br CHQCH3
H,,(I: oo «CH,CH3  gnsi-addition .C—C"H
CHCHS | H N
(:) ] CH,CH,  OH
(3S,4R)-4-bromo-3-hexanol
QH H /Br
| CH3CH,
H.. b wCH,CHs  amri-addition e /C c{... CH,CH,
CHCH, | H Br H
Br

(3R,45)-4-bromo-3-hexanol

Analyze the problem as in part (c). The reaction is a net syn-addition that gives a racemic product.
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> o oo
H.._ | [ wH syn-addition
b _gnaddition — G,
CHCH O™~ CH,CH; He S50 H
CH4CH; CH,CH;
(35,4R)-3-hexanol-4-d
HO D HO D
H.. || wH syn-addition \ /
SN greadditon C—Cm
CHyCH C O™~ CH,CH, H \ H

/
CH4CH; CH,CH,
(3R,4S)-3-hexanol-4-d

(Convince yourself that the two modes of addition from the bottom face of the alkene give the same
products.)

7.57 A systematic way to work this problem is to start with all methyl groups in a cis arrangement; then change the
stereochemistry one group at a time.

CH, CH; CH; CH;
H,C CH;  HyCu.. CHs H3C\©/ CH; HsC CHg
A B C D

(meso) (meso)
We could go on to start with stereoisomer A4 and change two groups at a time in all possible ways, and then change

all three groups. But when we do this, we find that all “new” possibilities are identical to one of the foregoing
compounds A—D. Therefore, there are four stereoisomers—two meso compounds and two enantiomers.

7.60 Cis-1,3-di-tert-butylcyclohexane can exist in a chair conformation (4) in which both ferz-butyl groups are equatorial.
However, in either chair conformation of trans-1,3-di-fert-butylcyclohexane (B), there is an axial tert-butyl group.
The axial tert-butyl group can be avoided if compound B exists in a twist-boat conformation C. in which both terz-
butyl groups are equatorial. (This conformation is shown as a boat for simplicity.) Evidently the twist-boat
conformation is more stable than either chair conformation containing an axial ferz-butyl group. The interaction of
the methyl groups with the ring hydrogens should be about the same in both conformations 4 and C, so that these
cancel in the comparison.
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C(CHa)s
mC(CHSh %
C(CH)s
(CH3)5C (CH3)5C
(CHa)3

3
cis-1,3-di-tert-butylcyclohexane

A
trans-1,3-di-tert-butylcyclohexane
B
— C(CH
(CH:C (CF)
C

Each interaction shown adds 3.7 kJ mol ™! to the heat of formation relative to that of C. Consequently, C has the
lowest heat of formation; the heat of formation of B is (2 x 3.7) = 7.4 kJ mol ™' greater; and the heat of formation of
Ais (3 x 3.7) = 11.1 kJ mol ' greater than that of C.

7.62 (a) Trans-decalin, C, is more stable than cis-decalin, 4 (see Problem 7.19, text p. 269). However, neither
compound has angle strain. Compound B is least stable because of the strain in its four-membered ring. You
can see from Table 7.1, text p. 269, that the strain in a cyclobutane ring (4 x 7.1 =28.4 kJ mol™") is far more
destabilizing that the three 1,3-diaxial interactions (3 x 3.7 = 11.1 kJ mol™") in cis-decalin. Therefore, the
order of increasing AH,° is C<A4 <B.

(b)  The ring strain in B makes it less stable than C; and the twisted double bond in 4 (violation of Bredt’s rule)
makes it so unstable that it cannot be isolated. Therefore, the order of increasing AH;°is C < B << 4.

7.64 (a)  The two diastereomeric products result from addition at the upper (U) and (L) lower faces of the double bond.

CH, CHs
1) BH,, THF
2) H,0, ~OH N
H
OH
U L

(b)  The methyl group shields the upper face (in steroid terminology, the « face) of the molecule like an umbrella.
Therefore, product L is the predominant product.
H

~ the steric effect of the methyl group
forces the reaction to the opposite
i (lower) face of the double bond
H |
"BH,
7.67 (a)  The approach to this problem is similar to that used in Problem 7.66. The AG® for this equilibrium, AG°(4B),

balances two phenyl-hydrogen 1,3-diaxial interactions, on the right, against two methyl-hydrogen 1,3-diaxial
interactions, on the left. Since AG° > 0, the equilibrium is unfavorable; evidently a Ph—H diaxial interaction



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 7 11

(b)

has a greater energy cost than a CH;—H diaxial interaction. This deduction is consistent with a larger size for
the Ph group.
From the analysis in part (a),

AG°(AB) =4.73 =2AG°(Ph-H) — 2AG°(CH3-H) = 2AG°(Ph-H) - 7.4
Solving,
AG°(Ph-H) = (4.73 + 7.4)/2 = 6.1 k] mol!

In Equation (1) of the problem, two Ph—H diaxial interactions and balanced against an equatorial Ph. As we
have just calculated, the energy cost, and therefore AG® for equation (1), is 2 x 6.1 kJ mol™' = 12.2 kJ mol ™.

In Equation (2), two Ph—H diaxial interactions (13.2 kJ mol™") and a gauche-butane interaction (2.8 kJ
mol ") on the left side are balanced against four methyl-hydrogen diaxial interactions on the right (14.8 kJ
mol™"). The overall AG® for equation (2) is therefore 14.8 — 15.0 =—0.2 kJ mol™".
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Chapter 8

Introduction to Alkyl Halides,
Alcohols, Ethers, Thiols, and Sulfides

Solutions to In-Text Problems

8.1 (b)  Hexyl iodide is a primary alkyl halide.
(c)  Cyclopentyl bromide is a secondary alkyl halide.

8.2 (b) (d

methylene iodide
chlorocyclopropane

8.3 (b)  (£)-3-Chloro-2-pentene
(d)  Chloroform (HCCly) is the traditional name for trichloromethane.
® 1,3-Dibromocyclobutane

. (b)(CH)CHCH OH “@ OH ®
oo e
isobutyl alcohol CH;CHCHCH,CH,
C|H3 2-cyclohexenol
3-methyl-2-pentanol

8.5 (b)  1-Butanol
(d)  2-Chloro-5-methyl-2-cyclopentenol. The 2-refers to the position of the double bond; the position of the —OH
group is assumed to be the 1-position because it is the principal group. It would not be incorrect to add the 1
to the name: 2-chloro-5-methyl-2-cyclopenten-1-ol.
(f)  2,5-Cyclohexadienol
(h)  2-Methyl-2-propanethiol

v @ ®
(CHz)3C—8— CH(CHa),
0 tert-butyl isopropyl sulfide O—CH=CH,

dicyclohexyl ether phenyl vinyl ether

8.6

(h)
CH3CHCH,CH,CHCH,CH,
|

SCH,CH; CH;

5-(ethylthio)-2-methylheptane

8.7 (b)  2-Ethoxyethanol (or 2-ethoxy-1-ethanol)
(d)  1-(Isobutylthio)-2-methylpropane
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8.8 (b)  The structure of 2-butoxyethanol is HO—CH,CH,—OCH,CH,CH,CHjs.

8.12 Because of the molecular geometry of trans-1,2-dichloroethylene, the C—CIl bonds are oriented in opposite
directions, as are the C—H bonds. Consequently, their bond dipoles cancel, and the molecular dipole moment of
trans-1,2-dichloroethylene is zero. (The cancellation of the C—CI bond dipoles is shown in the diagram below; the
much weaker C—H bond dipoles also cancel for the same reason.) The corresponding bond dipoles of cis-1,2-
dichloroethylene do not cancel; consequently it has a significant dipole moment. The interaction of the molecular
dipole moments of cis-1,2-dichloroethylene molecules provides a cohesive force in the liquid state that is not present
in the trans stereoisomer. (See text p. 334.) Because such cohesive forces enhance boiling point, cis-1,2-
dichloroethylene has the higher boiling point of 60.3°.

Cl H x C—=Cl bond dipole vectors Cl cl \)/the vector sum of the two C—Cl
\ / cancel; therefore the molecular \ / / bond dipoles is not zero.
C=C dipole moment is zero. Cc=C
H/ \CI )\4 H/ \H ~~C—Cl bond dipole
trans-1,2-dichloroethylene cis-1,2-dichloroethylene

8.13 (b) A chlorine contributes about the same molecular mass (35 units) as an ethyl group (29 units), and alkyl
chlorides have about the same boiling points as alkanes of the same molecular mass. Hence, chloromethane
has about the same boiling point as propane, which has a lower boiling point than the five-carbon alkene 1-
pentene. The alcohol has the highest boiling point because it has about the same molecular mass as 1-pentene,
but can donate and accept hydrogen bonds. Consequently, it has the highest boiling point of all. The order of
increasing boiling points is, therefore, chloromethane (—42°) < 1-pentene (30°) < 1-butanol (118°).

8.14 (b)  Hydrogen fluoride is an excellent hydrogen-bond donor, and the fluorine is an excellent hydrogen-bond
acceptor.
(d)  N-methylacetamide can serve as both a hydrogen-bond donor and a hydrogen-bond acceptor.

the oxygen can accept
hydrogen bonds
\\ :ﬁ: //
H3C_C - T - CH3

H the nitrogen can donate
i its hydrogen to
a hydrogen bond

N-methylacetamide

® The ethylammonium ion can donate its N—H hydrogens to hydrogen bonds, but it cannot accept hydrogen
bonds because it has no unshared electron pairs.

the nitrogen can donate its
hydrogens to hydrogen bonds

)
|+
CH3CH2_ l\|l —H---
A
ethylammonium ion

8.15 (b)  2,2,2-Trifluoroethanol is a polar, protic, donor solvent.
(d)  2,2,4-Trimethylpentane (a major component of gasoline) is an apolar, aprotic, nondonor solvent.
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8.17 (b)  Certainly the 1-nonanol is less soluble in water than methanol is, and its long hydrocarbon chain would both
reduce its solubility in water and promote its solubility in methylene chloride. The data on text p. 342 show
that even 1-hexanol has a very low solubility in water. The solubility of 1-nonanol would be much lower still.
The 1-nonanol would be found primarily in the methylene chloride layer.

8.18 Water can accept a hydrogen bond from the hydrogen of the N—H bond, and can donate a hydrogen bond to the
oxygen of the C=0 bond as well as to the nitrogen. This hydrogen bonding tends to solubilize acetanilide in water.
In contrast, the CH; group and the phenyl ring cannot form hydrogen bonds with water; consequently, these apolar
(“greasy”) groups tend to make acetanilide insoluble.

Groups such as alkyl and phenyl groups that reduce water solubility are sometimes termed

:} hydrophobic groups.

8.20 (a)  The interaction with a dissolved potassium ion involves both an ion—dipole interaction and a donor
interaction.
(b)  Acetone interacts with water by hydrogen bonding and by dipole—dipole interactions.
(¢)  lodide ion interacts with acetone by an ion—dipole interaction. (In both parts (a) and (c), multiple acetone
molecules cluster around the ions; only one is shown here.)

both an ion—dipole Ll e an ion—dipole
and a donor interaction interaction /H interaction
> H—O
H3C H H3C /// H3C
\+—> \ \ AR =
C=0:"'K"* -0 c=0 hydrogen-bonding | C=0:
/ - / / ~ interactions / .
H3C H H3C \ H_O H3C
acetone acetone \H acetone
(a) (b) (©)

8.21 (b)  One or both of the C;7H;35 groups could be substituted by any long, unbranched alkyl group with an odd
number of carbons; this group can also contain one or more cis double bonds.
= 0
O/
. /P\O/CHZ \C/CHQ\
(CH3)3NCH2CH20 /

9
0 —0

O—0)—0O

17H35
C17H35

phosphatidylcholine
(a lecithin)

8.22 (b)  The substitution of an —OH hydrogen by a phosphorus elevates the sequence-rule priority of the phosphorus-
containing branch.

8.24 (b)  The structure of potassium fert-butoxide is K™ “O—C(CHj)s.
8.25 (b)  Cuprous ethanethiolate [or copper(I) ethanethiolate]

8.26 (b)  Thiols are more acidic than alcohols, other things being equal (element effect); and a chloro substituent
enhances acidity by a polar effect. Thus, ethanol (CH;CH,OH) is least acidic and has the greatest pKj;
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8.27

8.28

8.29

8.30

8.31

2-chloroethanol is more acidic; and 2-chloroethanethiol, CICH,CH,—SH, is most acidic and has the lowest

PK,.
(®)
methyl iodide methylmagnesium iodide

(a Grignard reagent)
(d)  Notall organometallic reagents are prepared from alkyl halides. Here’s one from Chapter 5:

BH3 + 3(CH3)2C:CH2 T’ [(CH3)20CH2]3B

(b)  The product of the reaction is tert-butyllithium, (CH;);C—Li, and lithium bromide, Li" Br".

(b)  The products result from protonolysis of the C—Mg bond: isobutane, (CH3),CHCHj;, and HOMgCI, which,
under the aqueous reaction conditions, is ionized to Mg”, HO™, and CI". The curved-arrow notation for the
protonolysis:

/\ ve_
HO/\—H (CHy),CHCH>MgCl  —>  HO7 MgCl +  (CHg),CHCH,— H

isobutane

(b)  The compounds formed in the reactions of the Grignard reagents in part (a) with D,O are (CH;3),CH—D and
CH;CH,CH,—D, respectively.

The free-radical chain mechanism (initiation and propagation steps) for bromination of ethane:

A

Initiation: Br—Br ——> 2Br-
Propagation: (\/\ (\CHQCHS —> Br—H + -.CH,CHj

ethyl radical

A

CHQCH3 —> Br_CHQCH:; + Br.

ethyl bromide
(bromoethane)
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Solutions to Additional Problems

8.34 The alcohols with the formula C4HyOH:

CH4CH,CH,CH,0H OH (CH,),CHCH,OH (CH,);COH
1-butanol CH3CHCH,CH; 2-methyl-1-butanol 2-methyl-2-propanol
(an achiral primary alcohol) (an achiral primary alcohol) (an achiral tertiary alcohol)
2-butanol

(a chiral secondary alcohol)
8.35 (b)  The systematic name of methoxyflurane is 2,2-dichloro-1,1-difluoro-1-methoxyethane.
8.36 (b)  3-Methyl-1-butanethiol

8.37 (b)  The order of boiling points is fert-butyl alcohol < 2-pentanol < 1-hexanol. (The actual boiling points are 82°,
119°, 158°.) This follows the order of molecular masses. The increased branching of 2-pentanol relative to 1-
hexanol, and fert-butyl alcohol relative to 2-pentanol, makes the differences between these boiling points
even greater than they would be for unbranched alcohols of the same molecular masses.

(d)  The order of boiling points is propane < diethyl ether < 1,2-propanediol. (The actual boiling points are
—42°,37°,189°.) Diethyl ether has a higher boiling point than propane because diethyl ether is more polar
and because it has a greater molecular mass. 1,2-Propanediol has the highest boiling point because of
hydrogen bonding.

8.38 (b)  Use the same reasoning as in part (a). The N—H hydrogens of the first compound, acetamide, can be donated
in hydrogen bonds between molecules that involve the oxygen or the nitrogen as an acceptor. The second
compound, N, N-dimethylacetamide, has no hydrogens that can be involved in hydrogen bonding. The
hydrogen bonding in the liquid state of acetamide is reflected in its higher boiling point, despite the higher
molecular mass of the second compound.

8.39 (b)  The unsaturation number is 2, and both rings and/or multiple bonds are allowed in this case. Two of several
possibilities are

OH OH

|
! HC=C—CH—CH,

(d)  2,3-Butanediol exists as a meso stereoisomer and two enantiomers.

OH OH

| |
CH3CH— CHCH;

2,3-butanediol

8.40 (b)  The gas formed is D, along with the by-product Na" “OD.
(d)  The gas formed is ethane, CH;CHj, along with the by-product HO™ "MgBr.

8.41 (b)  Allyl methyl ether, H,C=CH—CH,—OCH3;, decolorizes a Br, solution, because the Br, adds to the double
bond. Propyl alcohol, CH;CH,CH,OH, has no double bond, and does not decolorize a Br, solution.
(d)  2-Methylcyclohexanol, an alcohol, reacts with NaH to produce dihydrogen, H,. (See Eq. 8.10, text p. 356.)
Ethers, lacking an acidic hydrogen, do not react with NaH.

8.42 (b)  Although compound 4 is soluble in hydrocarbon solvents, it exists in such solvents as ion pairs and higher
aggregates rather than as free ions. The reason is that hydrocarbon solvents have very low dielectric constants
(e =2), whereas a high dielectric constant is required to separate ionic aggregates into free ions.



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 8 6

8.43

8.44

8.46

8.49

8.50

8.53

8.56

Furthermore, a hydrocarbon offers no solvation by hydrogen bonding to the bromide counter-ion. Hence, this
anion remains in proximity to its positive partner.

(b)  Isobutane, (CH3);CH, gives two achiral monochlorination products: isobutyl chloride, (CH3),CHCH,CI, and
tert-butyl chloride, (CH;3);C—Cl.

(b)  2-Chloroethanol < 3-chloro-1-propanethiol < 2-chloro-1-propanethiol. Thiols are more acidic than alcohols
(element effect). 2-Chloro-1-propanethiol is the more acidic thiol because the electronegative chlorine is
closer to the site of negative charge in the conjugate-base thiolate anion (polar effect).

(d) ~O—CH,CH,—OH < CH;CH,CH,—OH < CH3;0—CH,CH,—OH. 2-Methoxyethanol is most acidic
because of the electron-withdrawing polar effect of the oxygen. The anion is least acidic because the negative
charge on the oxygen interacts repulsively with a second negative charge formed on ionization of the O—H

group:

repulsive interaction
of two negative charges
is destabilizing

|

I I
ionization

“0—CH,CH,—0—H —2200 5 —5__ CH,CH,—O0"

In the presence of concentrated acid, dibutyl ether is protonated. The protonated ether is an ionic compound, and
ionic compounds are soluble in water:

H
. | _
CH3CH2CH20HQQCHQCH2CH2CH3 + HNO3 —> CH3CH2CH2CH29+CH2CH2CH20H3 NO3

dibutyl ether nitric acid an ionic compound; soluble in water
not ionic; not soluble in water

The ammonium ion will interact by donating hydrogen bonds to the oxygens of nonactin. (See the solution to
Problem 8.23 in the Study Guide and Solutions Manual, which describes the similar interaction of ammonium ion
with a crown ether.) It is interesting that both the crown ether and nonactin are selective for binding of the potassium
ion, and both also bond the ammonium ion. Evidently, the spatial requirements for both ions is similar. The cavity
that fits the potassium ion equally well accommodates a nitrogen and its bound hydrogens.

Hexethal should be (and is) the more potent sedative, because it is more soluble in membranes, and therefore can
readily pass through them. It is more soluble because the longer alkyl chain is more like the interior of a membrane
than is the shorter ethyl chain. Furthermore, the long alkyl chain makes hexethal /ess soluble in water, because large
alkyl groups are not effectively solvated by water.

Flick’s flailings were fundamentally futile because his ether is also an alcohol. The Grignard reagent was destroyed
by the —OH group of the alcohol in a protonolysis reaction:

CH3CH2—MgBr + H_OCHQCH20C2H5 —> CH3CH2_H + BI'M+g _OCHQCHQOCQHs

The free radical intermediate in this reaction is sp*-hybridized, and is therefore planar and achiral.

the unpaired electron
@ occupies a 2p orbital

a planar and achiral free radical
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This radical will react with Br, at either the top or bottom lobe of the 2p orbital with equal probability. [See the
mechanism in the solution to Problem 8.55(b).] Reaction at the top lobe gives the S enantiomer; reaction at the
bottom lobe gives the R enantiomer. Because both are formed at the same rates, the product is the racemate, which is
not optically active.

8.57 The different boiling points indicate that the three alkyl halides are either constitutional isomers or diastereomers.
The outcome of the Grignard protonolysis shows that all of the alkyl halides have the same carbon skeleton, that of
2,4-dimethylpentane. The protonolysis in D,O confirms the fact that the bromines are bound at different places on
the carbon skeleton. The only three possibilities for the alkyl halides are

CH, (|3H3 C|3H3 (|3H3 C|:H3 CH,
CH3(.|‘,CH2CHCH3 BrCH,CHCH,CHCH4 CH3CH?HCHCH3
Br B Br
A C

Compound B is the chiral alkyl halide, and compounds 4 and C are the other two. (The absolute configuration of B
(that is, whether it is R or S) is not determined by the data.)
The protonolysis products in H,O and D,O are

In H,0: In D0:
CH; CHs CH; CH, CH; CH, CH; CH,
CH4CHCH,CHCH, CHyCCH,CHCH;  DCH,CHCH,CHCHj CH3CHCH(|3HCH3

from 4, B, and C l|3 from B [|)
from 4 from C

8.59 (b)  The solution to part (a) [in the Study Guide and Solutions Manual] shows that intramolecular hydrogen
bonding can stabilize conformations that otherwise might be less stable. In this case, intramolecular hydrogen
bonding can stabilize the gauche conformations of both stereoisomers. Indeed, in either enantiomer of the
racemate, such hydrogen bonding can occur in one conformation in which the large tert-butyl groups are anti
to each other. However, in the meso stereoisomer, the necessity that the hydroxy groups be gauche in order
for hydrogen bonding to occur also means that the large tert-butyl groups must also be gauche. The
stabilizing effect of intramolecular hydrogen bonding cannot compensate for the magnitude of the resulting
van der Waals repulsions between the tert-butyl groups.

07 % 0" %

\ \

(CHa)sC OH H OH

H C(CHs)s H C(CHs)3

" et <
severe van der

one of the conformations of .
(3R,4R)-2,2,5,5-tetramethyl-3,4-hexanediol WaalsTepalsions
is stabilized by internal hydrogen bonding, and any conformation of
the tert-butyl groups are anti meso-2,2,5,5-tetramethyl-3,4-hexanediol
in which internal hydrogen bonding is possible
is destabilized by van der Waals repulsions between
the zert-butyl groups

Convert the Newman projection of the meso stereoisomer to an eclipsed conformation if the meso
stereochemistry is not clear.
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8.60

8.61

8.62

(a)

(b)

(b)

(b)

In the chair conformation, for every C—O bond dipole in a given direction, there is another C—O bond
dipole of the same magnitude pointing in the opposite direction. Thus, in the following diagram, the gray
dipoles cancel each other, and the black dipoles cancel each other.

o'\\f/\)\4
N30
chair conformation of 1,4-dioxane

Because pairs of dipoles cancel, the overall dipole moment is zero.

To the extent that the twist-boat conformation is present, it will contribute a nonzero dipole moment, because
the C—O bond dipoles do not cancel in this conformation. (We use the simpler boat conformation to
illustrate this idea.)

each dipole is the
resultant of two

y\( C—O0 bond dipoles /

O\_/ 0 _A._ _resultant dipole vector
\—/ /v/\l“/;'( for the molecule

boat conformation of 1,4-dioxane

The dipole moment of the twist-boat conformation is actually rather large, but it is present in very small
concentration. The dipole moment of any molecule is the weighted average of the dipole moments of
individual conformations. In other words, the nonzero dipole moment of 1,4-dioxane results from the
presence of a very small amount of a conformation that has a large dipole moment.

The reasoning is much the same as that in part (a). Because the C—O bonds are shorter in the ether 4 than the
corresponding C—C bonds in butane B, the methyl groups are brought closer together in the gauche
conformation of the ether than they are in the gauche conformation of butane. Consequently, van der Waals
repulsions in the gauche conformation of the ether are somewhat greater than they are in the gauche
conformation of butane. In contrast, the shorter bonds of the ether should have little effect on the energy of
the anti conformation, in which the methyl groups are far apart. Hence, the greater energy of the gauche
conformation of the ether (relative to the anti conformation) causes less of the gauche conformation to be
present at equilibrium. Thus, butane contains more gauche conformation at equilibrium.

This reaction is very much like the one in part (a). The first step is a Lewis acid—base association reaction.

OCHs T OCHs
H0:~>B—O0CH; —> HOQ—B= OCH,
OCHj OCHs

The product then loses a methoxy group. There are two ways that this can happen.
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Process (1):

. *0CH,
H 0CH; e
|~ <Sl,
HQ—IIB—OCH3 <== HO—B—OCH,
I
OCH, OCH,
Process (2): H HQO—B—O0CH; + H_QCH3
H/%CH +(|JCH OCH,
: 3 : 3
L] <]

S =
HO"—B=—OCH; <= HQ —B— OCH,
| T

OCH; OCH;

In process (1), the methoxy group dissociates to form a methoxide ion, which then removes a proton from the
positively charged oxygen. In process (2), the methoxy oxygen is protonated first. The protonated oxygen
then dissociates as methanol. At this stage, either process is a reasonable one. However, protonation makes
the leaving oxygen much more electronegative and “willing” to take on an extra electron pair as a leaving
group. Moreover, the pK,, of the protonated oxygen is not very different from that of H;0". (See Sec. 8.7, text
pp- 3591f.) Methoxide, "OCH3, is a strong base, but methanol,

H—OCHs;, is a weak base. As you’ll learn in Chapter 9, the best leaving groups are relatively weak bases.
Hence, process (2) is the correct one. In the solution to part (a), the analogous protonation does not occur
because a neutral F is not basic, and because fluoride ion is a weak enough base to dissociate without prior
protonation.

These reactions are repeated twice more to give the final product. Finish this mechanism on your own.
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Chapter 9
The Chemistry of Alkyl Halides

Solutions to In-Text Problems

9.1 (b)  The product is ethylammonium iodide.
+ =
CH3CHoNH; |
ethylammonium iodide
9.2 (b)  Asin part (a), because there are two types of S-hydrogens, two alkenes can be formed:
1) 1)
H H CH, @
CHs CH,
Cl B-elimination 4
S
Hm»
H®»
1-methylcyclohexene methylenecyclohexane
1-chloro-1-methylcyclohexane (from elimination of a (from elimination of a
hydrogen of type 1) hydrogen of type 2)

9.3 (b)  Methyl iodide, H;C—I, can form only a substitution product, dimethyl ether, H;C—O—CHj;.
(d)  (Bromomethyl)cyclopentane can form one substitution product and one elimination product.

Na" CH;O™
E}CHZBr ZHSO:' O\CHZOCHa - E>:CH2

(bromomethyl)cyclopentane

9.4 (b)  Because iodide ion is a weaker base than chloride ion, the equilibrium lies to the left.
(d)  Because methoxide ion is a much stronger base than chloride ion, the equilibrium lies to the right.

9.5 (b)  The reaction is first order overall, and first order in alkyl halide. The rate constant has the dimensions of sec™
1

9.6 (b)  We transform Eq. 9.22c¢ to get the difference between the standard free energies of activation.

: k
AG®, — AG°% =2.30RT log (k—B

) =(5.71)log(450) = 15.2 kJ mol ™'
A

Therefore, reaction A has the higher AG% by 15.2 kJ mol ™.
9.9 Because the Sy2 mechanism involves a molecule of alkyl halide and a molecule of nucleophile in a bimolecular
reaction, the expected rate law is second order, first order in alkyl halide and first order in cyanide:
rate = k[ C,H;sBr][ CN]
9.11 There is more than enough sodium cyanide to react with both the acid HBr and the alkyl halide. Therefore, the

products are sodium bromide (NaBr, 0.2 M, half from the reaction with HBr and half from the reaction with ethyl
bromide), “ethyl cyanide” (propionitrile, CH;CH,CN, 0.1 M), and unreacted sodium cyanide (0.8 M). However, 0.1
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9.12

9.14

9.17

9.19

9.20

9.21

M NaBr is formed instantaneously, and the rest of the NaBr as well as the nitrile are formed much more slowly,
because Bronsted acids reacts much more rapidly with bases than alkyl halides.

The reaction is an S\2 reaction with inversion of configuration. Because the relative priorities of the groups attached
to the asymmetric carbon are not changed, the product has the S configuration.

] 7
HuweC + - Gy + A
/ Cl + KIT — | \ + K Cl
CH,CH,CHj; CH,CH,CH,
(R)-chlorobutane-1-d (S)-iodobutane-1-d

(@)  The products of the S\2 reaction between potassium acetate and ethyl iodide:

i
CHC—O—CH,CH, + K'I°
ethyl acetate potassium iodide

(b)  Potassium acetate is a better nucleophile in acetone because ethanol is a protic solvent and reduces the
nucleophilicity of potassium acetate by hydrogen-bond donation. Consequently, potassium acetate in acetone
reacts more rapidly with ethyl iodide than a solution of the same nucleophile in ethanol.

(a)  The stepwise process involves formation of a methyl cation, which is very unstable. The instability of this
cation, by Hammond’s postulate, raises the energy of the transition state and retards the reaction. The
concerted mechanism avoids formation of this high-energy intermediate.

(b) A tertiary alkyl halide such as tert-butyl bromide, (CH3);C—DBr, can undergo the stepwise mechanism,
because ionization gives a relatively stable tertiary carbocation—in this case, (CH3);C". This lowers the
energy of the transition state (by Hammond’s postulate). Section 9.6 describes this mechanism.

(b)  The hydration rate of the deuterium-substituted styrene should differ very little, if at all, from that of styrene
itself, because the deuteriums are not transferred in the rate-limiting step.

1 A small effect of isotopic substitution occurs in this case because of the differential effect of

:} deuterium and hydrogen on the rehybridization of carbon in the transition state. (The carbon

bearing the deuteriums rehybridizes from sp® to sp® in the rate-limiting step.) However, this

effect on rate amounts to only a few percent. Effects of this sort are called secondary deuterium

isotope effects.

(b)  Reasoning identical to that used in part (a) shows that the alkene formed has the £ configuration. (We leave it
to you to draw the appropriate structures.)

In a stereospecific reaction with a given stereochemistry —anti-elimination, in this case—

:} diastereomeric starting materials must give diastereomeric products.

In a stereospecific reaction with a given stereochemistry—anti-elimination, in this case—a diastereomeric product
requires a diastereomeric starting material (either enantiomer). The easiest path to the answer is to convert the
starting material in Eq. 9.40a into its diastereomer by the interchange of any two groups at one of the carbons. Either
the following compound or its enantiomer would give the product of E configuration.

H H
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9.22 (b) In this case, the nucleophile is the conjugate base of ethanethiol, sodium ethanethiolate. Although a polar
aprotic solvent could be used, ethanol would probably be the most convenient solvent (for solubility reasons).
Because the nucleophile is from the third period, the reaction would occur at a convenient rate in a protic
solvent; hence, experimental convenience determines the choice of solvent. The nucleophile would be easily
formed from ethanethiol with one equivalent of sodium ethoxide, as shown in Eq. 8.13, text p. 357.
(CH3)2CHCHQBF + Na+ C2H5S_ W (CH3)2CHCH2SC2H5 + Na+ Br

isobutyl bromide sodium isobutyl ethyl sulfide
ethanethiolate

9.24 Because a-substitution in the base promotes a greater proportion of elimination, the order is C> A4 > B.

9.25 (b)  This tertiary alkyl halide will undergo the Sy1-E1 process to give substitution products that result from the
Lewis acid-base association reactions of both water and ethanol, respectively, with the carbocation
intermediate; and this carbocation can lose a B-proton to solvent (water or ethanol, abbreviated ROH below)
to form two alkenes. Of the two alkenes, D will be formed in greater amount because it has a greater number
of alkyl substituents at the double bond.

CH, CH, ROH

| ionization | _ alkene formation
CH3?CH2CH3 E—— CH39CH2CH3 Br

2-bromo- Br

2-methylbutane H,0 C,HsOH
C|)H3 (|3H3 CHs
+
c|-|30|cHQC|-|3 + CH3(|)CH2CH3 + HC=CCH,CH; + (CH3),C=CHCH; + ROH, Br-
O OCH, c P
A B

9.28 (b) A less stable carbocation, by the same reasoning as in part (a), should have a shorter lifetime; a greater
fraction will not last past the ion-pair stage, which reacts with the solvent by inversion.

9.29 (b)  2-Bromobutane is a secondary alkyl halide, and potassium tert-butoxide is a strong, highly branched base.
Entry 7 of Table 9.7 covers this case. Thus, the E2 reaction is the major process that occurs. Two possible
alkenes, 1-butene and 2-butene, can form. Either or both can be considered as correct answers. A significant
amount of 1-butene is formed because the large base molecule reacts at the least sterically hindered hydrogen.

<k —c(CH)y

CHacHZCH—‘/cE—H —>  CHyCH,CH=CH, + 7Br: + HOC(CH,)s
2-bromobutane 1-butene

We leave it to you to show the formation of the 2-butenes.

(d)  Bromocyclohexane is a secondary alkyl halide; methanol is a polar, protic solvent; and there is no strong base
present. Entry 9 of Table 9.7 covers this situation; both Sy1 product 4 and E1 product B are formed.
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9.30

9.31

9.32

9.33

.
H HOCH;

H
& s @ HOCHs h loh
= | methoxycyclohexane
Q Br: * %, (the Sy1 product A)

bromocyclohexane Bre — <:> + H2§CH3
:Br:

cyclohexene
(the E1 product B)

(a)
+  HCBr

O

bromoform
cyclohexene

(a)
<i:] + HCCl; + K "OC(CHj); —> CCl, + HOC(CHy); + K'CI

cyclopentene

(b)

(b)  Cyclopropane formation occurs at the face of the ring opposite to the methyl group for steric reasons.

CHs;

< , s
® > QCH3 —> QCH3 + HQQCH3
:Bre B
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9.34

9.38

9.39

9.40

9.41

9.43

9.45

Solutions to Additional Problems

The first step in any problem that requires structures is to draw the structures:

CH, CH, CH, Br
CHs(CH,),CH,Br CH3CH2(|3CH2CH3 BrCH,CCH,CHj CH3C|2HCHCH2CH3 CH3(|3HCHCH2CH3
1-bromohexane E|3r (|3H3 Blr (|:H3
= 3-bromo-3-methyl- 1-bromo-2,2-dimethyl-  3-bromo-2-methyl- 2-bromo-3-methyl-
pentane (2) butane (3) pentane (4) pentane (5)

(b)  Compound (5) can exist as diastereomers because it has two asymmetric carbons.

(d)  Compound (3) is least reactive to sodium methoxide in methanol because it cannot undergo a
B-elimination—it has no B-hydrogens—and the three B-substituents make it virtually unreactive in the Sy2
reaction, much like neopentyl bromide.

® Compound (2) will give an E2 but no S\2 reaction with sodium methoxide in methanol.

(h)  Compound (2) will give the fastest Sy1 reaction because it is the only tertiary alkyl halide.

The first thing to do is to draw out the structures.

CHQBF
CH,Br <:|-|3<|:|-|c|-|2cr+3 CH3CH2(|ZCH20H3 BrCH,CH,CH,CH,CH, BrCH2(|3HCH2CH3
4 Br CH; 2 CH,
B C E

The order of increasing S\2 reaction rates is C < B < E <D < A. Alkyl halides with three S-substituents (C) are
virtually unreactive in Sy2 reactions. Secondary alkyl halides with no - substituents (B) react more slowly than
primary alkyl halides with two 8- substituents (£), and the latter react more slowly than unbranched primary alkyl
halides (D). Methyl halides (4) react most rapidly.

~CHg
Na* _S—G

CH,CH,CH;

(b) (d)
Na* =CN

(a)

(S)-2-ethoxypentane

(®) (d)

CH3CH2C:CH2
|
CH;

Allow the appropriate alkoxide, (CH3);CCH,—O™ Na', to react with ethyl iodide, CH;CH,—I. Using sodium
ethoxide with neopentyl bromide, (CH;);CCH,—Br, won’t work; why?

(b)  The reaction conditions favor a solvolysis reaction, which occurs by an Sy1-E1 mechanism accompanied by
rearrangement.
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9.46

9.48

HiC, CH,CH;, OCH;, CH,CH; C|>H3
He—c_c.. +  CHyCH,CCH,CH; + H,C—CH—C".., + CHCH= CCH,CH,
) H 3Ly | k! 2 N H
CH30 CH3 CH3 CH3 D
El product from
A B C both carbocations
substitution product substitution product E1 product from the
from the first-formed from the rearranged first-formed carbocation

+ CH,OH, Br

carbocation carbocation (small amount)
(mostly racemic)

The Sy1 product 4, derived from the Lewis acid—base association reaction of solvent with the first-formed
carbocation, should have largely inverted configuration at carbon-2, because the carbocation will be a
backside-solvated ion pair; this carbocation will react faster with the solvent molecule than the bromide ion is
replaced by a second solvent molecule. (See Fig. 9.13, text p. 419.) The stereochemistry of carbon-3 is
unaffected. The substitution product B, derived from the rearranged tertiary carbocation, should be mostly
racemic, although the exact stereochemical outcome is difficult to predict exactly. Compounds C and D are
E1 products. The stereochemistry at carbon-3 of alkene C is the same as in the starting alkyl halide. Alkene D
should be the major alkene product because it has the larger number of substituents on the double bond.

(b)  Proceed the same way as in part (a). Because the starting materials are diastereomers, the products must also
be diastereomers if the elimination is anti.

Br Br
H7/ “CH, H"/ “CH,
= —
HsC D H CH,
120"

H D
anti-elimination anti-elimination
of H and Br of D and Br

\ C / \ C /
i i
VRN
He' D H”  “CH,

If this compound were to undergo solvolysis, it would have to form carbocation 4:

* + *
C.(_‘,.I:

As a model will verify, the four asterisked carbons cannot become coplanar because of the constraints of the bicyclic
ring system. Yet sp® hybridization requires trigonal-planar geometry. Remember: hybridization and geometry are
connected. 1f a molecule can’t achieve the geometry for a given hybridization, then that hybridization will not occur.
Because sp” hybridization is the lowest-energy hybridization for a carbocation, the inability to achieve this
hybridization raises the energy of the carbocation.

But that’s not all. Solvation of the carbocation can only occur from one side, because the back side of the
electron-deficient carbon is blocked by part of the ring system. The absence of effective solvation, then, also raises
the energy of this carbocation. Any solvolysis reaction involving such an unstable carbocation is slow.
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9.49

9.52

9.54

9.59

(b)  The scheme in part (a) shows that complexation of the cation by the crown ether is essential for the reaction
to occur, because this is the only way to obtain the dissolved anion. Because [18]-crown-6 does not bind the
smaller lithium cation—it is selective for the larger potassium cation—Ilithium fluoride is not solubilized by
the crown ether, and is therefore unreactive whether the crown ether is present or not.

(a)  The thiosulfate dianion contains two types of nucleophilic atoms: the anionic oxygen and the anionic sulfur.
Hence, alkylation could occur at the oxygen or the sulfur:

o o

| |
Na* _S—?2+—O—CH3 + H3c—s—|3210‘ Na*

0~ O~
A B
product of O-alkylation product of S-alkylation

(b)  Inahydrogen-bonding solvent such as methanol, the more weakly basic atom is the better nucleophile. (The
principle is the same as in the solution to Problem 9.51.) Hence, product B is the major one observed. (What
solvent change could you make to obtain more of product 4?)

The reaction between methyl iodide and sodium ethoxide is an SN2 process that has the following rate law:

rate = k[CH3I][CH;CH,O ]

This means that the rate of the reaction depends on the concentration of the nucleophile. In the first case, the
nucleophile concentration changes during the reaction from 0.1 M to 0 M; in the second case, the nucleophile
concentration changes from 0.5 M to 0.4 M. In the second case, the reaction is faster because the concentration of
the nucleophile is higher at all times during the reaction. However, in either case, there is sufficient nucleophile
present to react completely with the alkyl halide. If we wait long enough, the yield of the reaction will be the same
in either case.

The fact that protonolysis reactions of the corresponding Grignard reagents give the same hydrocarbon indicates that
the two compounds have the same carbon skeleton. The conditions of ethanol and no added base are Sy1 conditions.
Since compound 4 reacts rapidly to give a solution containing bromide ion, it must be an alkyl halide that readily
undergoes an Sy reaction, and therefore it is probably a tertiary alkyl bromide. Because the two alkyl halides give
the same ether, the product from compound B must be formed in a rearrangement. The only tertiary alkyl halide with
the formula CsH;;Br is 2-bromo-2-methylbutane, and this is therefore

compound A4:

i T
CH3CCH2CH3 + CH3CH20H — CH3CCH7_CH3 + HBr
| |

Br OCHQCH3
2-bromo-2-methylbutane 2-ethoxy-2-methylbutane
(4) ©)

Two possible alkyl halides with the same carbon skeleton as 4 could rearrange in respective Sy1 reactions to give
the same carbocation, and hence the same ether product, as 4; these are labeled B/ and B2 below. (An Sy1 reaction
of B1 would be very slow, if it occurred at all.)
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CH; CH;
BrCH2(|)HCH2CH3 CH3(|3HCHCH3
b B'r
B2

However, only B2 can react in an E2 reaction with sodium ethoxide to give an alkene that furnishes acetone as one
of its ozonolysis products:

CH,
CH3(|JHCHCH3 N& GO (CHy),C—CHCH, 2enMOMO _ oph 60 + HO,C —CH,
B|r + acetone
5 g (CHy),CHCH=CH,
2-bromo-3-methylbutane does not give acetone

as an ozonolysis product
Consequently, compound B2 is compound B, 2-bromo-3-methylbutane.
9.62 Compound A4 has no conformation in which the 8-hydrogens and the bromine are anti, whereas in compound B, the

B-hydrogens are anti to the bromine in the more stable conformation (shown). For this reason, compound B should
more readily undergo the E2 reaction.

CH i cHy'
B CHl\H :
-
%3 m CH3
H . H
H Br H

Compound 4 has no Hs anti to

the Br in either conformation Compound B has two Hs anti to the Br

in the more stable conformation

9.68 The reaction of butylamine with 1-bromobutane is a typical Sy2 reaction. (Bu— = the butyl group =
CH3CH2CH2CH2—)Z

FOTR + o _
Bu—NH, :Br—Bu —> Bu—NH,—Bu :Br:
This mechanism is consistent with the second-order rate law, because the rate law requires one molecule of amine
and one molecule of alkyl halide in the transition state.

The second reaction is also a nucleophilic substitution reaction, but, because it is intramolecular (that is, the
nucleophile and carbon at which it reacts are part of the same molecule), the reaction is first-order.

NH, —> CNHZ (B
o/
:Br:

9.70 (a)  Bromine addition to alkenes is anti; consequently, the stereochemistry of compound B is as follows:
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(b)

(©)

(CH3)3Si H
Br Br

Bu H

(racemate)

Draw the structure of compound B in a conformation in which the butyl (Bu) group and the Br that remains
after the elimination are on opposite sides of the molecule, because this is the way they are in the alkene
product. This shows that the trimethylsilyl group and the bromine are anti; consequently, the elimination
shown is an anti-elimination.

120° anti-elimination

—. AN
:0CH —Br
Br — B /s AL N C . ..
Br QBT:\//SI(CH3)3 8 C// + :&I’: + CH3Q_SI(CH3)3
u—
H

N\
Bu H

B C

Diastereomeric starting materials must give diastereomeric products if the stereochemistry of the two
reactions remains the same. The E stereoisomer of compound A4 therefore would give the diastereomer of
compound B (as the racemate), and the subsequent elimination would give the Z stereoisomer of compound
C. This can be shown by the analysis used in parts (a) and (b) with the positions of the trimethylsilyl group
and the hydrogen interchanged.
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Chapter 10
The Chemistry of Alcohols and Thiols

Solutions to In-Text Problems

10.1  (b)

10.2 The OH group of the alcohol is protonated in a Brensted acid—base reaction to form the conjugate acid of the
alcohol. This loses water to form a carbocation in a Lewis acid—base dissociation reaction. Finally, in a Brensted
acid—base reaction, water acts as a Bronsted base to remove a 3-proton from the carbocation, which acts as a
Bronsted acid, to give the alkene. The formation of product 4 by removal of proton (a) is shown here; the formation
of products B and C occurs in an analogous manner by removal of B-protons (b) and (c), respectively.

CH; CH; CH;

| | |
CH{CH,CCH,CH,CH,CHy === CH;CH,CCH,CH,CH,CHy === CHyCH,CCH,CH,CH;CHy

| .. ..
OH () 10H, + :Ot, + :0H,

S A H—.?Hz

CH; (®) <|3H3
CH3CH_CCH2CH2CH2CH3 —> CH3CH:CCH2CH2CH2CH3 + H_6H2
|J ) +

H (a) 4

kzéHz

10.5 (b)  Both 3-methyl-3-pentanol and 3-methyl-2-pentanol should give 3-methyl-2-pentene as the major product.
The tertiary alcohol 3-methyl-3-pentanol should dehydrate more rapidly.

CHs
CH3CHZC|ICH2CH3 .
o o
3-methyl-3-pentanol H,0* CH{CH— C|JCH2CH3
(|3|-13 3-methyl-2-pentene

CH3(|3HCHCH2CH3 —
OH

3-methyl-2-pentanol

10.6 (a)  Protonation of the OH group and loss of water as shown in several of the previous solutions, as well as in
Eqgs. 10.3a-b on p. 437 of the text, gives a secondary carbocation. As the text discussion of Eq. 10.6 suggests,
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the mechanism involves a rearrangement of the initially formed secondary carbocation to a more stable
tertiary carbocation.

CH, |C|-|3
+
| — T
CH, CH,
initially formed rearranged
secondary carbocation tertiary carbocation

Loss of the two possible B-protons gives the two alkene products.

A
HZG:ATW ?(;')3 T‘/(B)\’.OHz CHs H3C\ /CHs
Hzclg 4o—CH, —> HC—=C—CH—CH, + /czc\ 4 H2°9'—H
(|:|-|3 (|)H3 H,C CH,
2,3-dimethyl-1-butene 2,3-dimethyl-2-butene
A B

(b)  Rearrangement occurs because a more strained secondary carbocation is converted into a less strained, and
therefore more stable, secondary carbocation.
10.8 (b)

OH Cl
+ HCl(concd.) ——>
CH, CHs

10.9 This reaction involves a carbocation rearrangement. We use HBr as the acid, although, because water is generated as
a product, H;0" could also be used.

i f "
Hy,C—C— CHCH,CH; ==> H;C—C— CHCH,CH; —> H3C—C—6HCH2CH3 :Bri —>
boon N Y Com, i~ .
R H—é:fi e 1 + Hy0:
CH, CH,

HyC— C— CH,CH,CHy — > HyC— C— CH,CH,CH;
K |
e o :Brs :Br:

The product in part (c) results from a carbocation rearrangement.

10.10 (b)  The product is —CH,CH,CH,—I.
(d)  The compound, neopentyl alcohol, is a primary alkyl halide and cannot react by the Sy1 mechanism; and it
has too many B-substituents to react by the Sy2 mechanism. Consequently, there is no reaction.
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10.11  (b) (d)
i i
|
H3C _OS CH3 OﬁCH:;
I
0 0
methyl p-toluenesulfonate cyclohexyl mesylate
(methyl tosylate) (cyclohexyl methanesulfonate)
10.12  (b)
0 0
” pyridine ”
(CH;),CHCH,—OH + CI—S CH; —~—> (CH,),CHCH,—0—S CH,
isobutyl alcohol g |C|)
p-toluenesulfonyl chloride isobutyl p-toluenesulfonate
(tosyl chloride}
10.13  (b)

0
osyl chloride
QCHZCHZCHZOH N, QCHZCHZCHZO' Na* = >
+ Hy
QCHQCHQCHQOTS Na ofs i}CHZCHZCHZSCH3

Although a polar aprotic solvent would accelerate the last step, it would probably work in an alcohol solvent.

The nucleophile, CH;S 7, can be generated by allowing the thiol CH;—SH to react with one equivalent of
sodium ethoxide in ethanol.

10.14 (a) Cyanide ion displaces the tosylate ester formed in the first step.

C|3N
CH5CHCH,CH,
10.15  (b)
0
E’
CHiCH,0” | “OH
OH
monoethyl phosphate
10.16  (b) (©)
] ]
CHOH + Na* ~"OSOCH, CHsCH,0CH; + Na* “OSOCH,

methanol 0 ethyl methyl ether |O
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10.18

10.19

10.21

10.22

10.23

10.25

10.26

10.27

10.29

(b)

(b)

(d)

(b)
()
(e)
(2

(e)

(b)
(c)

Eq. 10.26 of the text shows that the nucleophilic reaction of the bromide ion on the reactive intermediate
occurs by a concerted (Sy2) substitution reaction. Therefore, the reaction should occur with inversion of
stereochemistry, and the product would then be (S)-2-bromopentane. The S\2 reaction occurs at an
acceptable rate on a secondary carbon in the absence of 8 substituents. In addition, the reaction is fast
because the leaving group is a very weak base. However, it is possible that some Sy1 mechanism could occur;
this is hard to predict. To the extent that the Sy1 reaction occurs, some racemization might also take place.

The simplest method for effecting the conversion shown is to treat the alcohol with thionyl chloride and
pyridine. Conversion of the alcohol to a sulfonate ester and treatment of the ester with sodium chloride in a
polar aprotic solvent would also work, but involves more steps.

Because a carbocation intermediate and hence rearrangements are a distinct possibility if this alcohol is
exposed to acidic reagents such as HBr, the sulfonate ester method should be used. Thus, treat the alcohol
with tosyl chloride and pyridine, and treat the resulting tosylate with sodium bromide in a polar aprotic
solvent. This type of solvent suppresses carbocation formation. Also, PBr; often gives satisfactory results
with unbranched secondary alcohols.

The conversion of toluene into benzoic acid is a six-electron oxidation.

The oxidation of a secondary alcohol to a ketone is a two-electron oxidation.

The dihydroxylation of an alkene by KMnOy, is a two-electron oxidation.

The addition of HBr to an alkene is neither an oxidation nor a reduction. (One carbon of the alkene is
formally oxidized and the other is reduced by the same amount.)

The half-reaction of Problem 10.21, part (e):

OH OH

|
CH,CH=CHPh + 2H,0 —> CH,CH—CHPh + 2¢~ + 2H'

This is an oxidation—reduction reaction; the organic compound is reduced, and the "AlH, is oxidized.
This is an oxidation—reduction reaction; the alkene is oxidized, and the Br, is reduced.

The oxidation state of each Cr in Cr,0,> is +6, and it changes to +3 in Cr**. Therefore, six electrons are gained per
mole of dichromate. Two electrons are lost in the oxidation of ethanol to acetaldehyde. To reconcile electrons lost
and electrons gained, three molecules of ethanol are oxidized by one of dichromate; or, it takes one-third mole of
dichromate to oxidize one mole of ethanol. We leave it to you to prove this point (if necessary) by balancing the
complete reaction.

(b)

(b)

(d)

(b)

On the assumption that sufficient PCC has been added, both primary alcohols are oxidized:
HO — CH,CH,CH,— OH —%» O=CHCH,CH=0

This compound (3-pentanone) can be prepared by a PCC oxidation of the corresponding alcohol,
3-pentanol. (Aqueous dichromate could also be used.)

OH 0

| |
CHiCH,CHCH,CHy —<S> CH,CH,CCH,CHs

3-pentanol 3-pentanone

This aldehyde can be prepared by a PCC oxidation of the corresponding alcohol.

@CHZOH _Pocy, @mzo

Hydrogens a and b are constitutionally equivalent and enantiotopic. (The analysis of this case is essentially
identical to the analysis of the a-hydrogens of ethanol; see Eq. 10.49, text p. 466.)
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10.30

10.31

10.33

10.34

(e)

(b)

(b)

(b)

(d)

(®)

Replacing H” and H? in turn with a “circled H” shows that these hydrogens are constitutionally equivalent
and diastereotopic, as are H° and HY. H* and HC are constitutionally equivalent and enantiotopic, as are H and
HY. Finally, H* and H? are constitutionally equivalent and Diastereotopic, as are H” and H°.

Because deuterium is delivered, the a-carbon of the resulting ethanol bears two deuteriums—that is, the
product is CH;CD,0OH—and it therefore has no asymmetric carbon; hence, the molecule is achiral.

This is a 2-electron oxidation, because a hydrogen (which contributes —1 to the oxidation number of sulfur) is
replaced by an OH (which contributes +1).

The deuterium-containing alkane can be prepared by protonolysis of a Grignard reagent in D,0; the Grignard
reagent can be prepared from an alkyl halide; and the alkyl halide can be prepared from an alcohol.

HBr, HQSO4 M

D,0
CH3(CH2)4CH20H —_—> CH3(CH2)4CHQBT —g> CH3(CH2)4CH2MQBF—2> CH3(CH2)4CH2_D

ether

The aldehyde can be prepared by oxidation of a primary alcohol; the required primary alcohol can be
prepared by hydroboration—oxidation of an alkene; and the required alkene can be prepared by an E2 reaction
of a primary alkyl halide using a branched base.

1) BHy, THF
& B 2) H,0,, "OH
CHCH,CH,CHCH,Br (100 oy o cH,c—=Ch, 21222 O 5
| (CH3)3COH |
CH3 CH3

CH30H2CH2C|JHCH20H Py CH,CH,CH,CHCH=0
|

CH; CH;

The final target is to enter college. The step prior to this is to pay your tuition. The step prior to this is to
obtain the money for the tuition. The steps prior to this might be ...

Ask your parents.
Get a loan.

Get a temporary job.
Win the lottery.

W=

Each of these possibilities then suggests courses of action. For example, possibility 2 requires you to make an
appointment at the bank. Possibility 3 requires you to buy a newspaper or to look online at classified
advertising ... and so on.
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10.36

10.37

10.39

10.40

10.42

10.43

Solutions to Additional Problems

(@) (b) (©) (d) (e)
(CHs)sCCl no reaction (CH3),C=CH, no reaction (CH3);CO™ K*
+ H,
(H . (8 (h)
(CH),COMs + NH CI” (CHs),C=CH, + Na* “OMs (CHa),C=CH, + K* CI
+ (CH3)3COH
(b)
I s
PhCHCH,Ph — 2% > PhCH=—CHPh 22 5 5 phcH=0
1,2-diphenylethanol stilbene benzaldehyde

(mostly trans)

(b)  Fluorines a are constitutionally equivalent and diastereotopic; fluorines @ are constitutionally nonequivalent
to fluorine b.

Fe Fb

(b)
H® Br
c o,
CH,0 —C—CH
|C
H® Cl

four chemically
nonequivalent
sets of Hs

(a)  This exchange occurs essentially through a series of Bronsted acid—base reactions. As shown below, once the
deuterium is incorporated into the solvent, it is significantly diluted, so that its probability of reaction with the
alkoxide is very small. In addition, such a reaction is retarded by a significant primary deuterium isotope
effect and competes less effectively with the corresponding reaction of water.

~ T . .
CchHQCHzg_ D :OH —_—> CH3CH2CH29: + D— QH

becomes diluted
into the solvent H,O

CH3CHQCH29: H— QH = CH3CH2CHQQ —H + :QH
(b)  To prepare CH;CH,CH,—OD from CH;CH,CH,—OH, use the same reaction with D,O/NaOD as the
solvent.

(b)  This reaction is a two-electron reduction.
(d)  This reaction is a two-electron oxidation.
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10.44

10.45

10.46

10.48

(b) In this case, convert the alcohol into a bromide using a method that involves an inversion of configuration.
(Either PBr; or the two-step alcohol — tosylate — alkyl bromide sequence shown below will work.) Then, in
a second inversion step, displace the bromide with “O'"®—H to provide the alcohol with the desired

configuration.
second inversion
D

Na Br,
H /C\ OTs DMSO Br—GH  NaTOH L e
CH5CH, CH2CH3 CH3CH2

from part (a)

(b)
KMnOA/NaOH

Q CH2CH20H 4’ Q CH2C02

from part (c)
(d) Inthis part, we have to “throw away” a carbon; ozonolysis comes to mind:
1) O3

)
2) H,0,, H,0
E>—CH CH, — > E}coz
Pd/CI-|2 I
E}(:Hzcra2 . Q—CHZCH3

ethylcyclopentane

(e)

(a)  The sulfonate ester serves as a leaving group in either case:

0 0

. _ i l
CH3CH2£\;( —> CHCH,—I: + K":X™ where :X™=3:0SCH; or :0SCF,
|| ||

K* ::I::

mesylate triflate

(b)  The triflate anion is a weaker base than the mesylate anion because the polar effect of the fluorines stabilizes
the negative charge in the triflate anion and thereby lowers the pX, of the conjugate sulfonic acid. (See Sec.
3.6C of the text.)

(¢)  The principle to apply is that the better leaving group is the weaker base. This is true because the leaving
group is accepting a negative charge and breaking a covalent bond in both the Bronsted acid—base reaction
with a base and an electron-pair displacement (Sy2) reaction with a nucleophile. The polar effect of the
fluorines should operate in the same way on both processes, because the processes are so similar.

The oxidation of a secondary alcohol to a ketone is a 2-electron oxidation. [See the solution to Problem 10.21(c).] In
the process, CrO;, a form of Cr(VI), is converted into Cr**, a form of Cr(III); hence the chromium half-reaction is a
3-electron reduction. Therefore, 2/3 mole of CrOj; is required to oxidize 1 mole of the alcohol.

The molecular mass of the alcohol is 116; therefore, 10.0 g = 0.0862 mole. Consequently, (0.667)(0.0862) =
0.0575 mole of CrOs is required for the oxidation. The molecular mass of CrO; = 100; therefore, 5.75 g of CrO5 is
required for the oxidation.
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10.50 (a)  The glycol is oxidized. This follows from the fact that a bond to carbon is replaced by a bond to oxygen at
each carbon of the glycol. The other participant in the reaction, periodate (I0,") must therefore be reduced.
Indeed, the ionic product iodate (I057) contains one less oxygen bound to the iodine.
(b)  The number of electrons involved in the oxidation half-reaction is determined from the oxidation numbers of
the carbons that change:
O|H O|H 0
[
R—CH—CH—R —> R—CH CH—R

- b

oxidation numbers: 0 0 +1 +1

The number of electrons lost is [(+1) + (+1)] — [0 + 0] = +2. (This result could also be determined from a
balanced half-reaction.)

The iodine can be assigned an oxidation number of +7 in periodate and +5 in iodate. How do we know
this? Assign +2 to every oxygen because oxygen is divalent and presumably has two bonds to the iodine. (See
the top of text p. 456 for a similar case.) Assign a —1 for every negative charge. Hence, the reduction of
periodate is a two-electron reduction. (You can verify this with a balanced half-reaction.) Another way to
reach the same conclusion is to note that one mole of periodate is required per mole of diol. Because the diol
undergoes a two-electron oxidation, periodate must undergo a two-electron reduction.

(¢)  From the balanced equation, shown in the problem, 0.1 mole of periodate is required to oxidize 0.1 mole of
the diol.

10.52  The reactivity data and the molecular formula of 4 indicate that compound 4 is an alkene with one double bond. The
identity of compound D follows from the oxidation of 3-hexanol; it can only be 3-hexanone (see following
equation). It is given that 3-hexanone is an ozonolysis product of alkene 4 (along with H—CO,H (formic acid), not
shown in the following equation). Since alkene 4 has seven carbons and one double bond, and 3-hexanone has six
carbons, the carbon of alkene 4 not accounted for by 3-hexanone must be part of a =CH, group. Therefore, the
identity of alkene A is established as 2-ethyl-1-pentene. The identities of compounds B and C follow from the
reactions of A4.

OH 0 10, CH,
| H,Cry04 || 2) Hzoz, Hzo ||
CH3CH2CHCH2CHQCH3 — > CH3CH2CCH2CH2CH3 e EE— CH3CH2CCH2CH2CH3
3-hexanol 3-hexanone (D) 2-ethyl-1-pentene (4)

(|302H 1) KMROJNaOH CH,0OH
2)H,0
CH:CH,CHCH,CH,CH; <22 CH.CH,CHCH,CH,CH;
2-ethylpentanoic acid (C) 2-ethyl-1-pentanol (B)
10.54 (b) (d) ()

cl CH;
CH,CH,CH, |
CH,CHCH,CH,Ph

(racemate)

(h)
(CH3)2CHCH2CH2_S_S_CH2CH3 <= (CH3)2CHCH2CH2_S_S_CH2CH2CH(CH3)2 +

CH3CHy,— S—8—CH,CH; + (CH,),CHCH,CH,— SH + CH,CH,— SH
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10.57

10.58

10.61

The two branches of citrate at the central carbon are enantiotopic. Hence, they are chemically distinguishable to a
chiral catalyst such as an enzyme. Evidently, the difference is such that the dehydration occurs into the unlabeled
branch, as shown in Fig. P10.57.

One difference in H,SO, solution is that the carboxylate groups are not ionized, but this is not the key
difference. The point of the problem is that an achiral laboratory reagent will not make the distinction between
enantiotopic groups. Hence, equal amounts of dehydration should occur into each branch, and there is no reason to
expect exclusively the Z stereochemistry observed in the product of the enzyme-catalyzed reaction.

(|3H2C02H HOC HOC.__-CHCOMH

. H,S0, I I + H,0
HO " ~(H,C

/" ~CH,COH C c

CO; HO,C™ CH,60H  HOC™ H

+ the (E)-sterecisomers

First, draw the 25,3 R stereoisomer of the product so that the stereochemistry of the addition can be deduced.

this comes from D,0——— DO H
"0, 2 AN

( CO,
H D —— this comes from D,0
(28,3R)-3-deuteriomalate
Only a malate stereoisomer with the 2.5 configuration will dehydrate; if the enzyme is stereospecific in one direction,
it must be stereospecific in the other. (See Eqs. 7.29a-b, text p. 300.) The pro-R hydrogen at carbon-3 comes from

the solvent; if the reaction had been run in H,O, this would be a hydrogen. This is an anti-addition; we leave it to
you to confirm this point. (See Problem 7.52(a), text p. 318.)

(b)  The fumarate stereoisomer obtained in this reaction is the same as in part (a).

H CO,
N/
C=C

VAR
0,C D

(E)-2-deuteriofumarate

The same comments apply to the dynamic reversal of the reaction; the starting material, to the extent that it
remains at equilibrium, will be a mixture of the 25,35 and 25,3R diastereomers, and the deuterium will not
wash out.

(b)  The carbocation rearrangement in this mechanism also involves a ring expansion. In this case, a tertiary
carbocation is converted into another tertiary carbocation.

+
gk vb’H2 CHs CHs CH,
(_\ .o
=0 —C0 —(D e
+
L

the protonated alcohol + :6H2 He =6H2

(d)  This is an addition to the alkene that is conceptually similar to hydration or HBr addition.
Trifluoromethanesulfonic acid (triflic acid), a strong acid, protonates the alkene double bond to give a
carbocation, which then undergoes a Lewis acid—base association reaction to give the product.
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0 0

0
| A | Al

CHgCHZC/Hz\ |-|—(\oscF3 —> (CH),CH :0SCF; —> (CHs),CH—OSCF,
0 3 0

propene 0 0 0

triflic acid
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Chapter 11

The Chemistry of
Ethers, Epoxides, Glycols, and Sulfides

Solutions to In-Text Problems

(b) A thiolate ion, formed by reaction of NaOH with the thiol, is alkylated by allyl chloride to give
H,C=CH—CH,—S—CHj (allyl methyl sulfide) + Na* CI". NaOH is a strong enough base to form the
thiolate anion, but would not be strong enough to form the conjugate base of an alcohol.

(d)  Neopentyl halides and sulfonate esters do not undergo S\2 reactions at room temperature; furthermore, they
do not undergo B-elimination because there are no 8-hydrogens. Thus, no reaction occurs.

(b)

Na" CoHs0~ CH;l
(CH:),.CHSH o > (CHy),CHS™ Na® ———> (CH;),CHSCH,

The alternative synthesis, reaction of the methanethiolate ion with isopropyl bromide, is less desirable
because secondary alkyl halides react more slowly than methyl halides and give some elimination products.

Because each carbon of the alkene double bond has one alkene substituent, there is no strong preference for the
reaction of methanol at either carbon of the resulting mercurinium ion. Consequently, two constitutional isomers of
the product ether are formed.

|OCH3 c|JC|-|3
CHyCH,CHCH,CH; +  CH3CH,CH,CHCH

3-methoxypentane 2-methoxypentane
(The same result would be obtained regardless of the stereochemistry of the alkene starting material.)

(b)  Isobutylene (2-methylpropene) is subjected to alkoxymercuration in isobutyl alcohol, and the resulting
organomercury compound is reduced with NaBHj.
1) Hg(OAc),

2) NaBH,, NaOH
(CHy),C—=CH, + HOCH,CH(CHy), —teMaM o (GH,),.C— OCH,CH(CHy),

isobutylene isobutyl alcohol tert-butyl isobutyl ether

If we start with two primary alcohols, ROH and R'OH, we would expect them to have similar basicities and similar
nucleophilicities. Each alcohol could react with each protonated alcohol. Consequently, three possible products
would be formed: R—O—R, R"—0—R, and R"—0O—R". None of the alcohols would be formed in very high yield,
and separation of the products could be quite laborious.

The reason we can let a fertiary alcohol react with a primary alcohol to give an unsymmetrical ether is that the
tertiary alcohol forms a carbocation in acidic solution much faster than either it or the primary ether react by the Sy2
mechanism; and, once the carbocation is formed, it is rapidly consumed by its Lewis acid—base association reaction
with the large excess of primary alcohol that is present.

(b)  The carbocation formed from the tertiary alcohol reacts with ethanol to give the following ether:
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11.9

11.10

11.11

11.12

11.14

OCH,CH;
CH;

(b)  Use the same approach as in part (a):

CH,
: HiSO + CHs CH4CH,0H i
it HSO; #’ OCH2CH3 + sto4
CH,
O/ carbocation intermediate

(b)  Because this is an ether with one tertiary alkyl group and one methyl group, it can be prepared by dehydration
of the tertiary alcohol in the presence of methanol, or by acid-catalyzed addition of methanol to either of two
possible alkenes.

Cl)H OCHs
CH;CCH,CH; or H,C=CCH,CH; or CH,C—=CHCH; + CHOH —22% % CH,CCH,CHs
| | | |
CH;, CH, CHs CHs
2-methyl-2-butanol  2-methyl-1-butene 2-methyl-2-butene 2-methoxy-2-methylbutane

(d)  Dibutyl ether, CH;CH,CH,CH,OCH,CH,CH,CHj, is a symmetrical ether that can be prepared by the acid-
catalyzed dehydration of 1-butanol, CH;CH,CH,CH,OH.

(b) (d)
(CH3)2C:CH2 Ph H

\
H CH,

In part (b), the stereochemistry of the product and the net syn-addition dictate the stereochemistry of the alkene
starting material.

(2)

(the racemate)

As in the solution to Problem 11.13, the alkoxide oxygen and the halogen leaving group must be anti in the
transition state. This anti relationship is possible in a chair conformation only in the reaction of the trans
stereoisomer (see Eq. 11.22 on text p. 492). In the cis stereoisomer, such an anti relationship is not possible. Because
the cis stereoisomer cannot achieve the appropriate transition-state conformation for epoxide formation, it is
unreactive.
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Lde=TN [ =i

cis-2-chlorocyclohexanol
(conjugate-base alkoxide)
trans-2-chlorocyclohexanol an anti conformation is not accessible
(conjugate-base alkoxide)
an anti conformation is accessible

11.15 (b)  Because alcohols react with HI to give alkyl iodides, the initially formed 1-butanol would be expected to give
1-iodobutane.

(d)  Asindicated in the solution for part (c), acidic cleavage of tertiary ethers occurs by the Syl mechanism. As in
part (c), the protonated ether reacts to give the tert-butyl cation and methanol. Loss of a B-proton from the
cation gives 2-methylpropene; although this can protonate to regenerate the ferz-butyl cation, the conditions
of the reaction (distillation of low-boiling compounds) drives the volatile alkene from the reaction mixture as
it is formed.

11.16 (b)  This tertiary ether reacts rapidly by a carbocation (Sy1) mechanism to give, initially, the tertiary iodide and
ethanol. The ethanol subsequently reacts more slowly to give ethyl iodide.

OCH,CH, |
CHyC—CHCH; —®%) 5 CH.C—CHCH, + HOCH,CHy ——&") 5 |cH,CH,
CH, CH, CH, CH,

2-ethoxy-2,3-dimethylbutane

11.17  (b)
o - O
Na N (R=CyHg or H)
HaG e C —CH NN, HiCo O > oLl + NdRO
CH3CH2 CH3CH2 | 2 proton transfers CH3CH2 | 2
N3 N3

11.18  The strategy in this problem is to let the —OH group originate from the epoxide oxygen. In the starting material,
this oxygen must be attached to the same carbon as the —OH group in the product as well as to an adjacent carbon;
the nucleophile becomes attached to the adjacent carbon. To summarize:

OH

L
R—CH—C—X >
|

(b)
0 OH

|
CH3(CH2)47A + Na* oN "5 CH.(CH,),CHCH,—CN
H

The strategy outlined above suggests another possibility:
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OH
0

- |
CHi(CH)i—/ \__CN + :H™ —> 9% CH,(CH,),CHCH,—CN

H H hydride
ion

If you came up with this idea, you are reasoning correctly. However, every good idea has to be tempered
by practical reality. In this case, the strategy will not work because the most common source of
nucleophilic hydride, LiAlH, (lithium aluminum hydride), also reacts with the cyano (CN) group.

11.19 (b)  The enantiomer of the epoxide in part (a) gives the enantiomer of the product formed in part (a), (3R,45)-4-
methoxy-3-hexanol. (Verify this by writing the mechanism.)

1120 (b) Inversion of configuration would occur at the carbon of the epoxide (or protonated epoxide) at which the
nucleophilic reaction occurs. (The nucleophilic oxygen is labeled with an asterisk.)

0 HO H HiC, OH
C/—\C ..... c—C D DsC \C —C.-
HCy \H HC™/" ™\ VN H
DyC D D,C OH HO D
product of product of
base-catalyzed acid-catalyzed
hydrolysis hydrolysis
11.21  (a)
0 H.ot
3
CHyCH,CH— MgBr + / \| —> ——> CH,CH,CH— CH,CH,0H
| |
CH, CH;
3-methyl-1-pentanol
(c)
0 H OH
 He/ N CHCHy ..o hot  HiCr \ _[..CH,CH,
(CHg)zCU(CN)LIz + —>THF ——
(18,25)-2-ethyl-1-methyl-
1-cyclopentanol
11.23  (b)
H CHs  NMMO, H0 HO H
0s0; (cat) \ S _CH
C=C — > QC—C s
/ /\
H,C H HyC OH
trans-2-butene (£)-2,3-butanediol

(the racemate)
1124 (a)  The alkene required is 4-ethoxy-1-butene, CH;CH,OCH,CH,CH=CH,.

1126 (b)  The products are phenylacetaldehyde, PhCH,—O, and formaldehyde, O=—=CH,.
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11.27

11.28

11.30

11.31

11.33

11.35

(a)
C|)H

(CH;),C ><j
HO
Because iodide ion is a good nucleophile and the trimethyloxonium ion is an excellent alkylating agent, alkylation of
the iodide ion occurs to give dimethyl ether and methyl iodide.

+ .o _ .o ..
(CHa)zQ—Ci\al,: —> (CH),0 + HC—I:

trimethyloxonium iodide dimethyl ether methyl iodide
The intramolecular product tetrahydrofuran results from an internal nucleophilic substitution reaction of the alkoxide

on the alkyl halide. The intermolecular product 1,4-butanediol results from the Sy2 reaction of hydroxide ion with
the alkyl halide.

HO— CH,CH,CH,CHp—Br %> () ot HO— CH,CH,CH,CH,— OH
0

4-bromo-1-butanol 1,4-butanediol
tetrahydrofuran (the intermolecular
(the intramolecular substitution product)

substitution product)

To form the cyclic product tetrahydrofuran, "OH must react with the alcohol to ionize it; the conjugate base anion of
the alcohol then cyclizes in an internal substitution reaction. In contrast, to form 1,4-butanediol, "OH must react
with the alkyl halide in an S\2 reaction. lonization reactions are much faster than Sy2 reactions; and once the
ionization has occurred, the cyclization, because it is intermolecular, is much faster than the S\2 reaction between
hydroxide and the alkyl halide. Hence, tetrahydrofuran would be the major product.

Another reasonable intermolecular possibility you may have considered is following:

HO— CH,CH,CH,CH,—Br —¥%> 40— CH,CH,CH,CH,— O— CH,CH,CH,CH,— Br

4-(4-bromobutoxy)-1-butanol

To form this product, ionized 4-bromobutanol must react with the alkyl halide “end” of another molecule of
4-bromobutanol in an Sy2 reaction. Because such a reaction is bimolecular, the intramolecular reaction of the same
ion to give tetrahydrofuran is much faster.

(b)  Throwing a fistful of variously colored spaghetti onto a table has a considerably greater entropy change; a
condition of greater randomness is created than if the spaghetti is sorted into variously colored piles.

(b)  The first reaction is a bimolecular reaction, whereas the second is an intramolecular reaction. Forming the
transition state of the first reaction requires “freezing” the translation of one molecule relative to the other,
whereas forming the transition state of the second reaction requires no freezing of translations. Because the
bond changes in the two reactions are about the same, we suspect that the second reaction will be much faster
because its AS®* is less negative (or more positive).

(a)  The sulfur can serve as a nucleophile in an intramolecular nucleophilic substitution reaction. The product is a
cyclic sulfonium salt.

e\ /\ + ve
CH3§_CH2CH2CH2CH2_Q|' —> H3C_§ :(':a.l:

X
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(b)  The assumption is that the reaction of water with the starting sulfide occurs at about the same rate as it does
with 1-chlorohexane. If so, then the relative rate of the intramolecular reaction above and the competing
intermolecular Sy?2 reaction of water with the same compound is 21, as given in the problem. A calculation

very similar to the one in Study Problem 11.5, text p. 514, shows that k;/k, = (21)(20 M) = 420 M. This is the
proximity effect.

11.36  An analysis identical to the one shown in Study Problem 11.6, text pp. 516-517, results in the following
episulfonium ion, which is the diastereomer of the one shown in Eq. 11.68b.

CZHS inversion at C-2 inversion at C-3
| 4
:S+7 D :

3 @ N> H,0: H s / +
DG — — + C—Comp  + HQ
/ \ protqn \
H \/ H transfer 0 HQ: H
H26: product from product from
substitution at C-2 substitution at C-3

a meso compound
L{ enantiomers }—‘

In this case, however, the episulfonium ion is meso and therefore achiral. The nucleophilic reactions of water at C-2
and C-3 give enantiomers, which must be formed in identical amounts.

11.39  The two reactions proceed through a common episulfonium ion intermediate that results from an intramolecular
substitution of the protonated OH group by the sulfur.

CH
. W N\ ¥ |2 °
:.C.|: C2H5'S'_ ?H - CHZ_ QHQ ] -:'.S 7
/ X\ v .. ..
CHs > HC—CH i — > CHS—CH—CH—G:
.. .-/\ + (|;H
:Cl: C2H5§—CH2—C|)H—QH2 — 3 CHs
CHs + R

Evidently, the nucleophilic reaction of the chloride ion with this intermediate takes place at the carbon with the
methyl substituent. Because the same intermediate is formed in both reactions, the product is the same.
] A separate question is why the chloride ion should react only at the more branched carbon. The
::} cyclic intermediate is much like a protonated epoxide; hence, the nucleophilic reaction of
chloride ion occurs at the more branched carbon for the same reason it does in a protonated
epoxide. (See discussion of Eq. 11.33b on text p. 498.).

1140 (b)  Oxidize the isobutyl alcohol, which is obtained in the hydroboration—oxidation reaction in part (a).

1) KMnO,/NaOH
2)H;0
(CH;),CHCH,0H A0, (CH3),CHCO,H

isobutyl alcohol
from part (a)

(¢)  The sulfone must be obtained by oxidation of dibutyl sulfide; and the sulfide is obtained from the S\2
reaction of the thiolate conjugate base of 1-butanethiol with 1-bromobutane.
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+ o
CH3CH2CH2CH2 —SH 2—> CH

,CH,CH,CH,—S™ Na*

2 Hy0,

CH3CH2CH2CHzBr
_—

0]

I
CH3CHQCH2CH2_S_CH2CHQCH2CH3 = CH3CH20HQCH2_S_CHQCH2CHQCH3

1141 (b)
H CH,0OH
HyCr o ZnCH
N/
0]
1142 (a)
H ()-DET
Ti(OPr),
@CHZOH (CHg)s,C—O0—OH
1143 (b)

I
0

dibutyl sulfone

The same phenomenon would be observed with (—)-DET, because the catalyst is enantiomeric to the one

formed from (+)-DET and the alkene is not chiral; hence, the same energetics should apply.

7
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11.44

11.46

11.48

11.49

11.51

Solutions to Additional Problems

(b)  Any ether containing only methyl or primary alkyl groups is a correct answer. Two of several possible
examples are CH;0(CH,),CH; (methyl octyl ether, or 1-methoxyoctane) and CH3(CH,);0(CH,)4,CHj; (butyl
pentyl ether, or 1-butoxypentane).

(d)  Dipropyl ether (CH;CH,CH,),0, would give propyl bromide as the only alkyl halide.

® 1-Butene, H,C=CHCH,CH3, gives racemic 1,2-butanediol with either reagent.

(h) A correct answer must be an alkene that gives a glycol that cannot exist as diastereomers. The alkene 1-
hexene (H,C—=CHCH,CH,CH,CHj3) is one such compound.

It is assumed that the starting material is racemic. As an additional exercise, you should consider the stereochemical
course of the reactions if the starting material is a single enantiomer.

0
H,C
CH;3CH,
2-ethyl-2-methyloxirane
(a) and (b) () (d) (e
(|)H (|)H (|)CH3 O|H
CH,CH,CCH,OH CH4CH,CCH,0CH; CH3CH2(|JCH20H CH3CH2C|30H2CH3
| |
Chj CHj CHs CHs
) (9] (h) )
Blr E|>r C|)CH3 OCHs
CH4CH,CCH,0CH, CH3CH2(|)CH20H CH3CH2C|)CHZOCH3 CH3CH2(|3CHZOCHZCH3
|
CH, CH, CH, CH,
W) ) M
ﬁ (”) MgBr CH,CH,0H
CH,CH,CCH; + CH, CH3CH2(|)CH20CH3 CH3CH2(|ICH20CH3
CH, CH,

The first reaction, opening of the epoxide, should occur most rapidly, because the epoxide is considerably more
strained than tetrahydrofuran. It is the ring strain that causes epoxide opening to be so fast.

(b)  1-Pentanol, the alcohol, is fairly soluble in water, whereas the ether is not. Alternatively, the alcohol evolves
H, when treated with NaH or Na, or evolves methane (CH4) when treated with the Grignard reagent
CH;MgBr; the ether, which has no O—H group, does not.

(a)  Sodium ethoxide reacts with water to give ethanol and sodium hydroxide. Although the pK, values of water
and ethanol are similar, water is present in excess because it is the solvent, and the equilibrium therefore
favors sodium hydroxide. Consequently, the alcohol (CH;),CHCH,CH,OH rather than the ether will be
formed as the major substitution product.

Na+ C2H50_ <+ Hzo t’ Na+ OH + C2H5OH

solvent; reacts with
in large excess the alkyl halide
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Another problem is that the alkyl halide is insoluble in water. This insolubility makes any reaction that does
occur very slow because the concentration of alkyl halide is limited to the very small amount that will
dissolve. Changing the solvent to ethanol would solve all of these problems.

11.55 In this reaction the nucleophile (water) reacts at the protonated epoxide at the more substituted carbon with inversion
of stereochemical configuration.

O CH3QH2
/N q
CHCHwC—CH, + HO 05 HC—c_cyon
2/ // this oxygen
HyC HO comes from water
(S)-2-ethyl-2-methyloxirane (R)-2-methyl-1,2-butanediol

11.57  Asaresult of this reaction, carbon-2 becomes asymmetric, and diastereomers are formed corresponding to the two
possible configurations of this carbon. The product with the S configuration at carbon-2 (compound 4) is optically
active; however, the other product (compound B) is a meso compound, and hence, is optically inactive.

H3C H H3C H H3C H
%, 1) Hg(OAc),, CH,OH %, %

CHs  2) NaBH,, NaOH HyC

CH;

CH, H3C
+

CHO H H OCH, CH,0 H CH:0 H CHO H
(35,45)-4-methoxy- compound 4 compound B
3-methyl-1-pentene (optically active) (meso; therefore achiral

and optically inactive)

11.62 (b)  Carbon-3, the asymmetric carbon, has the S configuration, which is the same configuration that carbon-3 has
in the product of part (a). Consequently, oxidation of the alcohol product of part (a) gives the desired

compound:
HO CHy S
H g e, Hsc—g—cf;H
" octts OCH,

(2R,3S)-3-methoxy-2-butanol
from part (a)
(d)  Because the carbon bearing the ethoxy group is the one that must be inverted, use the ring-opening reaction in
part (a), except substitute ethanol for methanol. Then carry out the Williamson synthesis used in part (c) with
methyl iodide instead of ethyl iodide.

/O\ C,HsOH, HO\2 3 ;CH3 1) NaH CH3O\3 R ;CH3
..... —C.. H,S04 .Cc—c—H _ocHy C—¢—=H
He O ClmCH, —2>  H L .
HiC H HC  OCHs ne  OCH

(2R,35)-3-ethoxy-2-butanol

Don’t be confused by the fact that the carbon numbering changes because of numbering conventions. Thus,
carbon-2 in the alcohol becomes carbon-3 in the product, and vice versa.
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11.64 (b)

HslOg

11.65 The mCPBA reacts at the side of the alkene 77 bond that involves the less severe van der Waals repulsions.

CH=0
OH _
+ 080, —> Os(Vl) + L@H M0 LE\\C:HOO (1)
CH=0

(b)  The face of the ring on the same side of the methyl group is blocked; hence, reaction occurs at the opposite

face.
CH,
@ mCPBA
|=-|

(major product)

11.67  Because sulfur in a sulfoxide does not undergo inversion, it is an asymmetric atom. Because there are two
asymmetric carbons in methionine (asterisks in the structure below), methionine sulfoxide can exist as
diastereomers. (See the solution to Problem 11.66.)

0]

.
H,N—CH—C—O0

(C|3Hz)4

:S=0
|

CHs

methionine sulfoxide
11.70 (a)  The rate acceleration suggests a mechanism involving neighboring-group participation. The product of this

reaction results from the net substitution of the chlorines by —OH groups to give a diol. The mechanism for
the first substitution is shown below in detail; you should write the mechanism for the second.

CH3 :6H2
:Cl—CH,CH,—N—CH,CH,—Cl —> H,C—CH, e
#
H3C \CH2CH2_C|
HO: H CH, CH,

5

e | i | .
HQ—CHZCHz—N—CHZCHZ—CI —_—> HQ—CHQCHZ—[\!—CHZCHZ—Cl & H—QHZ
.. | similar
s l mechanism
CH,
HO—CH,CH,— N —CH,CH,—CH
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(b)  The reaction of mechlorethamine with an amine R3N: follows a similar pattern in which the amine rather than
water serves as the ultimate nucleophile. The final product is

CH,
+ | +
CI™ (CHa)sN—CH,CH,—N—CH,CH,—N(CHz); CI~

11.71 (b)  Compound B is locked into a conformation in which the two hydroxy groups are trans-diaxial; consequently,
this compound cannot be oxidized for the same reason that compound 4 cannot be oxidized in part (a).

CHs CHs
OH
OH OH

A B
can form a periodate ester cannot form a periodate ester

11.73 (b)  The substitution with retention of configuration suggests a neighboring-group mechanism involving a
bicyclic episulfonium ion Y.

+
N\?h Q \ . CC|)+CH3 -
He ™

d HOCH; HOCH,8

§ +
ST /. + H0CH;
.C.)CH3 .o

11.75 (b)  The alkoxide, formed by ionization of the alcohol OH group, opens the epoxide intramolecularly. The
hydroxide catalyst is regenerated by protonation of the resulting alkoxide ion.

SR ~H—OH

N CH,OF :
.. CH,CH,CH —CH, 22 g
HQO: + _/ —> 4_)
:Q: O

formed by the reaction

of hydroxide with the CH,QH
alcohol . - _:Q:H
0
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(d)  The epoxide chemistry in this chapter has focused on ring-opening substitution reactions; however, you have
learned that elimination competes with substitution. Thus, this reaction is an E2-like elimination reaction in
which either of the two distinguishable 8-hydrogens is removed and the epoxide oxygen serves as a leaving
group. The mechanism for the formation of the major alkene product is shown below; the minor product is
formed by an essentially identical mechanism involving the other 8-hydrogen. Substitution (that is,
nucleophilic ring-opening) evidently does not occur because of the van der Waals repulsions that would result
in the transition state of such a reaction between the alkyl branches of the base and those of the epoxide.

sl

QO: | H—OC(CHs); :E|)'H
HzC:JqH _C(CH3)2 — H2C =CH _C(CH3)2 4——) HzC: CH _C(CH3)2

(CH3),CO:_ H + 0C(CHa);

(f)  The key to this mechanism is to notice that inversion of configuration has occurred at carbon-2, and the
cyanide ion has reacted at carbon-1. The formation of another epoxide by neighboring-group participation
with inversion of configuration at C-2 is followed by reaction of the cyanide ion as a nucleophile at C-1,
which is the less substituted carbon of the epoxide. (The rearrangement of one epoxide to another by the
intramolecular reaction is called the Payne rearrangement.)

:0: 0 CH, HO: CH,
Y, \07 ) .k \o_ i
TR CHO: RN —> He v V) —
CH4CH CH4CH,
H—CN
from the Bronsted acid—base
reaction of “CN with the alcohol HO CH,CN HO CH,CN
_ ~—H — > _ ~—=H
’ “.70 c\ N ’ ,,..}c C
CH,CH, Q:  H—OH CH,CH, OH

(g)  This appears to be a relatively rare instance of neighboring-group participation involving a four-membered
ring. The ring is opened by the nucleophilic reaction of methanol at the more substituted carbon.

CH, CH, CHs
AL | o
PhCH,—S: CH—OTs PhCH,—8,—CH PhCH,—S —CH -

(CH3)2C_CH2 (CH )2C CH2 (CH3)2C _CHQ
5 CH,0—H
CHiO—H =
=0Ts CHs

.
PhCH,—§ —CH
| + C02 + Hzo
(CH,;),C —CH,
|

CH3Q:
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1176 (b)  The substitution with retention of stereochemical configuration suggests that neighboring-group participation
has taken place. The first substitution involves the formation of episulfonium ion B from part (a) with loss of
chloride ion under the rather extreme conditions. This ion is opened by the azide ion.

N3
:Cl < N3,,,,,_. (identical N3,,,,,..

mechanism)

CI : CI : CI : Ny
B Y
+ C |:

The second substitution occurs by an essentially identical mechanism.

11.78  Asillustrated by Eq. 11.22 on text p. 492, and as discussed in the solution to the previous solution, the —O  and —
Br groups must be able to assume a trans-diaxial arrangement in the transition state for backside substitution to
occur.

Immediately we rule out compound D, as the —OH and —Br groups are cis.

The —OH and —Br groups in compounds A—C are trans. Because all of the compounds shown are trans-decalin
derivatives, they cannot undergo the chair flip. Hence, the —OH and —Br groups could be trans-diequatorial or
trans-diaxial. Examine each one in turn.

Compound 4 must assume a twist-boat conformation in order to undergo epoxide formation by backside
substitution. Because this conformation, and hence the transition state of the reaction, has a very high energy,
epoxide formation is likely to be very slow.

CH, CH,
OH >
Br Br
H H HO

compound 4 is trans-diequatorial
compound 4 must adopt a

twist-boat conformation
to achieve the anti relationship
required for epoxide formation

The remaining two bromohydrins B and C have trans-diaxial arrangements and thus react readily:

CHs

CHs OH
H Br OH

compound B is trans-diaxial compound C is trans-diaxial
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11.79 (b)  The similar reaction of the 25,3S stereoisomer gives a meso bromonium ion, which is achiral. Reactions of
bromide ion at the two carbons give respectively (25,35)- and (2R,3R)-2,3-dibromobutane in equal
amounts—that is, the racemate.

Br\\ §0H3 (A)T Br7 (B)

...... c—Cr—H ——> :0H c T
H3C' / q\“ 2 H CH3
H :9H2 /A)L J(B)
(28,39)
HsC :Br: :Br: CH;
Ht—c Yo
"""" CH3 + H3C""} \
Br H H Br
(2R,3R) (28,3

(A) (B)
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Chapter 12

Introduction to Spectroscopy.
Infrared Spectroscopy and
Mass Spectrometry

Solutions to In-Text Problems

(b)  Apply Eq. 12.1 and include the conversion factor 1071 m A",

3.00 x 10° m sec™

= =6.25% 10" sec”’
YT (4800 A)Y(100m A7) See

(b)  Multiply the frequency obtained in the solution to Problem 12.1(b) times Planck’s constant:

E=hv=(3.99 x 107 kI sec mol™1)(6.25 x 10'* sec™!) =249 kJ mol™!

(a)  The energy of X-rays is greater than that of any visible light, including blue light. (In fact, the energy is so
much greater that prolonged exposure to X-rays is harmful.)

(b)  Apply Eq. 12.7b on text p. 541:
A =wavelength = (1 x 10* um cm™) + 1720 cm™' = 5.81 um

Using Eq. 12.8 on text p. 541, convert the wavenumber to a frequency, which is the “times per second” equivalent of
wavelength or wavenumber.

v=cp=03x10"cmsec)(2143 cm ') = 6.43x10"sec”’!

Take the ratio of two equations like Eq. 12.13 on text p. 547, one for the C—H bond, and the other for the C—D
bond. Everything cancels except the wavenumbers and the square roots of the masses.

My

m
H D

by |om (3090 cml)\ﬁ =2185cm!
D H mD 2

In fact, C—D vibrations appear in the IR at lower energy than the corresponding C—H vibrations (to the right in
conventional IR spectra).

tz| <

or

(b)  Active. The C==0 dipole is increased by the stretch because its length changes. Recall (Eq. 1.4, textp. 11)
that dipole moment is proportional to length.
(d)  Inactive. The zero dipole moment of this alkyne is not changed by stretching the triple bond.
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12.10

12.13

12.16

12.18

12.20

12.21

(f)  Active. The dipole moment of the molecule is due mostly to the bond dipole of the C—Cl bond, which is the
only bond in the molecule with significant polarity. Increasing the length of this bond dipole will increase the
dipole moment of the molecule.

The carbon skeleton of the hydrogenation product defines the following alkenes as possibilities.

P N R N

(1) 2) 3) 4)
2-methyl-1-pentene  2-methyl-2-pentene  (E)-4-methyl-2-pentene (Z)-4-methyl-2-pentene  4-methyl-1-pentene

The strong 912 and 994 cm™' C—H bending absorptions are very close to the standard values of 910 and 990 cm™',
which are typical of —CH=CH), groups. Therefore compound 4 is (5). The weak or absent C—=C stretching
absorption in the 1660—1670 cm™' region suggest that the candidates for B, C, and E are compounds (2), (3), and (4).
The strong 967 cm™' C—H bending absorption is the definitive absorption for trans alkenes. Therefore, compound E
is (3). Compound C must be the cis alkene (4), from the C—H bending absorption at 714 cm ™!, because the C—H
bending absorption for cis alkenes occurs at lower wavenumber than the C—H bending absorption of other alkene
types. The 1650 cm™! C=C stretching absorption as well as the 885 cm™! C—H bending absorption point to (1) as
the structure of compound D. This leaves only compound B unassigned, and it must therefore have structure (2). Its
C—H bending absorption is consistent with this assignment.

The two C—O bonds of an ether can undergo both symmetrical and unsymmetrical stretching vibrations; each of
these normal vibrational modes has an associated infrared absorption. (These vibrations are described on the first
two lines of Fig. 12.8 on text p. 549.)

Assume the molecular ion (base) peak at m/z = 50 has an abundance of 100%. This peak is due to molecules that
contain 12C, 'H, and 3CL. The M + 1 peak is due to molecules that contain either 13C, 'H, and 3Clor 12C, 2H, and
35CI. The intensity of the M + 1 peak due to '*C relative to the base peak is (0.0111/0.989) = 1.12%, and the relative
intensity due to 2H is 3(0.00015)/(0.99985) = 0.0004, or 0.04%. Hence, the M + 1 peak at m/z = 51 is due almost
entirely to molecules that contain *C, 'H, and *3CI, but we’ll include the contribution of 2H for completeness.
Because there is one carbon, the intensity of the m/z = 51 peak is 1.16% (1.12% + 0.04%). The M + 2 peak at m/z =
52 is due almost entirely to 12¢, 'H, and *’Cl; according to Table 12.3, the ratio of this peak to the base peak should
be 0.2423/0.7577 = 0.320, or 32%. (This peak has a contribution from molecules that contain *C, 2H, and *3C equal
to3 x (0.0111/0.989)(0.00015/0.99985) = 0.00017% that can be ignored). Finally, there is a peak at M + 3, or m/z =
53, which is due to molecules that contain either '*C, 'H, and *’Cl or to '>C, ?H, and *’CL. The contribution of *H is
only 0.0004. Thus, the relative abundance from the simultaneous presence of '3C and 3’Cl is (0.0112)(0.320) =
0.00358, or 0.36%. This peak is almost negligible.

When the molecule contains only C, H, and O, odd-electron ions have even mass, and even-electron ions have odd
mass. Therefore, (a) and (d) are even-electron ions, and (b) and (c) are odd-electron ions.

(b)  Inductive cleavage at either side of the oxygen would give a primary carbocation. With di-sec-butyl ether, in
contrast, a secondary carbocation is formed by inductive cleavage. Because of the greater stability of

secondary carbocations, more inductive cleavage occurs in the fragmentation of di-sec- butyl ether.

(b)  The same process occurs, except that 16 mass units—that is, methane—is eliminated.

CHyCH, CH,CHs CH;CH, CH,CH;
?HW—L?LCH —> CH, + CH=6+—C|H
CHy' H  CH, CHs
CI molecular ion m/z=115

m/z=131
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12.23

12.24

12.27

12.29

12.31

12.33

12.34

Solutions to Additional Problems

The intensity of an infrared absorption is affected by (1) the number of absorbing groups and (2) the size of the
dipole moment change when the molecule undergoes the bond vibration. The number of absorbing groups, in turn,
depends on (1) the number of groups of interest within a given molecule and (2) the concentration of molecules in
the sample.

(b)  Carry out a Williamson ether synthesis. Confirm the reaction by observing loss of the O—H stretch of the
alcohol in the 32003400 cm™' region of the IR spectrum, and by intensification of the C—O stretching

absorption.
CHa(CHy),CH,0H 5 CH,(CH,),CH,0™ Na™ 1> CH,y(CHy),CH,OCH;
1-hexanol 1-methoxyhexane
(hexyl methyl ether)

Only spectrum (2) has the C=C stretching absorption near 1640 cm™' and the high-wavenumber shoulder at about
3050 cm™! for the alkene C—H stretching absorption; this is therefore the spectrum of compound 4, and spectrum
(1) is the spectrum of compound B.

The solution to the previous problem noted the correlation between bond dissociation energies and IR absorption
frequencies. Triple bonds are clearly stronger than double bonds, which are stronger than single bonds. The question
is which of the two double bonds is stronger. Table 5.3 on text p. 213 shows that the bond dissociation energy of a
C=C double bond is 728 kJ mol !, and that of a C=0 double bond is 749 kJ mol!. On this basis, the C=0 bond is
predicted to absorb at higher frequency. (This is realized in practice; typical C=0 absorptions occur in the 1710
cm! region, whereas C=C absorptions occur in the 1650 cm™' region.) In summary, then, the order of increasing
bond strengths and increasing IR absorption frequencies is:

C—C<C=C<C=0<C=C
The two stretching vibrations of the nitro group correspond to the symmetrical and unsymmetrical stretching modes.

(a)  Both compounds have the same absorptions, except that the absorptions of compound C in Fig. P12.33 are
displaced to lower frequency, an observation that implies a higher mass for the absorbing group; see the
discussion of the mass effect associated with Eq. 12.13 on text p. 547. In particular, a peak at 3000 cm™' in
compound D, undoubtedly a C—H stretching absorption, is displaced to 2240 cm™! in compound C. Hence,
compound C is CDCl;.

Eq. 12.13 on text p. 547 gives the quantitative basis of the mass effect. If the force constants of

|::} C—H and C—D bonds are nearly the same (and they are), then the ratio of stretching
frequencies of these two bonds should be equal to the square root of the ratios of the mass
terms. Eq. 12.13 predicts a ratio of V2 = 1.414; the more exact equation, Eq. 12.10 (text p. 546),
predicts a ratio of 1.36. The actual ratio, (3000/2240) = 1.34, is very close to this prediction.

(b)  The two compounds could be distinguished by mass spectrometry by the masses of their parent ions. Both
CHCI; and CDCl; have four molecular ions. (Why four? See Table 12.3, text p. 562.) Each molecular ion
peak of CDClI; lies at one unit higher mass than the corresponding molecular ion peak of CHCI;.

(b)  Loss of a propyl radical from the molecular ion of 3-methyl-3-hexanol (molecular mass = 116) by a-cleavage
mechanism similar to that in part (a) gives a fragment with m/z =73.
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12.35

12.37

12.38

12.40

+2 =
i D

CH3CH2_?_CH2CH2CH3 —> CH3CH2_|C + CH2CH2CH3
CH, CH,

molecular ion m/z="113

(d)  Fragmentation of neopentane at any one of its four carbon—carbon bonds gives a methyl radical and the ferz-
butyl cation, which has the correct mass:

HiC—C(CHz)s == H;C_T C(CHz)s —> H;C- + "C(CHa)s

neopentane tert-butyl cation
m/z=157

(b)  Loss of 18 mass units could indicate loss of H,O. (See the solution to Problem 12.34(c) for an example of
such a loss.)

First ask what products are expected from the reaction. Two constitutional isomers, both with molecular mass = 88,
are anticipated:

HsC /H 1) B,Hy/THF C|)H (|)H
c=C AHOOH oy CHCH,CH,CHy  +  CHaCH,CHCH,CHs
H CH,CH, 2-pentanol 3-pentanol

trans-2-pentene

Spectrum (b) is consistent with 3-pentanol; the base peak at m/z = 59 corresponds to loss of CH3;CH,—, and there
are two ethyl groups in this compound that could be lost by a-cleavage. Spectrum (a) has a base peak at m/z = 45
that corresponds to loss of 43 units (a propyl group). 2-Pentanol has a propyl branch that could be lost as a radical by
a-cleavage.

When unknown compounds come from a chemical reaction, use what you know about the
reaction as a starting point for postulating structures.

(b)  2-Methoxybutane, molecular mass = 88, can lose either a methyl group (15 mass units) or an ethyl group (29
mass units) by a-cleavage. Such losses would give rise to peaks at m/z = 73 and m/z = 59, respectively. The
ethyl group is lost preferentially because of the relative stability of the ethyl versus the methyl radical.

<E|5CH3 +c'”)'cH3
CH3C/}-D—<7CH—CH3 —> CHsCH, + CH—CH,

molecular ion of m/z =159
2-methoxybutane

Follow the procedure used in the solution to Problem 12.39, except that the relative abundances are those of the
chlorine isotopes.

Cl #1 Cl#2

m/z =84 35 35 relative probability = (0.7577)* = 0.574

m/z = 86 } 35 37 relative probability = (0.7577)(0.2423) = 0.184
37 35 relative probability = (0.2423)(0.7577) = 0.184

total relative probability 0.368
m/z = 88 37 37 relative probability = (0.2423)* = 0.059
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12.41

12.42

12.43

Taking the peak at m/z = 84 as 100%, the ratios of the peaks are 100%, 64.1%, and 10.3%, respectively.

(b)  The abundance of the M + 1 peak relative to the M peak is 2.5/37, or 0.068. At 0.011 per carbon, this
accounts for six carbon atoms, or 72 mass units. It is given that the remaining mass is due to hydrogen.
Therefore the formula is CgHy.

] The use of isotopic peaks was once important in determining formulas. However, this has been

::} supplanted by the use of exact masses, discussed on text p. 569. Typically, a formula of each
peak is provided to the investigator as part of the output of a typical mass spectrometer. The use
of exact masses was made possible by the advent of high-resolution mass spectrometers.

(b)  The ion with m/z = 108 is the molecular ion containing the lighter bromine isotope, and it is formed by the
process shown in part (a).

(d)  The ion with m/z = 79 is the bromine cation formed from the molecular ion containing the lighter bromine
isotope, and it is formed by the mechanism shown in part (c).

® The ion with m/z = 28 is an odd-electron ion formed from the molecular ion by hydrogen transfer followed by
loss of HBr:

P il

HQC_CHZ —> HzC_CHQ —> HzC_CHZ =+ H_&r:

m/z=128
The presence of an odd number of nitrogens in a molecule containing, as the other atoms, any combination of C, H,
0, and halogen reverses the odd-electron/even-electron mass correlations in Sec. 12.6C on text p. 563 because such

a molecule must have an odd molecular mass. (Molecules containing no nitrogen or an even number of nitrogens
have even molecular masses.)

(¢) A fragment ion of odd mass containing a single nitrogen must be an odd-electron ion.
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Chapter 13

Nuclear Magnetic Resonance Spectroscopy

Solutions to In-Text Problems

(b)  Use the same equation and solve for B:

Yug_ 26,753 rad gauss’1 sec”!

v =900x10° Hz = B

T 27 rad
Solving,
B =211,373 gauss

Because v and B are proportional, we could also have used the result of the last part and
:} multiplied the value of B in the last part by the ratio of frequencies (= 900 MHz/500 MHz).

(b)  Following the procedure used in part (a),
By, — Brus = (107%)(3.35 ppm)(By) = 0.24 gauss

The greater the chemical shift, the less shielded are the protons. Therefore, the protons at 6 5.5 are least shielded),
and those at 6 1.3 are the most shielded.

(a)  Subtract the two chemical shifts in ppm and apply Eq. 13.1. That is,

chemical-shift difference = 6, — 8, == — = i} =0.75 ppm
60

(b)  Using the procedure from part (a) gives
chemical-shift difference = 45/300 = 0.15 ppm.

Parts (a)—(c) are answered in the text discussion that follows the problem (p. 587).

(d)  Because Si is more electropositive (less electronegative) than any of the other atoms in the table, hydrogens
near the Si are more shielded. Because chemical shift decreases with increased shielding, this means that
(CHj3)4Si has a smaller chemical shift. A derivative (CH;3),M, in which M is an element more electropositive
than Si, should have a negative chemical shift. (CH3),Mg and (CH3)4Sn are two of several possible correct
answers.

(@)  The order is C < B < 4. The protons of methylene chloride (dichloromethane, CH,Cl,) have the greatest
chemical shift, because chlorine is more electronegative than iodine. The chemical shift of methylene iodide

is greater than that of methyl iodide because two iodines have a greater chemical shift contribution than one.

(b)  Because protons H and H” are constitutionally nonequivalent, their chemical shifts are different.
(d)  Because protons H% and H? are enantiotopic, their chemical shifts are identical.

The question asks essentially how many chemically nonequivalent sets of protons there are in each case.
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(b)  This compound has two chemically nonequivalent sets of protons; hence, its NMR spectrum consists of two

resonances.
1310 (b)
56.55 CH3\\5 1.99
Cl,CH—C—CH;s
CH,CI
5431

13.12 (b)  The (CHj;);CBr impurity in CHsI is more easily detected, because a given mole fraction of (CH3);CBr gives a
resonance that is three times as strong as the resonance for the same amount of CH31, as the solution to part
(a) of this problem demonstrated.

13.13  In the following discussions, the integral is not mentioned. It corresponds to the number of protons under
observation in each case.

(b)  The protons of the CICH,— group would be a doublet at 6 4.2 or higher. The protons of the —CHCI, group
would be a triplet at considerably greater chemical shift. This chemical shift would be similar to, and
probably somewhat greater than, the chemical shift of the —CHCI, protons in part (a). (The greater shift
would be caused by the 3 chlorine.)

(d)  This compound, 1,3-dimethoxypropane, should have three resonances. The methylene resonances for the
boldfaced protons CH;OCH,CH,CH,OCHj; should be a triplet in the § 3.5 region, because there are two
neighboring protons. The central —CH,— should be a quintet (a five-line pattern), because there are four
neighboring protons. This would normally be in the & 1.0 region, but should appear at somewhat greater
chemical shift, perhaps around 6 1.8, because of the B-oxygens. The methyl groups should be one large
singlet near 6 3.2.

(f)  The spectrum of this compound consists of two singlets. The —CH,— resonance occurs at a chemical shift
greater than 6 4.2 (because of the B-chlorine), and the methyl groups should appear in the 6 0.7—1.7 region,
probably towards the higher end because of the chlorines.

] More precise estimates of chemical shift can be made using the methods discussed in Further

:} Exploration 13.1 on p. 259 of the Study Guide and Solutions Manual.

13.14  There are four possibilities for the spin of three neighboring equivalent protons b; these are shown in the following
table. There are three ways in which two spins can be the same. This table shows that the resonance for protons a
would be split by the three protons b into a quartet whose lines are in the intensity ratio 1:3:3:1.

b protons

1 2 3 1 2 3 1 2 3 1 2
all (+) two (+), one () one (+), two (-) all (-)

th +h V| th Vs

w

T L B A N s A B s Sl /A /A
combinations

Vo s | Y Ve 4%

13.15 (b)  This candidate would also be expected to have eight nonequivalent sets of protons. (Can you find them all?)
This would also not show two triplets, and there should be four methoxy singlets (three if the two
diastereotopic ones accidentally overlapped), but certainly not two.

13.16  (b)
5398 65.87

CICH,— CHCCl,



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 13 3

13.20

13.21

13.23

13.26

13.27

13.29

(a)  Because protons H and H¢ are diastereotopic, they are chemically nonequivalent; therefore, counting the
methyl group, there are four chemically nonequivalent sets of protons. The methyl group is split into a
doublet by H”. The resonance for proton H? is split into a quartet by the methyl protons, and each line of this
quartet is split into a triplet by H” and HC, to give a “quartet of triplets,” or twelve lines, for proton H%. (The
triplet is the result of two overlapping doublets with J,;, = J,; see Fig. 13.11 on text p. 606 for a related case.)
Because H” and HC are diastereotopic, they absorb at different chemical shifts. Proton H” is split by proton H
into a doublet, and each line of this doublet is split into another doublet by H¢. Therefore, proton H’ is a
doublet of doublets, or four equally intense lines. The same is true of H” —its resonance will be four equally
intense lines at a slightly different chemical shift from the resonance of H’. Several of these patterns may
overlap to create a very complex-looking spectrum.

(a)  Compound B, from the chemical shifts, has no hydrogens « to the bromine. Hence, this is a tertiary alkyl
halide. We see two methyl singlets and an ethyl quartet, which determine the structure.

CH,
CH3CH2_(|:_ Br
CH,

2-bromo-2-methylbutane

(b)  Assuming that in the absence of D,O, the sample is very dry, the spectrum of 1,2,2-trimethyl-1-propanol
would change as follows as the result of a D,O shake:

quartet of
doublets doublet quartet no resonance in '"H NMR
D,0 shak *
(CHl,C—CH—OH = (CHeo—CH—OD
CH3 CH3

(A “quartet of doublets” can also be referred to as a “doublet of quartets.”)

The spectrum of ethyl chloride would resemble that of ethyl bromide (Fig. 13.6, text p. 596). It would consist of a
typical ethyl pattern—a triplet (for the CH3) and a quartet (for the CH,), except that the quartet for the CH, in the
ethyl chloride spectrum would be at a somewhat greater chemical shift than it is in ethyl bromide. In ethyl fluoride,
the resonance of the methyl group would be a triplet of doublets. (Splitting by the CH, group gives three lines; each
of these are split into two by the fluorine for a total of six.) The resonance of the CH, group would be a doublet of
quartets. (Splitting by the fluorine gives a widely spaced doublet; each line of the doublet is split into a quartet by
the CH; group.) The chemical shift of the CH, resonance in ethyl fluoride would be expected to be somewhat
greater than that of the CH, group in ethyl chloride.

(a)  The unknown is tert-butyl alcohol, (CH3);C—OH. Notice the absence of an a-proton.

The resonance for the methyl group at room temperature is a singlet. When the temperature is lowered, the
resonance of this methyl group should consist of two singlets, one for the conformation of 1-chloro-1-methylcyclo-
hexane in which the methyl group is axial, and one for the conformation in which the methyl group is equatorial.
The relative integrals of the two singlets will be proportional to the relative amounts of the two conformations.
Because chlorine and methyl are about the same size, there should be about equal amounts of the two
conformations.
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13.30

13.32

13.34

Cl !—{ different chemical shifts }—|
CH, singlet
%\singlet CHs

Cl

1-chloro-1-methylcyclohexane

Because of its symmetry, 4-heptanol has only four chemically nonequivalent sets of carbons, and hence its spectrum
consists of four lines, and is therefore spectrum 1. All of the carbons of 3-heptanol are chemically nonequivalent;
hence, the '*C NMR spectrum of this compound consists of seven lines, and is therefore spectrum 2. The following
structures show equivalent carbons with the same numbers.

OH OH

| |
CH3CH,CH,CHCH,CH,CH; CH3CH,CHCH,CH,CH,CH;
1 2 3 4 3 2 1 1 2 3 4 5 6 7

4-heptanol 3-heptanol

(b)  This compound should have a BCNMR spectrum with three lines, as observed. Furthermore, the attached
hydrogen ratio is also consistent with this structure. What is not consistent, however, is the chemical shift
information. The 6 112.9 resonance suggests a carbon bound to more than one oxygen. In this structure, no
carbon is bound to more than one oxygen, whereas in the correct structure, the methine (CH) carbon is bound
to three oxygens.

It would be easy to believe that the methyl groups of 4 could account for the twelve-proton singlet at 6 1.22, and the
two OH groups for the two-proton exchangeable resonance at ¢ 1.96; but this leaves no hydrogens to account for the
6 1.57 resonance. In other words, structure 4 has two nonequivalent sets of hydrogens, whereas the NMR spectrum
indicates at least three. Structure 4 also has two nonequivalent sets of carbons, whereas the '*C NMR spectrum
indicates three.

Structure B is ruled out by its molecular formula, which is CgH;40,. But the NMR spectrum is also not
consistent with structure B, which should have two methyl singlets, each integrating for 6/, and one methyl singlet
integrating for 34, along with one exchangeable OH proton. Although it would have the required three resonances,
the integration ratio (6:3:1) is different from that observed (12:4:2 or 6:2:1). This difference is well within the ability
of the spectrometer to differentiate. But the '>C NMR is even more definitive. Structure B has five nonequivalent
sets of carbons, whereas the '*C NMR spectrum indicates three sets. Even if the methyl resonances overlapped
accidentally, which is unlikely, the attached-hydrogen analysis for B would predict no carbon with two attached
protons.

structure B equivalent
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Solutions to Additional Problems

1336 (b)  Only 1-hexene will have a complex vinylic proton absorption that integrates for 25% of the total absorption
(that is, 3 protons); the vinylic proton absorption of frans-3-hexene will consist of a triplet integrating for
17% of the total absorption (that is, 2 protons).
2 vinylic protons,

triplet splitting
3 vinylic protons,

complex splitting CH3CH;, H——
"
HQCZCH_CHQCH2CH2CH3 C =C\
1-hexene —H CH,CH,

trans-3-hexene

(d)  The spectrum of tert-butyl methyl ether consists of two singlets; that of isopropyl methyl ether contains a
singlet for the methoxy group, but a more complex doublet-septet pattern for the isopropyl group.

1 H septet
6H doublet at §3.7
9H singlet 3H singlet atd 1.2 3H singlet
ato 1.2 at 63.2 \ at 63.2
(CH3)3C—0CH; (CH3),CH—OCHj3
tert-butyl methyl ether isopropyl methyl ether
13.38 (b) (d)
H3C\ /CH3 (CH3);C— CH,—C(CHy)s
C=C 2,2,4,4-tetramethylpentane

/
H,C CH,
2,3-dimethyl-2-butene

13.39 (b)  The compound is cyclopentane. (2,3-Dimethyl-2-butene would not be a bad answer; see the solution to
Problem 13.38b. However, & 1.5 is somewhat low for a chemical shift of the allylic methyl groups.)

w

cyclopentane
(f)  First, convert the integrals into actual numbers of hydrogens:
61.07 (9H,s); 62.28 2H,d, J=6 Hz); 6 5.77 (1H, t, J= 6 Hz).
The compound has one degree of unsaturation and a ferz-butyl group. This, plus the requirement for two
chlorines and a partial structure CH,—CH required by the splitting leaves only the following possibility:
(CH3)3C —CH,—CH =CCl,
1,1-dichloro-4,4-dimethyl-1-pentene
(h)  The compound is F;C—CH,—I (1,1,1-trifluoro-2-iodoethane). The splitting of the protons is caused by the
fluorines.
)] The D,0 exchange indicates an alcohol, which must be tertiary, because of the absence of a resonance in the
8 3—4 region. The '3C NMR spectrum indicates that there are four nonequivalent sets of carbons. The

doublet-septet pattern indicates an isopropyl group, and the 6-proton singlet indicates two methyl groups. The
compound, with assigned '*C NMR chemical shifts, is
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13.41

13.42

13.43

13.45

6732

OH
026.5 \| 517.6
H3C—(|3—CH(CH3)2

CHs \6 38.7

2,3-dimethyl-2-butanol

The most obvious difference is that the spectrum of 1-methylcyclohexene should show one vinylic proton and a
three-proton singlet (neglecting any allylic splitting); whereas the spectrum for 3-methylcyclohexene should show
two vinylic protons and a three-proton doublet.

H CH; ——— 3-proton doublet

CH3 ——— very slight H
(I or no splitting two vinylic protons
H ——— one vinylic proton H

1-methylcyclohexene 3-methyleyclohexene

(b)  All methyl groups are homotopic; all methine carbons are homotopic; and all methylene carbons are
homotopic. (Prove this by a substitution test if this isn’t clear.) Each carbon of one type is constitutionally
nonequivalent to all carbons of other types. Consequently, the '*C NMR spectrum of this compound should
consist of three resonances.

(a) The NMR spectrum of the first compound, (CH3),CH—CI (isopropyl chloride), should consist of the doublet-
septet pattern characteristic of isopropyl groups, with the doublet at about 6 1.2 and the septet at about 6 3.7.
The NMR spectrum of the deuterium-substituted analog, (CH;),CD—CI, should consist of a singlet at
essentially the same chemical shift as the doublet in the first compound. (The splitting between H and D
nuclei on adjacent carbons is nearly zero.)

The spectrum shows at least four nonequivalent sets of protons in the ratio 1:1:4:6. Let’s see how the possible
structures stack up against this analysis.

CH3CH, CH,CH,3 CH3CH,0 CH,CH3 H CH,CH,
\ \ / \ /
C=C C=C Cc=C
/ \ / \ / \
e H H H H CH,CH;,
cis-3-hexene (4) (Z)-1-ethoxy-1-butene (B) 2-ethyl-1-butene (C)
Cl,CH —CH(OCH,CHs), Cl—CH—CH—Cl
1,1-dichloro-2,2-diethoxyethane (D) CH4CH,0 OCH,CH;

1,2-dichloro-1,2-diethoxyethane (E)

Compounds A—C are ruled out immediately. The vinylic hydrogens in 4 would be a single triplet. In compound B,
there would be two methy] triplets and a more complex splitting for the two vinylic hydrogens. In compound C, the
vinylic hydrogens would be a singlet (neglecting allylic splitting). The two methine hydrogens of D would definitely
give a pair of doublets at fairly high chemical shift, as observed. The two methine hydrogens of £ are completely
equivalent and would give a singlet as the absorption at greatest chemical shift. Therefore, compound E is ruled out,
and compound D is the remaining possibility.

As to the complexity of the 6 3.7 resonance, the two CH, hydrogens in either ethyl group on both D and E are
diastereotopic, and hence, chemically nonequivalent. For example, in the case of D,
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13.47

13.48

H® H H CHCl, H® Hd
%/ ’=~C/ %/

-A‘C 3 '..C
HC™ S0~ TS0 CHs

H“ and H? are diastereotopic; H® and H are also diastereotopic. On the other hand, H” is enantiotopic to H¢, and H?
is enantiotopic to H’. (You should verify these statements by a substitution test.) Therefore, H* and H¢ are
chemically equivalent, as are H” and H?. But H” and H? are chemically nonequivalent, as are H and HY. Hence,
there are five nonequivalent sets of hydrogens. It is perhaps not surprising that the chemical shifts of the
diastereotopic protons are not very different, because their chemical environments are very similar.

Let’s now consider the splitting patterns of these diastereotopic protons. We’ve already said that H and H®
occur at slightly different chemical shifts. This would account for two absorptions. Each of these is split into a
doublet by the other to give four lines. Each of these is split into a quartet by the neighboring methyl group. This
gives 4 x 4 = 16 lines. Because H¢ is chemically equivalent to H, and H is chemically equivalent to H?, the
analysis is complete. You can actually see all sixteen lines for these diastereotopic hydrogens in the spectrum.

(b)  The reason the *C NMR spectrum of CDCl; is a 1:1:1 triplet is the same reason that the proton NMR
spectrum of "NHy is a 1:1:1 triplet [see part (a)]: deuterium, like nitrogen, can have spins of +1, 0, and
—1, and deuterium splits *C resonances just as it splits proton signals.

The IR spectrum and the D,0 shake results indicate that compound 4 is an alcohol, and the absence of a resonance
in the 6 3—4 region indicates that the alcohol is tertiary. Treatment of compound 4 with H,SO, yields a compound B,
which, from its § 5.1 resonance in its NMR spectrum, is evidently an alkene. Evidently, the reaction with H,SO, is a
dehydration. If so, the molecular mass of 84 for compound B means that compound 4 has the molecular mass of
compound B plus 18 (the molecular mass of H,O). Hence, the molecular mass of 4 is 84 + 18 = 102.

Now let’s turn to the integral for compound 4. The integrals (from high to low shift) are in the approximate
ratio 1:4:6:3. Let’s adopt the hypothesis that the O—H proton accounts for 14. If so, then compound 4 contains 14
hydrogens, and its formula is C4H;40, which gives the molecular mass of 102 hypothesized above. Why couldn’t
the alcohol have a formula C;H;4,0? Because this would give the wrong molecular mass.

In the NMR of compound 4, the singlet at § 1.2 integrates for 6. This can only be two methyl groups. The
triplet just below & 1.0 integrates for 3H, and, from its splitting, corresponds to a CH3;CH,— group. However, the
methylene protons in this group must be split by other protons because they are not a simple quartet. The following
structure would account for the complex splitting at & 1.4, as well as the other facts:

complex pattern
at§1.3-15 OH /CH3
CH3CHZCH2C|CH3 80 CHCHCH=C  + H,0
CH3 CH3

2-methyl-2-pentene

2-methyl-2-pentanol (compound B)

(compound A4)

The dehydration would then give compound B shown above. In the NMR of this compound we expect a single
vinylic proton split into a triplet, and this is what is observed at § 5.1. (Some additional, very small, allylic splitting
is also observed.) The NMR spectrum of compound B is rationalized as follows:

0 5.1 (triplet with allylic splitting)
6 1.2 (triplet) \ CH,

_ diastereotopic methyls;
CHCH,CH=C two singlets at 6 1.6—1.7
CHs

6 2.0 (quintet)
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13.52

13.53

13.57

13.59

13.60

(a)

(b)

(b)

As always, we first draw the structure:

3 6
OH  CH,
H éH C/H

— 7
/4 N
H

3

)

4-methyl-1-penten-3-ol

The proton NMR spectrum of 4-methyl-1-penten-3-ol should contain eight sets of absorptions because the
compound contains eight chemically nonequivalent sets of protons (numbered 1-8 in the preceding structure).
Notice that protons 1 and 2 are diastereotopic and therefore chemically nonequivalent, as are protons 6 and 8.

Because all carbons are chemically nonequivalent, 4-methyl-1-penten-3-ol should have six carbon resonances
in its 3C NMR spectrum. (Notice that the carbons of methyl groups 6 and 8 in the structure shown in part (a),
like the protons of these groups, are diastereotopic.)

Following a D,O shake, the resonance of proton 1 should disappear; and the resonance of protons 2 should be
the same as it is in the wet sample—that is, a triplet.

Shielding decreases chemical shift. Because a “naked” proton is completely unshielded by electrons, its chemical
shift should be very large, and it should feel the full effect of the applied field. Because the range of proton chemical
shifts within organic compounds extends to about 11-12 ppm (Fig. 13.4 on text p. 588), we expect the chemical shift
of'a “naked” proton to be even greater than this. Hence, the first answer, 6 > 8, is the correct one.

(b)

(b)

Use Eq. 13.15 on text p. 622 with %, = Yelectron = 17.6 x 10° radians gauss™' sec™!, and By = 3400 gauss. We
obtain

_ Yelectron B - 17.6x10° rad gaussfl sec
0

-1
Y lectron 5 > 1ad (3400 gauss) =9.5x10° sec! = 10'°Hz
T T ra

Fig. 12.2 on text p. 539 shows that a frequency of 10'° Hz is in the microwave region of the electromagnetic
spectrum. Indeed, ESR instruments employ microwave radiation to detect the magnetic resonance of
electrons.

The two lines at low temperature have different intensities because the diastereomers are present in different
amounts. The intensity of each resonance is proportional to the amount of the conformation of which it is
characteristic. 4 priori, if the conformations are equally probable, the resonance of the conformations with
the gauche methyl groups should be twice as strong as that of the conformation with anti methyls. The actual
intensities will likely differ from this 2:1 ratio in accordance with the relative stabilities of the conformations.

This answer should have been included in the Study Guide and Solutions Manual. It has been placed in

:} the Errata and is also included here for completeness.




INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 13

9

13.61

Number the carbons and view the Newman projection about the C1-C2 bond, with carbon-2 nearer the observer:
3 2 1
CH3_ CHZ_CHQ_ Br

3
CH, H H
H H H H H H
= =

H H H CH, HoC H
Br Br Br

enantiomeric conformations have
identical 3C NMR spectra

Assuming the spectrum is proton-decoupled, we would expect to see three resonances—one for each of the
carbons—at room temperature. On cooling the sample, we would see two sets of three resonances. One set is due to
the two enantiomeric conformations, and the other set is due to the remaining conformation. The largest chemical-
shift change should be in the resonance for carbon-3, because its proximity to the bromine changes between the
conformations. Smaller changes would be anticipated for carbons 1 and 2.
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Chapter 14
The Chemistry of Alkynes

Solutions to In-Text Problems

(a) (c) 6]
(CHy),CHC=CH HC=CCH,CH(CH,), HC=C —C==CHCH,CH;

isopropylacetylene 4-methyl-1-pentyne 1,3-hexadiyne
(3-methyl-1-butyne)

(a) 1-Hexyne
(d)  (£)-7-methoxy-3-propyl-5-hepten-1-yne

(b)  Cyclodecyne is much more stable than cyclohexyne (and in fact can be isolated), because the distance of 4.1

A referred to in part (a) can be bridged by six carbons with reasonable bond lengths and bond angles.
The proton NMR spectrum of propyne should consist of two resonances. Evidently, the two happen to have the
same chemical shift of 6 1.8, which is in fact a reasonable chemical shift for both acetylenic and propargylic

protons.

The product is (Z)-3-chloro-3-hexene:

CH3CI\-|2 /CI
HCl + CH3CH2CECCH2CH3 —> /C:C
3-hexyne H CH,CH;

(Z)-3-chloro-3-hexene
(from anti-addition)

(b)
(CH;);CC=CH
3,3-dimethyl-1-butyne

(b)  Hydration can only be used to prepare ketones that have at least two hydrogens on the carbon « (that is,
adjacent) to the carbonyl carbon:

0]
H,0%, Hg?* || the carbonyl carbon
H,O + —C=C— ———> —CH,—C—
must have
at least 2 Hs

The ketone shown does not fulfill this requirement.

(b)  Because it is symmetrical, 2-butyne gives the same product in the two reactions:

1) BH3, THF
2) H,0,, “OH
) H0, ﬁ
CH3;C=CCHjs CH3CCH,CH;
2-butyne M
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14.13

14.14

14.17

14.18

14.20

14.22

14.23

(b)  The product is the alkane octane, CH3(CH,)¢CHj.
(d)  The product is the alkene that results from syn-addition of D,:

CHCH,  CHj
\

c=C
/ \
D D

(b)  The first reaction is a syn-addition that gives cis-3-hexene; the second is another syn-addition that gives meso-

hexane-3,4-d,.
syn-addition
:
CH5;CH CH,CH
H,, Pd/C, 3Y 2 V3
; \ /

H;CH
quinoline D,, Pd/C C 3C 2

CH4CH,C=CCH,CH; C =c\ e D

3-hexyne H H
CH3CH2 H

cis-3-hexene
meso-hexene-3,4-d,

(a)  The pK, of ammonia is about 35 (which indicates the basicity of the amide ion), and that of an alkyne
acetylenic hydrogen is about 25 (Eq. 14.20, text p. 663). Use the method described in Eq. 3.25b, text p. 104,
to find that the K for Eq. 14.22 is about 10"1° With the pK, of an alkane taken as 55, the K for the reaction
of the amide base with an alkane is about 1072°.

(b)  As the calculation in part (a) shows, the reaction of sodium amide with an alkane is quite unfavorable. For
that reason, this base cannot be used to form the conjugate-base anions of alkanes.

(a)  This is an Sy2 reaction of the anion with ethyl iodide to give 2-pentyne, CH;C=CCH,CH3;, plus sodium
iodine, Na* I".

(d)  Sodium acetylide reacts with both alkyl halide groups to give a 1,8-nonadiyne, HC=C(CH,);C=CH, plus
two equivalents of sodium bromide, Na" Br™.

The preparation involves the reaction of 3,3-dimethyl-1-butyne with sodium amide, then with methyl iodide.

NaNH — CH,l
(CH3);CC=CH Nf{a(“;) (CH;):CC=C: Na* —> (CH;);CC=CCH,

3,3-dimethyl-1-butyne 4,4-dimethyl-2-pentyne
As in the solution to Problem 14.21, either alkyl group can be introduced by the reaction with an alkyl halide. The

alternative to Eq. 14.28 is to use the acetylenic anion derived from propyne followed by alkylation with 1-
bromobutane.

CH3CH2CHQCH2_ Br

NaNH - -bromobutane
CH,C=CH o> CHC=C: Na* LromODNaNe . CH,C= CCH,CH,CH,CH;
propyne 2-heptyne

However, the reaction shown in Eq. 14.28 is probably superior because CH;Br is the more reactive alkyl halide.

(b) A synthesis of 2-undecanone from compounds containing five or fewer carbons:
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Na* :C=CH H,0
repared in part (a) + Hqg2t
CHy(CHo,CH0H  — 2% > GHy(CHy),CHBr —oerred Pt @l o oy (CHy),CH,— C==CH 2219 5
1-nonanol 0

[prepared in part (a)] |
CHs(CH,);CH,—C—CH,

2-undecanone

14.25  Catalytic hydrogenation with a Lindlar catalyst should bring about hydrogenation of the alkyne to a cis-alkene group
without affecting the existing alkene.
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Solutions to Additional Problems

1427 (a) (b) ()
CH3CH,CH,CH,CH,CH,CH,CH3 CH3CH2C\Hz CH,CH,CH,3 (ﬁ
/c zc\ CH;CH,CH,COH
- H (2 equivalents)
(d) (e) ()
CH3CHZC\HZ - ﬁ ﬁ
c=C CH3CH,CH,CCH,CH,CH,CH, CH3CH,CH,CCH,CH,CH,CH;

/
X CH,CH,CH

1428  (b) (d
HC= CCH,CH,C=C — OCH, CH4CH,CH,CH,C =CH
“6-methoxy-1,5-hexadiyne” “S-hexyne”
1-methoxy-1,5-hexadiyne 1-hexyne

1429 (b)  Either the cis or the trans isomer of the cyclopropane derivative in part (d) is a satisfactory answer. Another is

CHs;

|
CH4CH,CHC=CH

1430 (b) Hybridization affects the lengths of C—C bonds in the same way that it affects the lengths of C—H bonds.

Therefore, the lengths of C—C bonds increase in the following order:

propyne < propene < propane

1431 (b) Because alkynes are more acidic than alkenes, which are more acidic than alkanes, the acetylenic anion is less

basic than the vinylic anion, which is less basic than the alkyl anion. Thus, the basicity order is
CH3(CHz)sC=C: < CHy(CHy);CH=CH < CHy(CHp);CH,

1432 (b)  Only the 1-alkyne should react with C,HsMgBr to release a gas (ethane).
(d)  Forget about chemical tests; propyne is a gas and 1-decyne is a liquid at room temperature.

natural gas in rural areas for heating or in barbecue grills as a fuel for cooking.) You also
know that the presence of a double or triple bond has little effect on the physical properties
of hydrocarbons. Thus, propyne is a gas also.

W How would you know this? You know that propane is a gas, right? (It is used instead of

1433 (b)

H;
NaNH, + CHs(CHy)sBr Lindlar catalyst

HC=CH —axZ> HC=C:" Na* —>—2—3 CH,(CH,);C=CH — ">  CH,(CH,);CH=CH,

lig. NH,
(excess) 1-hexyne 1-hexene

(d)  1-Hexyne was prepared in part (b).
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14.34

14.37

®
i
1) [(CH3),CHCH],BH
_ CH,),CH(CH,),B 2) H,0,, "OH
Na* fo=CH ~UCEIE o) CH(CH,),C=CH —22 > (CHy);,CH(CHy);CH=0
from part (a)
(h)
= CH(CH,);Br NaNH = Br(CHj)sCH
Nat :C=CH ———~> CH,(CH,),C=CH mf—NHi’ CHs(CH,);,C=C: Na* —2" >
from part (f)
CHs(CHz)s\ H
Na metal .
CHa(CHp)sC=C(CH)5CHs .y /c—c\
B (CH,)sCH
trans-3-decene
0)
0
1y /\ e CHiCH,  CH,CH,OH
2) H,0* i
CHLCH,C=C: Na* 2% 5 CH,CH,C=CCH,CH,0H —ndarcatayst . C=C
from part (g) H \H
(Z)-3-hexen-1-o0l
(b)
D,
CHiCH,C=CD —2CCalst o CH,CH,CD,CD;
from part (a)
(d)
. H,SO,
CH,CH,CH,CH,0H —222% o o CH,CH,CH,Br
from part (c) CH4CH,CH,CH,0CH,CH,CH,CHs
CHyCH,CH,CH,0H &> CH,CH,CH,CH,0™ Na* 1-butoxybutane
®
Hy
Pd/C catalyst
CH3CH2CECCHQCH2CHQCH3 —_— > CH3CH2CHQCH2CH20H2CH2CH3
3-octyne octane

from Problem 14.34(e)

This problem is similar to the previous one. Disparlure is a cis-epoxide, which can be prepared by epoxidation of a
cis-alkene. (Recall that this reaction proceeds with retention of stereochemistry; Sec. 11.2A.) The cis-alkene can be
prepared by hydrogenation of an alkyne.

First prepare 1-bromodecane from 1-bromooctane, which was prepared in the solution to Problem 14.36.
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H;
Nat "C=cH Lindlar catalyst
CHy(CHy)/Br ————— CHy(CH,);C=CH ———2">
HBr
peroxides

CH3(CH2)7CH :CH2 — CH3(CH2)gB|'

1-bromodecane

Next, alkylate sodium acetylide with 1-bromo-3-methylbutane (isoamyl bromide). Apply the alkyne n + 2 sequence
described in the previous solution, alkylate the conjugate base of the resulting alkyne with 1-bromodecane,
hydrogenate, and form the epoxide to complete the synthesis.

+ _ “alkene n +2"
Na® HC=C: sequence

NaNH
Br(CHz)QCH(CH:;)Q —_— > HCEC(CH2)2CH(CH3)2 il

HC=C(CH),CH(CHs), i)™

H,
CHy(CHa)gBr Lindlar catalyst

:C=C(CH,)4CH(CHy), ——"—> CHy(CH,)gC=C(CHy),CH(CH,),

CH3(CHy)g (CH2)4CH(CH), 0
\C o C/ mCPBA , C/—\C .
F=C T > CHy(CHy)gm & {(CHo)iCH(CHs),
H H H H
disparlure

1438 (b)  The “anionic carbon” of one Grignard reagent acts as a base toward the C—H bond of the other.

N L
HC=C: MgBr H—C=CMgBr === HC=C—H + MgBr :C=CMgBr

An excess of acetylene, by Le Chatelier’s principle, drives the equilibrium to the left.

1440 (b) The IR data suggest a 1-alkyne, and this diagnosis is confirmed by the formation of a gas (ethane) when the
compound is treated with C,;HsMgBr. The three-proton 6 3.41 singlet suggests a methoxy group. The
structure is 3-methoxypropyne, HC=CCH,OCHj;.

(d)  The IR data suggest a 1-alkyne. The presence of a methoxy group is indicated by the three-proton singlet at &
3.79. There is one additional degree of unsaturation; because three carbons are already accounted for, the
unsaturation must be in the remaining two. Consequently, there is a double bond. Cis stereochemistry is
suggested by the small 6-Hz coupling constant between the vinylic protons. (See Table 13.3 on text p. 614.)
The splitting suggests that one of the vinylic protons (6 4.52) is also coupled to an acetylenic proton. The
chemical shift of the other vinylic proton (6 6.38) suggests that it is « to the methoxy oxygen. All of these
data conspire to give the following structure:

CH;0 C=CH
\ i/
C=cC
/ N
H H
(Z)-1-methoxy-1-buten-3-yne
1441 (b)  Assuming that all resonances for chemically nonequivalent carbons are separately observable, 1-hexyne,
CH;CH,CH,CH,C=CH, should have a CMR spectrum consisting of six resonances; 4-methyl-2-pentyne,

(CH3),CHC=CCH3;, should have a CMR spectrum consisting of five, because two of the methyl groups are
chemically equivalent.

1442 (b)  This mechanism consists of two successive Bronsted acid—base reactions.
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oL
PhCECﬁHh:QD <= PhC=C:" <> Phc=C—D + 0D

+ H—0D

14.43  The ozonolysis results define compound B as 1,5-hexadiene. H,C—=CHCH,CH,CH=CH,. Because compound B is
produced by hydrogenation of compound A4, and because two equivalents of H, must be added to compound 4
(C¢Hyg) to give compound B (C¢H;), compound 4 must be 1,5-hexadiyne, HC=CCH,CH,C=CH.

1445 (a) The Grignard reagent converts 1-hexyne into the acetylenic Grignard reagent; see Eq. 14.23 on text p. 664.
Protonolysis of the Grignard reagent by D,0 gives CH;CH,CH,CH,C=CD as the final product.
(¢)  1-Octyne is converted into its conjugate-base acetylide ion with NaNH,. This ion is alkylated by diethyl
sulfate to give 3-undecyne.

0 0
Ty \ | .l
CHy(CHp)sC=C: Na* CH3CHZDQﬁOCH2CH3 —>  CHy(CH,)sC =CCH,CH; + Na* =QﬁOCH2CH3

3-undecyne
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Chapter 15
Dienes, Resonance, and Aromaticity

Solutions to In-Text Problems

The delocalization energy is the energy of each MO times the number of electrons in that MO, minus the same
energy for three ethylenes:

delocalization energy = 2(1.8083) +2(1.2583) +2(0.443) — (3)(2)(1.008) = 0.988

(a)  The two enantiomers of an allene:

CH,CH,CH,CH; ~ CH3CH,CH,CH,

Moo/ c—c—cy ™
HyC™™ \ /" \CH;,
CO,H HO,C ~

(b)  Because enantiomers have specific rotations of equal magnitudes and opposite signs, the other enantiomer
has a specific rotation of +30.7°.

(b)  The calculation is identical to that in part (a) with different numbers:

he  (3.99x10°" kI'smol ')(3.00x10° ms™)

. =479 kJ mol™!
A 250x 107 m

E=

(The corresponding value in kcal mol™' is 114.)
(b)  Use Eq. 15.1 on text p. 685 with (/y/I) = 2. Thus, 4 = log (2) = 0.30.

The piece with greater absorbance transmits less of the incident radiation. Therefore, the thick piece of glass has
greater absorbance.

(b)  The absorbance of the isoprene sample in Fig. 15.5 on text p. 684 at 235 nm is 0.225. With the concentration
determined from part (a), Beer’s law gives 4 = 0.225 absorbance units = €(7.44 x 10> mol L™')(1 c¢m), or € =
3.02 x 10% absorbance units L mol™! cm™'. Another way to determine the extinction coefficient at a different
wavelength is based on the fact that the ratio of absorbances at different wavelengths equals the ratio of the
extinction coefficients. Hence, the extinction coefficient at 235 nm is

{ 0.225 absorbance units
0.800 absorbance units J

A235 . -1 -1
—=22 = (10,750 absorbance units L mol™" cm ™)
225

€335 = €5
or €35 =3.02 x 10> = 3023 absorbance units L mol™' cm™'.

(a)  The two alkyl substituents contribute +10 nm to the base A, 0of 217 for a predicted A,,, value of
227 nm.
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15.11  (b)

15.12 (a)  An analysis like that employed in Study Problem 15.1 (text p. 692) suggests two possibilities.

CN
= AN H,C X
HC 2
+ [ or |+
N HEC HEC =

A B

Pair 4 is preferred because, in many cases, the most reactive dienophiles are those with conjugated
electronegative substituents. But if your answer was pair B, you have analyzed the problem correctly.

15.13 (a)  With 1,3-butadiene as the diene and ethylene as the dienophile, the product would be cyclohexene.

CH,
~ - CH2
+ [l .
> CH,
CH,

ethylene
. ! cyclohexene
1,3-butadiene

15.14 (b)  Asin part (a), two possible orientations of the diene and dienophile lead to the following two possible
constitutional isomers:

HyC CO,CH, H4C
/ wi )
CO,CH; 0,CHj

CO,CH;

15.16  The triene contains two diene units with one double bond common to both. The dienophile reacts with the diene unit
that is locked in an s-cis conformation.

NC CN NC CN
NC CN
e NC CN
+ [l — —>
C

NC~ TN " y

tetracyanoethylene NC CN
(TCNE)

15.17 (b)  The two products correspond to the two possibilities in Eq. 15.14 on text p. 699. They result from addition of
the diene at either of the two faces of the alkene (or the alkene at either of the two faces of the diene).
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CHj

endo stereoisomers exo stereoisomers

Notice that both stereoisomers result from syrn-addition. In other words, there are two possible modes of syn-

addition.
15.18 (b) (d)
H ~c _CN @
+
N |
CH,
(that is, the reaction of two
CHj 1,3-cyclopentadiene molecules)

1520 We’ll use a diagram like the one in the solution to Problem 15.19:

1,3-cyclohexadiene 0

maleic endo product
anhydride

1521 (a)  The carbocation intermediate in the addition of HCI has two sites of electron deficiency, either of which can
undergo a Lewis acid—base association reaction with the chloride ion.

G (A) .._ (B)
FH%I: */‘i(f_l:’—w
+ +
H)C—CH—CH=—CH, —» [HZC:CH—CH—CH_Q, - > HZC—CH:CH—CH3:| —
1,3-butadiene

:Cl: :Cl:

HyC=—CH—CH—CH; * H,C—CH=—CH—CH,4
A B

1522 (b)  An allylic carbocation intermediate undergoes a Lewis acid—base association reaction with bromide ion at the
two sites of electron deficiency.
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N

CH,CH=CH—CH,~OH, —> {CH3CH=CH—6H2 D CHgéH—CHZCHZ} + OH,

<Rre (A) w_ (B
:Br: k:lﬁr:

CHyCH=CH—CH,—Br: + CH3(|IH—CH=CH2

4 :Br:
D) B

1526  The structure of polybutadiene if every other unit of the polymer resulted from 1,2-addition:

1,2-addition unit

CH=CH,

CH,CH=CHCH,CH,CH
[
conjugate-addition
unit

1527 (b)  The second structure is more important because every atom has an octet; however, the first structure has some
importance because it assigns positive charge to the more electropositive atom, carbon.

H;C—C=NH <«—> H;C—C=NH
[ +4 e + :I

15.28  The electron-deficient carbon has an empty 2p orbital that overlaps with a filled 2p orbital on the oxygen. The other

oxygen electron pair in an sp® orbital.
H',,"..:: %; ‘\\.

08~
O™
1529 (c) Both ions have two resonance structures. However, the ion on the right (ion B below) is more stable because

one of its resonance contributors is a secondary carbocation, whereas both contributors for the ion on the right
(ion 4 below) are primary carbocations.

CH, CH,
| + + | N\t +
A B /\

this resonance structure
is a secondary carbocation

1531 (b)  The Frost circle construction for the cyclopropenyl cation is as follows:
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15.34

15.35

15.37

- b E, = Ey=—-2Bsin 30° = —1.008
T 120° i 3

R (E=0)

2B

30°

)
I

|

E =28

This cation contains two r electrons, which both occupy the bonding MO 7. From Fig. 15.9, text p. 703, the
mr-electron energy of the allyl cation is 2(1.413) = 2.82. The energy of cyclopropenyl is 4.08. (Remember, 8
is a negative number.) The extra stabilization, 1.18f, is the contribution of aromaticity. (This does not take
into account the destabilizing contribution of ring strain.)

An aromatic compound cannot have a single unpaired electron as part of its 7-electron system, because the number
of m-electrons required for aromaticity, 4n + 2, must be an even number; a single unpaired electron would result in
an odd number of electrons.

However, a free radical could certainly be aromatic if the unpaired electron were not part of the m-electron
system. An example is the pheny! radical, which could be formed conceptually by abstraction of a hydrogen atom
from benzene:

phenyl radical

However, in such a radical, the unpaired electron itself does not contribute to the aromatic stability because it is not
part of the 4n + 2 m-electron system.

(b)  This ion contains 4n, not 4n + 2,7 electrons, and is therefore not aromatic.

(d)  Isoxazole is aromatic. Each double bond contributes two electrons to the m-electron system. One electron pair
on the oxygen is also part of the 7-electron system, but the other electron pair on the oxygen is not. (See the
solution to Problem 15.33.) The electron pair on the nitrogen is vinylic and, like the electron pair in pyridine,
it is not part of the 7r-electron system.

® This compound is not aromatic because it has 4z rather than 4n + 2 7 electrons. The empty p orbital on
boron, although part of the 7-electron system, contributes no electrons.

Compounds (b) and (f) contain 4n 7 electrons and are in principle antiaromatic.
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15.38

15.40

15.41

15.42

15.44

(b)

(d)

S

Solutions to Additional Problems

The structures are identical; they are of equal importance.

(R -0

The fourth and fifth structures are most important because they are aromatic and because they have the
negative charge on the most electronegative atom.

:0: :0: :0F :0F
. NN
(/._.

The second structure is somewhat more important because it places electron deficiency (and positive charge)
on a secondary carbon. (The first and third structures are identical, although only one of the carbons is written

out explicitly.)
+
= 7z
+ - (_) R |
\/\ CH2 + — CH2 _— CH2

1,3-Cyclohexadiene gives 3-bromocyclohexene by either 1,2- or 1,4-addition of HBr.

(a)

(®)
(d)

@ﬂ» @Br

1,3-cyclohexadiene 3-bromocyclohexene

Since the perpendicular relationship is necessary for chirality of a cumulene, allenes, as well as other
cumulenes with an even number of cumulated double bonds, can be chiral. Indeed, 2,3-heptadiene is a chiral
allene, and therefore exists as a pair of enantiomers that can in principle be separated by an enantiomeric
resolution.

H H
H;C., / \ CH;
TC e C—=C C=C=Cu "3
H=" \ / \H
CH,CH,CH, CH5CH,CH,

enantiomeric 2,3-heptadienes

This radical has three 7 electrons: two from the double bond and one from the unpaired electron. It is
therefore not aromatic.

This anion has ten 7 electrons: two from each of the four double bonds and two from the anionic carbon. It is
likely to be aromatic.

Severe van der Waals repulsions between the inner hydrogens (shown in the following structure) force the
compound out of planarity. These van der Waals repulsions are so great in the planar conformation that not even
aromaticity can compensate for the resulting destabilization.
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1545 (b)  Heats of formation: 3 <1 < 2. Reasons: Compound (3) is most stable because it is aromatic. Compound (1) is
more stable than compound (2) because conjugated alkenes are more stable than isomeric alkynes.

1546 (b)  The first compound has three alkyl substituents on conjugated double bonds; the second compound has two.
Hence, the A, of the first compound should be about 5 nm greater than the A,,,, of the second.
(d)  The first compound has three conjugated double bonds, whereas the second compound has two; one double
bond is not conjugated with the other two. Hence, the first compound should have a considerably greater A,
than the second.

15.48  The color of B-carotene is due to its chromophore of extensively conjugated double bonds. Catalytic hydrogenation
would result in addition of hydrogen to these double bonds; hence, catalytic hydrogenation of a 3-carotene sample
would convert it from a red-orange conjugated alkene into a colorless alkane.

15.50  Although mycomycin has no asymmetric carbons, it does contain stereocenters: the outer carbons of the allene unit.
Evidently, mycomycin is one enantiomer of this chiral allene. The chirality of certain allenes is discussed in Sec.
15.1C on text p. 682.)

15.52  The analysis in Eqs. 15.9a-b on text p. 654 shows that the s-cis conformations of dienes with cis double bonds are
destabilized by van der Waals repulsions, whereas the s-cis conformations of dienes with trans double bonds do not
suffer the same repulsions.

H H H H
N/ N
i— by r/ b—wr
\ / \ /

R R H H

s-cis conformation

van der Waals of an all-trans diene
repulsions

s-cis conformation
of an all-cis diene

These van der Waals repulsions also destabilize the transition states of Diels—Alder reactions, which require s-cis
conformations of the reacting dienes. Because the diene in the problem undergoes the Diels—Alder reaction under

mild conditions, it is probably the all-trans diene.

15.54  The answer to this problem lies in the s-cis conformations of the three dienes, which are as follows:

H H H H H H
\C C/ \C C/ \C C/
7N\ 7N\ 7N\
H—C C—CHs H—C C—H H—C C—CHs
\ / \ / \ /
H HyC H H,C H H
4-methyl-1,3-pentadiene I (£)-1,3-pentadiene (E)-1,3-pentadiene
s-cis conformation identical van der Waals s-cis conformation s-cis conformation
repulsions

The reactivities of these three dienes in the Diels—Alder reactions correlates nicely with the accessibility of their
s-cis conformations. (Remember, the transition state of the Diels—Alder reaction involves the s-cis conformation of
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the diene.) The van der Waals repulsions shown above destabilize the s-cis conformations of both 4-methyl-1,3-
pentadiene and (Z)-1,3-pentadiene to the same extent because the interacting groups are identical. Hence, their
reactivity is reduced by about the same amount relative to that of (£)-1,3-pentadiene, whose s-cis conformation has
no such repulsions.

15.56  (a) The 1,2- and 1,4-addition products formed in the reaction of 1,3-pentadiene and HCl are identical if we
assume that all double bonds retain their £ stereochemistry.

H)C=CH—CH=CH—CHj; HyC=CH—CH=CH—CH;4
H Cl (1,2-addition) H Cl (1,4-addition)
HyC— CH —CH = CH —CHj H3C—CH:CH—(|3H—CH3
Cl \ / Cl
identical

(b)  There can be no preference for 1,2- versus 1,4-addition on the basis of the product stability, because, as
shown in part (a), the products are the same. The problem is that we can’t tell one mode of addition from the
other! The use of D—CI, however, solves this problem. The use of deuterium allows us to distinguish
between the hydrogen that has added and the ones that were originally in the diene.

H,C=CH—CH=CH —CH;,4 H,C=CH—CH=CH—CHj,4

D Cl (1,2-addition) D Cl (1,4-addition)
H2(|3—(|3H—CH:CH—CH3 H2(|:—CH:CH—(|3H—CH3

D Cl D C1

The two products are different, if only subtly so. The isotope has a negligible effect on product stability.

(¢)  According to the text, the product of 1,2-addition is preferred, and it is shown in the solution to part (b). In
fact, this was observed experimentally. The actual ratio is about 70:30 in favor of 1,2-addition. (How would
we tell one product from the other?) This experiment, reported in 1979 by J. E. Nordlander of Case Western
Reserve University, established clearly that product stability has nothing to do with the kinetic preference.
The arguments in the text are the only reasonable alternative.

1558 (a)  The transformations involved in the reaction between 1,3-cyclopentadiene and maleic anhydride:

O
/ | H
fast | endo product
+ || o - H
\ heat %O
1,3-cyclopentadiene 0 % //\ b
maleic 0
anhydride

slow\ I

O exo product
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(b)  Because the initially formed product distribution is markedly different from the equilibrium distribution, the
reaction is kinetically controlled.

(¢)  Atlow temperature, the formation of product is kinetically controlled. The problem tells us that the endo
stereoisomer is the major one formed. The transition state for this process is shown on the left side of the
following diagram. The transition state for the other process is shown at right.

exo product

endo product

It has been suggested that kinetic control in the Diels—Alder reaction is due to “maximum
:} accumulation of unsaturation,” or “secondary orbital interactions.” You can see that in the endo
transition state, the 2p orbitals of the anhydride carbonyl groups and some of the 2p orbitals of
the diene unit are “face-to-face.”

secondary orbital interactions

The interaction between these orbitals evidently stabilizes the transition state. The endo product
is formed almost exclusively. However, when the two products are allowed to come to
equilibrium, there is little difference in their stabilities.

15.63  Borazole is very stable because it is aromatic; each nitrogen contributes two 7 electrons and each boron contributes
zero electrons, for a total of six 7 electrons in the aromatic system. The resemblance of borazole to benzene is more
obvious from its other two resonance structures:

H E H 7
"p iR H“‘B?*C_B/H H““‘B_/tg\\‘:B/H
‘ AR € ‘+/__\*IH + N
H/J:ITE\\B/N;)ZH NG o ~§5~ H
- | | | -
H H H

15.65 (a) The conjugate-base enolate ion is stabilized by the polar (electron-withdrawing) effect of the nearby carbonyl
bond dipole as well as by resonance:
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favorable
electrostatic interaction

A‘\ JO (\C) ‘0.
= X/ A\ Y /
H2C_C HzC_C <> H2C:C
\ \ \

R R R
resonance stabilization of the ion
Recall (Sec. 3.6, text p. 113) that stabilization of a conjugate base increases the acidity of its conjugate acid.
15.66  Compound 4 should react much more rapidly because the carbocation intermediate (shown below) has three
important resonance contributors. In particular, an unshared pair of electrons on the oxygen can be delocalized in

this cation; in the solvolysis of the other compound, the unshared pairs on oxygen have no resonance interaction
with the positive charge in the carbocation.

‘) } .

. /—15 w | + +
CH3;0—CH=-CH-*CH, <€—» CH;0~CH—CH=CH, <—» CH;0=CH—CH=CH, | :Cl:

carbocation intermediate involved in the solvolysis of A

By Hammond’s postulate, the reaction involving the more stable carbocation intermediate is faster.

15.68  This compound behaves like a salt because it is a salt. Tropylium bromide ionizes readily to bromide ion and the
tropylium cation, which, because it has a continuous cycle of six (4n + 2, n = 1) 1 electrons, is aromatic, very stable,
and very easily formed.

sbry

+
—> B

tropylium bromide tropylium cation;
aromatic and stable

.o |

15.72  The structure of spiropentadiene is shown below; it undergoes a Diels—Alder reaction with two molar equivalents of
1,3-cyclopentadiene. Spiropentadiene is unstable because of its great ring strain. Although cyclopropane rings are
retained in the product, they contain less ring strain than cyclopropene rings. (Why?)

"y spiropentadiene

1573 (a)  The mechanism below is shown beginning with the protonated alcohol, which is formed under the strongly
acidic conditions.

CH,CH=CH—CH,~OH, —> {CH3CH=CH—(+3H2 -~ CH36H—CH=CH2} + OH,
:Bre A&:g};ﬂ
CHyCH=—CH—CH,—Br: + CH3(|)H—CH:CH2

4 :Br:
2 B
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Chapter 16

The Chemistry of Benzene
and Its Derivatives

Solutions to In-Text Problems

16.1 (b)  o-Diethylbenzene or 1,2-diethylbenzene
(d)  2,4-Dichlorophenol
® Benzylbenzene or (phenylmethyl)benzene (also commonly called diphenylmethane)

162 (b (d) ) (h)
CH, Br CH,OCH; OH
CH,CH,CH; _ /j\/c Hj
S AN
NO, N~
- benzyl methyl ether, o-cresol
m-nitrotoluene I-bromo-2-propylbenzene (1o thoxymethyl)benzene ~ (2-methylphenol)

(3-nitrotoluene)

16.3 Add about 25 °C per carbon relative to toluene (110.6 C; see text p. 743):
(b)  propylbenzene: 161 °C (actual: 159 °C)

16.4 The aromatic compound has NMR absorptions with greater chemical shift in each case because of the ring current
(Fig. 16.2, text p. 745).

(b)  The chemical shift of the benzene protons is at considerably greater chemical shift because benzene is
aromatic and 1,4-cyclohexadiene is not.

16.6 (b)  Among other features, the NMR spectrum of 1-bromo-4-ethylbenzene has a typical ethyl quartet and a typical
para-substitution pattern for the ring protons, as shown in Fig. 16.3, text p. 747, whereas the spectrum of (2-
bromoethyl)benzene should show a pair of triplets for the methylene protons and a complex pattern for the
ring protons. If this isn’t enough to distinguish the two compounds, the integral of the ring protons relative to
the integral of the remaining protons is different in the two compounds.

cmcm@ Br @CHQCHQ— Br

1-bromo-4-ethylbenzene (2-bromoethyl)benzene

16.7 (b)  The IR spectrum indicates the presence of an OH group, and the chemical shift of the broad NMR resonance
(6 6.0) suggests that this could be a phenol. The splitting patterns of the 6 1.17 and & 2.58 resonances show
that the compound also contains an ethyl group, and the splitting pattern of the ring protons shows that the
compound is a para-disubstituted benzene derivative. The compound is
p-ethylphenol.

CH;CH, \ H p-ethylphenol (4-ethylphenol)

/
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16.9 Count the resonances. Mesitylene has three resonances; isopropylbenzene has six.

H_qC\
— —
{ \%CH / \\ CH(CHy)
3 H3)a
\ 7 \ 7/
/
H;C isopropylbenzene

mesitylene

16.11 Because styrene has a double bond in conjugation with the ring and ethylbenzene does not, styrene has a greater
Amax 10 its UV spectrum.

16.12  Apply the steps shown in Eqs. 16.6-16.7 on text p. 752 to the para position of bromobenzene.

I

.
: Br—Brt—FeBr, ..
’_" - .. = fl_‘\_ —
Bri /TN .
—<\ \ — Br—/\ \< —» B— J,)—Br:
N rHe— N7

" bl FeBn .
. i + H—Bri + FeBr3

16.14  Apply the sulfonation mechanism shown in Eq. 16.13 on text p. 756 to the para position of toluene.

toluene N :95031—1
0 N 0
G IR SR S
H3C 4<\ 50— »H-—0S0H H;C / 9
N ¥ 7 |

p-toluenesulfonic acid

+ 10SOzH

16.16  The product is fert-butylbenzene. The role of the Lewis acid BF; is to promote the ionization of HF. The mechanism

of the reaction is as follows:
. Lo
H—F: _»BF; <= > H—F—BF;

H

;
Lo T ¥
HyC—C-“CH, “»H-—F—BF; —» :F—BF; + H;C—C—CHy—

CH; CHs
2-methylpropene
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:F-BF;,

e
@ — (CH3)3C—© + H—F: + BF;
(CH3)3C

tert-butylbenzene

16.17 (b)  This is another example of an intramolecular Friedel-Crafts reaction—in this case, one that forms a six-

membered ring.
) 7

Gl SAICh S —Aic,

:Cl— AICl;

©ij + AICl; + HCI

16.18  (b)

O
< > | < >
benzophenone

16.19  The two possible Friedel-Crafts reactions:

CH;

Il
1) AICl3 0 )
2)H;0"
CH, AL U H,
CH; )
i
CH,4

CH,4
1621 (b)  Table 16.2 indicates that alkyl groups are ortho, para-directing groups, and the ethyl group is a typical alkyl

group:
HyC
CH3CHQ—Q—CH; + CHqCHEAQ\J

1-ethyl-4-methylbenzene 1-ethyl-2-methylbenzene
(p-ethyltoluene) (0-ethyltoluene)

CH;
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16.22  Let E" be a general electrophile. The four resonance structures of the carbocation intermediate that results from
reaction of E" at the position ortho to the methoxy group of anisole are as follows:

I ,.-/'\q
PN L,§CH; //“CH; /%QV/:CECH; __OCH;
[ +f - L [ - - [ j
e AT E —F \;\,\Q/ /"‘.I_ “E
H H

1624 (b)  The three strong carbon-fluorine bond dipoles result in substantial positive charge on the carbon of the CF3
group; consequently, this is a meta-directing group.

Br

\ CF3 1-bromo-3-trifluoromethylbenzene

(d)  The tert-butyl group, like all other alkyl groups, is an ortho, para-directing substituent.

Bj.

/

a /N
Br—<\ /\;—C(C‘.Hjj_;, + »—C(CHs)s

V4 N4
1-bromo-4-tert-butylbenzene 1-bromo-2-tert-butylbenzene

16.25 (b)  The reaction-free energy profiles for electrophilic substitution of benzene, nitrobenzene at the meta position,
and nitrobenzene at the para position are shown in Fig. [S16.1. Notice that nitrobenzene is less reactive than
benzene because the nitro group is a deactivating substituent. Notice also that meta-substitution reactions on
nitrobenzene are faster than para-substitution reactions because the nitro group is a meta-directing group.

16.27  Bromination of N, N-dimethylaniline is faster because nitrogen has an unshared electron pair that can stabilize the
carbocation intermediate by resonance. As in the case of oxygen, the electron-withdrawing polar effect of nitrogen is

much less important than its electron-donating resonance effect.

1628 (b)  Asin part (a), each substituent is an ortho, para-directing group. Two products satisfy the directing effects of

both groups.
Tl ——
T o,NT TR
I I
2-bromo-1-nitro- 4-bromo- 1-nitro-
{-iodobenzene 2-iodobenzene

16.29 (b)  The order is anisole < toluene < chlorobenzene. Chlorobenzene requires the harshest conditions because
chlorine is a deactivating group. Anisole requires the mildest conditions because the methoxy group is more
activating than the methyl group of toluene. (See Table 16.2 on text p. 763.)
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16.31

H H E

Jou
H ON
O,N
E AG? much less stable :
. carbocation AGet less stable
poro- - intermediate nigo _carbocaé!on
: : - intermediate
= Gt .cz:rboca(;!otn (para) benzene
a benzene Htermeaiate (meta)
<
=]
Z
7 J Y. L X L Y __
much slower reaction slower reaction
than benzene than benzene
ON ON
+E* +E* +E*
(a) (b) (c)

reaction coordinates

Figure 1S16.1 Reaction-free energy profiles to accompany the solution to Problem 16.25(b)

(b)

Hydrogenate fert-butylbenzene, which, in turn, is prepared by Friedel-Crafts alkylation as shown in Eq.
16.18 on text p. 758 or by the reaction shown in the solution to Problem 16.16.

@ C(CH3)3 <:>— C(CHz);

tert-butylbenzene tert-butylcyclohexane

H,. Ni

heat, pressure
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16.33

16.37

16.38

16.40

Solutions to Additional Problems

(a) (b)
c1 NO,

[\\\/”ﬂ\ S \|‘|\

1-chloro-3-nitrobenzene 1.3-dinitrobenzene or
m-dinitrobenzene

(¢)  No electrophilic aromatic substitution reaction takes place. Friedel-Crafts acylation does not take place on
any benzene derivative less reactive than the halobenzenes. In fact, nitrobenzene can be used as an inert
solvent for Friedel-Crafts acylation.

Ethylbenzene has a three-proton triplet and, at somewhat greater chemical shift, in the benzylic proton region, a two-
proton quartet. p-Xylene has a six-proton singlet in the benzylic region. Styrene, Ph——CH==CH,, has no protons in
the benzylic region.

(b)  Fig. 16.2 on text p. 745 shows that aromatic protons located in the plane of the ring and outside of the ring
experience an augmented local field and thus a greater chemical shift. However, in the region above and
below the ring, the induced field has the opposite direction, and consequently protons located in this region
experience a reduced local field and thus a smaller chemical shift. Such is the case with the methyl group in
the problem; the local field at this group is so small that its resonance occurs at nearly 1.7 ppm smaller
chemical shift than that of TMS.

In each synthesis that involves substitution on a benzene derivative that contains an ortho, para-directing group, only
the product resulting from para substitution is shown.

(b)
Br, (excess), FeBr
heat < :;
benzene p-dibromobenzene
(d)
SO:H
~\| HNO3 H,S0, /7N H,S04 SO N .
N\ 7 / A
benzene nitrobenzene m-nitrobenzenesulfonic acid
®
l\iOz NO,

HNO; (fuming), H,S0, TN HNO; (fuming) SN
(> No, 3 2t S N NO, 3 = >
= TN ff{/ T H,80y4 (fum_ing)’ Q\
S

nitrobenzene .\{Oq
prepared in part (d) N
1.3.5-trinitrobenzene
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(h)
CH; CH;
0> B /L NO-
e _NO> T N2
= ﬂ/ Bry (excess), FeBr, heat \“P/ T
QQQ/” 2
o-nitrotoluene T
by-praduct of the Br
synthesis in part (a) 2.4-dibromo-6-nitrotoluene
I

Nitration of toluene actually gives more ortho isomer than para isomer of toluene, and the two
II::} nitrotoluene isomers are readily separated by fractional distillation. (See text p. 768.) o-Nitro-
toluene is a good starting material for a number of ortho-substituted benzene derivatives.

benzene cyclopentene cyclopentylbenzene
(excess)

Cyclopentanol may be substituted for cyclopentene in this synthesis, or chlorocyclopentane and AlCl,

catalyst may be used instead of cyclopentene and H,SO4. Note that each of these possible starting materials

serves as a source of the same carbocation, the cyclopentyl cation.

1641 (b)  Thereactivity order follows from the relative activating effects of the substituents. (See the last column of

Table 16.2 on text p. 763.)

nitrobenzene < chlorobenzene < benzene

(d)  The reactivity order follows from the relative activating effects of the substituents. (See the last column of

Table 16.2 on text p. 763.)

p-bromoacetophenone < acetophenone < p-methoxyacetophenone

16.43  The reactivity order is 4 < B <D < C. Compound C is most reactive because the substituent has an unshared
electron pair that can be used to stabilize the intermediate carbocation by resonance. Compounds B and D have
alkyl substituents, which stabilize carbocations; however, the alkyl group of compound B contains a positively
charged group that would interact unfavorably with a carbocation, offsetting the stabilizing effect of the alkyl

carbon. Compound A4 has a positively charged, electronegative substituent attached directly to the ring that would
interact most unfavorably with the carbocation. (See the solution to Problem 16.42b.) Compounds C and D undergo

bromination at the ortho and para positions; compound 4 undergoes bromination at the meta position; and the

position of substitution in compound B depends on the balance of the stabilizing effect of the alkyl group and the

destabilizing effect of the positive charge. (In fact, this compound brominates in the ortho and para positions.)

16.45 The two possibilities are the acylation of anisole by benzoyl chloride (pair 4), or the acylation of benzene by p-

methoxybenzoyl chloride (pair B). Because the methoxy group activates electrophilic substitution at the ortho and

para positions, the Friedel-Crafts reaction of pair 4 should occur under the milder conditions.

] ]
Qcm + @»OC% cmo@cm + @

benzoyl chloride anisole p-methoxybenzoyl chloride benzene

A B
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(Both reactions would work, however; and the use of pair B avoids the possibility of ortho substitution, although,
with the Friedel-Crafts reaction, this does not generally occur to a great extent.)

16,47  Any compound must have an unsaturation number of 6 and must contain a benzene ring.

CH :CH2
H,C=CH —CH=CH, HC=C@<H

p-divinylbenzene structures such as this without a benzene ring
would hydrogenate to cis-1,4-diethylcyclohexane

Structures such as the one on the right that do not contain a benzene ring do not meet the criterion, because they
would undergo hydrogenation of the ring double bonds.

16.50  Run the electrophilic aromatic substitution reaction in reverse.

-10H,
.'f o2
4
. P o OH
— 2\ N4
SO3H > OH —> t S - wH
N\ / : - 07393 )
HH —OS05H * H .~
| oer benzene A
— e 10S0O,H
henzenesulfonic \I + 10S0;H .
acld -
2 H—0SO5H

There are several variations on this mechanism. For example, SO;H could be lost from the carbocation intermediate
to give protonated SO (that is, "SO;H; see Problem 16.13 on text p. 756) which could react with water to give SO
(sulfur trioxide) and H;O". Sulfur trioxide reacts vigorously with water to give H,SO, (sulfuric acid). The important
aspect of the mechanism is the protonation of the ring and loss of a species which would serve as an electrophile in
the reverse reaction.

16.52  (a) and (b)

Generation of the electrophile: The electrophile is the carbocation generated by protonation of the alcohol
oxygen and loss of water.

"
:OH
k

<CH3>3C©\§CH3>2 (CH3)3C\©\E}(CH3)2

+ :6H2

A Lewis acid—base association reaction of the benzene  electrons with the electrophile to generate another
carbocation:

H CH3

(CHa)ac@CH3)2 (CH),C
E—

Loss of a B-proton to the Bronsted base H,O to form the new aromatic compound.:

CH,
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16.58

16.59

f:éHz

H CH3 CH3
(CHo):C ths (CHa)C CHs i
—> + H—0H,

A

(¢)  The aromatic ring of compound 4 has three alkyl substituents. Two of them—the ferz-butyl group and one of
the ring bonds—direct substitution by their electronic effects to the positions indicated by the asterisk:

T
CH, 0 0=C  ch, CH,

(CHasC CHs ) crcoiac,  (CHy)C CHs  (CHy)C CH
2) H,0

Electrophilic substitution might have occurred at either of these positions to give either or both of the
compounds shown in the foregoing equation. Both of these positions, however, are ortho to the very large
tert-butyl group, and one of them is ortho to two highly branched groups. For steric reasons substitution
cannot occur at these very congested positions. Hence, it occurs at the remaining position. Note that ring
position meta to alkyl substituents are not deactivated; they are simply less activated than positions that are
ortho and para to alkyl substituents. Furthermore, the remaining ring position is activated by one alkyl
substituent.

(¢)  The following two products derived from nitration of compound C were probably formed in smallest amount.
In the formation of compound C1, the nitro group and the two bromines are involved in severe van der Waals
repulsions; and the formation of compound C2 satisfies the directing effect of neither bromine substituent.

I I
NO
N2 T
S J* /jl\
N Ny 0N T g
cl cz

(b)  The formula indicates that successive electrophilic aromatic substitution reactions have occurred; the product
is triphenylmethane, Ph;CH.

(d)  Comparison of the formula of the product to that of naphthalene shows that one molar equivalent of the
acylating agent has been introduced. Since there is no chlorine in the product, the reaction must involve a
double acylation of the naphthalene ring by both ends of the acid chloride. The only way that this can occur
with the formation of rings of reasonable size is for the acylation to occur across ortho positions of one
benzene ring, or across the peri positions, which are the two positions on either side of the ring junction.
These three possibilities account for the three products:
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HyC  CHj
O O
S = peri positions
= X
+
. =

(g)  The nitro group is directed by both substituents to the position ortho to the methoxy group, and the bromine
in the second reaction is directed to the other position ortho to the methoxy group.

NO,

CH30 SO3H

Br

3-bromo-4-methoxy-5-nitrobenzenesulfonic acid

16.60 (b)  When nitration occurs at carbon-5, the unshared electrons of the oxygen can be used to stabilize the
carbocation intermediate by resonance; consequently, nitration at carbon-5 of 1-methoxynaphthalene is faster
than nitration of naphthalene itself.

OCHq +OCH;

16.64  In this reaction a fert-butyl cation is lost rather than a proton from the carbocation intermediate. The electrophile, a
nitronium ion "NO,, is generated by the mechanism shown in Egs. 16.11a—d on text p. 755.

0N oy C(CH3)3 0-N  C(CHjy); NO»
H3C p 6\103
\+
» » + ; CH, >
X H3C
C(CH3}3 C(CH3)3 (CH3)3
HiC

C=—CH, + H—ONO,
HsC
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Chapter 17
Allylic and Benzylic Reactivity

Solutions to In-Text Problems

17.1 (b)  The allylic carbons are indicated with an asterisk (*).

17.2 (b)  The benzylic carbons are indicated with an asterisk (*).

17.3 (b)  The reactivity order is (2) < (3) <(1). The Syl reaction of compound (2) is slowest because the polar effect
of the meta-chloro substituent destabilizes the intermediate carbocation. The reaction of compound (3) is
faster because the resonance effect of the pam-chloro group partially offsets its polar effect.

3 CH3
Hap e (O
C+ - :g C
\ \

carbocation intermediate in the solvolysis of compound (3)

Compound (1) reacts most rapidly because the carbocation intermediate is not destabilized by the deactivating
polar effect of a chloro substituent, which outweighs its resonance effect.

17.5 The carbocation formed when trityl chloride ionizes, the trityl cation (Ph;C"), is stabilized by delocalization of
electrons from all three phenyl rings. This carbocation has more resonance structures than the carbocations formed
from the other alkyl halides in the table, and is thus so stable that the transition state leading to its formation also has
very low energy; consequently, it is formed very rapidly.

) &
NS N
- . Sy 1 ionization — 1_C:|1_

\ /T T

B B
~ ~
trityl chloride trityl cation
(triphenylmethyl chloride) (triphenylmethyl cation)

17.6 The number of products depends on (1) whether all of benzylic or allylic positions are equivalent, and (2) whether
the resonance structures of the free-radical intermediate are identical.
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(a)  All allylic positions of cyclohexene are chemically equivalent, and the two resonance structures are identical.

Hence, only one allylic bromination product is possible.

B
NBS
E— - e
cyclohexene free-radical intermediate 3-bromocyclohexene
(starting material) (identical resonance structures) product

r

(e) A benzylic hydrogen is abstracted from the isopropyl group rather than a hydrogen of the two methyl groups
because a more stable benzylic free-radical intermediate is obtained.

CH, CHs CHs
- / NBS - / - /
— S— —— — T — AN — —
CH, CH, CHs
l-isopropyl-4-nitrobenzene free-radical intermediate 1-(2-bromoprop-2-yl)-4-nitrobenzene

17.7 (b)  Because the two Grignard reagents in rapid equilibrium are identical, only one product is obtained:
MgBr

CH; CHs
.=
MgBr

v

identical

lozo
@CH:;
D
17.8 (b)  The benzylic proton is abstracted; B-elimination gives a vinylic ether.
OCH;

|
O

(1-methoxyvinyl)benzene
(a-methoxystyrene)

17.10  (b) (d)
CH,OH
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17.11  (b)
OH

17.12  PCC oxidizes all primary alcohols to aldehydes and all secondary alcohols to ketones; MnO, oxidizes only allylic or
benzylic alcohols (primary alcohols to aldehydes and secondary alcohols to ketones).

(b)
not an allylic alcohol 0
| PCC U
!
HO\@
MnO; .
no reaction
(d)
an allylic alcohol CH=0
& PCC
T MnO, |
not an allylic alcohol HOCH;
17.13  (a)
- 1) KMnO,, “OH —
—_—
ON—\ )~ CHOH s ON—\ ) —COH
p-nitrobenzyl alcohol p-nitrobenzoic acid

17.14 (b)  Because one carbon is lost as a result of the oxidation, and because the benzene ring accounts for all four
degrees of unsaturation, compound B must be ethylbenzene.

vigorous oxidation
@» CHCH; —— > COH

ethylbenzene benzoic acid

17.15 (b)  Caryophyllene is a sesquiterpene because it contains three isoprene skeletons, which are shown as heavy
bonds.

p caryophyllene
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17.16 (b)  Ionization of geranyl pyrophosphate is followed by reaction with the pyrophosphate anion on the other
electron-deficient carbon of the resonance-stabilized carbocation; rotation about a single bond is followed by
ionization of pyrophosphate to give the desired carbocation.

) CH, ﬁb:PP
Y\/Y\/\/QPP - —>

geranyl pyrophosphate

| ] PPO:
6HZ _:&Dp\_'_ ~ 6H2 _CH, internal
\Q) rotation
— -

| | |

* X
| .
CH, <= > “CH, | :0PP
| |

17.17 (b)  Geranyl pyrophosphate is converted into farnesyl pyrophosphate by a mechanism exactly analogous to the
one shown in Eq. 17.38 on text p. 765. Then farnesyl pyrophosphate hydrolyzes to farnesol; see text Eq.
17.39.

Y\/OPP
Qpp _ r /\ PP
a3

~:0PP

7 Z Y OPP JéH

farnesyl pyrophosphate

lHZO (see Eq. 17.42, text p. 812)

% = O+ Hopp

farnesol
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Solutions to Additional Problems

17.19  The structure of the starting material is:

4-methylcyclohexene

CH;
(a)
Br Br
Br . Br
CH;z CH;3
(1R,2R AS)- (15,25,45)-
1,2-dibromo-4- 1,2-dibromo-4-
methylcyclohexane methylcyclohexane
(and their enantiomers)
(b)
Br Br
Br Br.. 5
- + + + |+ |
“Br Br
CHs CH, CH, CHs CHs CH,
3-bromo-4-methyl- 3-bromo-5-methyl- 3-bromo-6-methyl-
cyclohexene cyclohexene cyclohexene
(two diastereomers and (two diastercomers and (two diastereomers and
their enantiomers) their enantiomers) their enantiomers)
(c)
OH OH
HO HO.,,. 5
+ + + - -
“OH OH
CHs CHs CH, CHs CHs CH,
6-methyl-3-cyclohexenol 4-methyl-2-cyclohexenol 4-methyl-2-cyclohexenol
(two diastereomers and (two diastereomers and (two diastereomers and
their enantiomers) their enantiomers) their enantiomers)

(d)  Asin the previous parts, all four stereoisomers of each compound are formed.
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MgBr MgBr

G Gl T TG

3

Don’t forget that Grignard reagents undergo a very rapid allylic rearrangement (Eq. 17.23,
text p. 799).

(e)  Asin the previous part, all four stereoisomers of each compound are formed.

0 0
N D Do :
+ + + + +
“D D
CH, CH, CH, CH, CH, CH;

1720  Compound (d) is a terpene. The isoprene skeleton is shown with heavy bonds.
(b)  Compound (b) is not a terpene.

(d)  Compound (d) is a terpene. The isoprene skeleton is shown with heavy bonds.

0

b-thujone
® Compound (f) is not a terpene.
1723 (a)  The allylic-rearrangement product B [(E)-1-bromo-2-butene] could be formed by ionization to a carbocation

and bromide ion followed by reaction with the bromide ion on the other electron-deficient carbon.
(b)  The curved-arrow notation is shown in the following scheme.

>:B: | B/\ ] Br:

3-bromo-1-butene (E)-1-bromo-2-butene
(compound A) (compound B)

(¢)  Compound B, the rearrangement product, is favored at equilibrium because it has the double bond with the
greater number of alkyl branches.

17.24  (a)
NBS
peroxides Na* ~“OCH;
PhCHj ol PhCH,Br W PhCH,OCH,4

benzyl methyl ether
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(d)
perOX|des H3O+
MgBr —>
CCI4 ether
QCHZCHZOH e, QCHZCH—O
S
1) KMnO,, "OH
HNO;, H;SO, 2)H,0*
—> ON —> ON CO,H
cumene p-nitrobenzoic acid

Compare the solutions to parts (e) and (f) and notice how reversing the sequence of the
oxidation and nitration steps brings the directing effects of different substituents into play

during nitration.

(@
CH;0

CH,0
NBS 1) NaOH
peroxides 2) H,0*
CH;0 CH, T’ CH;0 CHBr ——>
4

1,2-dimethoxy-4-methylbenzene

CH,0 CH50

MHOZ
CH,0 CHOH o> CHiO

3,4-dimethoxybenzaldehyde

17.25  The compounds that give the most stable carbocation intermediates are the ones that undergo the most rapid

solvolysis. This problem deals with the effect of substituent on the stability of the carbocation intermediate. The
key is to analyze the balance of resonance and polar substituent effects just as you would for electrophilic aromatic

substitution. The order of increasing reactivity is (4) < (1) < (3) <(2). Thus, compound (2) reacts most rapidly
because the carbocation intermediate is stabilized by the electron-donating resonance effect of the p-methoxy
substituent:

(CI

CH30‘<\_/>* (CHg)y —> CH@[\L@&CHﬂz > CHsé@:C(CHa)z

As in electrophilic substitution, the resonance effect of the p-methoxy group strongly outweighs its electron-

withdrawing polar effect. In compound (3), there is a similar resonance effect; however, the polar effects of halogen
substituents outweigh their resonance effects. Consequently, compound (3) reacts more slowly. The nitro group
exerts no resonance effect in the carbocation intermediates derived from compounds (1) and (4); the question is then
whether its polar effect is stronger from the meta or para position. As in electrophilic aromatic substitution, a para-

nitro group destabilizes a carbocation intermediate more than a meta-nitro group because, in a para-nitro
carbocation, positive charge is on adjacent atoms:
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17.28

17.29

17.34

:0:” :Cl: :0:” :0:
\N @(CH ) \N @ C(CHy) \N @: C(CH Cl:~
+ — + <> + Clk
.O// 3)2 .O// 3)2 .O//\/ (CHa), G

positive charge is on
adjacent atoms

In the meta-nitro carbocation, positive charge does not reside on adjacent atoms. Consequently, the meta-nitro
carbocation is more stable (or perhaps we should say less unstable) than the para-nitro carbocation, and m-nitro-tert-
cumyl chloride solvolyzes more rapidly than p-nitro-tert-cumyl chloride.

The solution to this problem, like the previous three solutions, hinges on an analysis of the relative stabilities of the
carbocation intermediates involved in the Sy1 reactions of the two compounds. The carbocation intermediate in the
solvolysis of compound 4 is resonance-stabilized:

&
el —

CH,
CH; . CHy CH; CH;
CHs CHs CH; CH,

The carbocation intermediate involved in the solvolysis of compound B is not resonance-stabilized, and in fact is
somewhat destabilized by the electron-withdrawing polar effect of the oxygen. The greater stability of the
carbocation derived from compound A results in a greater solvolysis rate.

The fact that benzoic acid is obtained by chromic acid oxidation shows that all compounds contain a
monosubstituted benzene ring. The NBS reaction is a benzylic bromination, and the alcohol produced by solvolysis
of the resulting bromide must be tertiary, since it cannot be oxidized with CrO; and pyridine. The structures of
compound 4, B, and C are therefore as follows:

Eir (|)H
i _CH(CHg), ©/C(CH3)2 ©/C(CH3)?
A B C

First analyze the relationship of the isoprene skeletons. Then use steps like the ones shown in Egs. 17.40-17.42,
text pp. 812, to assemble the parts from IPP and DMAP. Start with farnesyl pyrophosphate, the biosynthesis of
which is shown in the solution to Problem 17.17(b), text p. 813. Note that B: = a base.
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eudesmol
OH
AN
—_— —
H,0
= X = o

QPP

farnesyl pyrophosphate
biosynthesis is in the
solution to Problem 17.17(b)

bH/‘B

eudesmol

A different arrangement of isoprene units in eudesmol can also be envisioned:

eudesmol
(alternate arrangement
of isoprene units)

| OH

A biosynthetic scheme based on this arrangement would be an equally correct answer. An isotope-
labeling experiment would be required to distinguish between the two arrangements.

1736 (a)  Although the conjugate-base anion of 1,4-pentadiene is doubly allylic and resonance-stabilized, the
conjugate-base anion of 1,3-cyclopentadiene is in addition aromatic. (See text p. 726 for a discussion of this
case.) Consequently, much less energy is required for the ionization of 1,3-cyclopentadiene, and its pK, is
therefore much lower. (The pK, difference between these two compounds is estimated to be 10—15 units.)

1738 (a)  Propargylic Grignard reagents, like allylic Grignard reagents, are an equilibrium mixture of two constitutional
isomers. Each reacts with H,O.
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CH,(CH,); — C=C —CH, XMgBr <= CHyCH;):C=C=CH,
H

Hé-l MFQR*H I_%_iH

l l

CHy(CHy)3—C=C—CH, + CHy(CHp)s:C=C=CH, + BrMg— OH
|
H

(¢) A hydrogen on the central carbon is more acidic than an acetylenic hydrogen because the conjugate-base
anion resulting from removal of the central hydrogen is both allylic and propargylic, and is therefore doubly
resonance-stabilized. The conjugate-base anion is alkylated by allyl bromide.

:Br —CH,—CH=CH,

Na*
H,C=CH—CH—C=CH => H,C=CH—CH—C=CH —> H,C=CH—CH—C=CH  + Na':Br"

C |

CH,— CH=CH,
a resonance-stabilized anion

In the resonance structures of the anion intermediate, the negative charge is delocalized to two other carbons.
(Draw these structures.) While the mechanism above shows why the indicated product is reasonable, it does
not explain why products derived from the other possible resonance structures are not observed (or reported).

(d)  Protonation of the alcohol and loss of water give an allylic carbocation that can react with ethanol at either of
two electron-deficient carbons to give a mixture of two constitutionally isomeric ethyl ethers. The following
mechanism begins with the protonated alcohol.

CH
E><+ ‘ E}cm ®70H3 + OH,
([

HOC2H5

H< HOCHs

CH CH | ..
DGO
OCzHs +OC2H5 \®7CH3 <= \O»CHg

+
+ H,0CH +
S HQC2H5 + HOCHs

17.39 (b)  The question is whether the triple bond migrates to the end of the carbon chain nearer to the methyl branch or
to the end of the chain farther from the methyl branch. Once we consider the mechanism shown in part (a),
the answer becomes clear. The migration of the triple bond occurs away from the methyl branch, because the
mechanism of the reaction requires a stepwise migration of the triple bond, and a triple bond cannot form at a
carbon that bears a branch because a carbon have no more than four bonds.
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triple bond cannot form
between these two carbons

——

| zZipper reaction

CH3CH,CHCH,CH,CH, — C=C:"
CH3 [see part (a)] éHa

3-methyl-4-octyne

17.41  The equilibrium lies to the right because the double bond has four alkyl substituents whereas, in the starting
material, it has three. Recall that alkyl substitution at double bonds is a stabilizing effect (Sec. 4.5B, text pp. 144—
146). The mechanism involves simply protonation of the double bond to give the benzylic cation and loss of a

proton to give the product.
Ph
CH; .
= 6/ St H— 0T

H H
CH
Oy e B
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Chapter 18

The Chemistry of Aryl Halides,
Vinylic Halides, and Phenols.
Transition-Metal Catalysis

Solutions to In-Text Problems

18.1 (b)  1-Bromocyclohexene, a vinylic halide, does not react by the Sy2 mechanism; 1-(bromomethyl)cyclohexene,
an allylic halide, reacts most rapidly. (See text Sec. 17.4, text p. 802.)
VAR SN / \
< /\)7]3[‘ = < ,>781‘ - < /h(HzBI
N N/ N/

l-bromocyclohexene bromocyclohexane 1-(bromomethyl)cyclohexene

18.3 (b)  The reactivity order is B << C < A. The reaction of compound B is slowest because vinylic halides are
virtually inert in Sy1 reactions; and the reaction of compound A is fastest because its ionization gives a
resonance-stabilized allylic carbocation.

18.4 (b)  The product results from nucleophilic aromatic substitution by the thiolate group:
/TN
(> —S(CHysCHy + F
NS
R
\\

18.5 (b)  The second compound, p-fluoronitrobenzene, reacts most rapidly because only in the reaction of this
compound is the intermediate Meisenheimer complex stabilized by resonance interaction of an unshared
electron pair with the nitro substituent.

18.7 (b)  The PPhj ligands are L-type ligands; hence, there are no X-type ligands, and, because the charge on Pd is 0,
the oxidation state of Pd is 0.

You might be wondering about the prefix tetrakis in the name of this complex. The prefixes
|:> bis, tris, and tetrakis are used as numerical prefixes instead of di, tri, and tetra when the group
that is enumerated itself contains multiple substituents. Thus, the ligand triphenylphosphine
has three phenyl groups on the phosphorus (thus the prefix 7ri in the name of this ligand).
There are four triphenylphosphine ligands—thus the prefix tetrakis.

18.9 (b)  Pd has ten valence electrons in the neutral atom. There are no charges and no X-type ligands in the complex;
hence, this is a d'° complex. Using Eq. 18.24, text p. 836, with an oxidation state of 0, we get the same
answer.

18.11  Neutral iron (Fe) has 8 electrons. Because CO is an L-type ligand, it is counted twice in the electron count. We
simply solve for x in 8 + 2x = 18 and obtain x = 5. Fe(CO)s, or pentacarbonyliron(0), is in fact a stable complex that
can be purchased commercially.
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18.13 (b)  Triphenylphosphine (PPhjs) is an L-type ligand. If we strip the four PPh; ligands from the Pd (palladium), a
Pd (0) atom remains. From Fig. 18.3 on text p. 832, Pd has 10 valence electrons. This is exactly the number
needed to fill all of the 4d orbitals with two electrons each. This leaves four valence orbitals—the 5s and the
Sp orbitals—empty. These are hybridized to form more directed orbitals. (This situation is exactly like
carbon hybridization in methane, except that we are using orbitals from period 5.) Hybridize of one 5s and
three 5p orbitals gives four sp* hybrid orbitals, which, as we know from methane, are directed to the corners
of aregular tetrahedron. Each of these empty orbitals accepts a pair of electrons from a PPh; ligand. Thus,
the Pd(PPh;), complex is tetrahedral.

(a) (b) (¢)

Unhybridized Pd (0) ((/”"):

o PPh

F rehybridize; ‘

. B add 4 Ph; sp® hybrid orbitals 3¢ ¢ 3¢ 3¢ P

~I‘[) A 1 A 10 A A Pth"" \ PPh)
W B9 @8 W $ i o

(unaffected by hybridization)

18.15 (a)  Oxidative addition of H, to the catalyst:

F"Ph_: P{i"’ﬁ PPh;
Hy + Cl—Rh—PPh; —» l—py
| H
PPh; H PPh3
oxidation state: +1 oxidation state: +3
electron count: 16¢~ electron count: 18¢~
Ligand substitution of one PPh; by the alkene:
R
/
H—C
PPh, PPh, R R P\Ph3 P
Cl—. ) / o Ol / .
—Rh + C=C -« —Rh H’ + :PPhy
H™ | ™ / \ H™ | >
H Ppl13 H H H pp]]3
oxidation state: +3 oxidation state: +3

electron count: 18¢~ electron count: 18¢~

1,2-Insertion of the alkene into an Rh—H bond and addition of the previously expelled PPhj;:

R
0, i i
PPh \! PPh PPh
\ i//\c_R 3 CH—CHR .ppy, .\ CH—CHpR
Cl—_ / cr—N 7 +Frhs cl— 7
Rh — Rh - Rh
- H - -
H™ LN B o PPl
H  PPhy 13 PPhy T 113
oxidation state: +3 Note: empty orbital oxidation state: +3
electron count: 18¢~ on Rh because H departed electron count: 18¢~

with its two electrons

oxidation state: +3
electron count: 16e~
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18.16

Reductive elimination of the product to regenerate the catalyst:

1
PPh
o T s
“Rh R Cl—lTh—PPhg + RCH, —CH,R
H
PPh; PPh3 PPhj

oxidation state: +3
electron count: 18¢~

oxidation state: +1
electron count: 16e~

The steps in Eq. 18.42b, text p. 846, of the text are numbered for reference.

Step 1:

Fundamental process: oxidative addition
Oxidation state of Pd starting catalyst (PdL,): 0

Electron count of Pd in the starting catalyst: 14e”. (Note that neutral Pd is a 10-electron atom.)

Oxidation state of Pd in the product: +2
Electron count of Pd in the product: 16e¢~

Step 2: (From here on, the reactant has the same properties as the product of the previous step.)

Fundamental process: ligand substitution
Oxidation state of Pd in the product: +2
Electron count of Pd in the product: 16e¢~

Step 3:

Fundamental process: 1,2-ligand insertion
Oxidation state of Pd in the product: +2
Electron count of Pd in the product: 14e¢~
Step 4:

Fundamental process: S-elimination
Oxidation state of Pd in the product: +2
Electron count of Pd in the product: 16e¢~
Step 5:

Fundamental process: ligand dissociation
Oxidation state of Pd in the product: +2
Electron count of Pd in the product: 14¢~
Step 6:

Fundamental process: ligand association
Oxidation state of Pd in the product: +2

Electron count of Pd in the product: 16¢~

(Steps 5 and 6 together result in a ligand substitution.)
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Step 7:

Fundamental process: reductive elimination
Oxidation state of Pd in the product: 0
Electron count of Pd in the product: 14e¢~

(The catalyst is regenerated in this step.)

18.18  Either aryl substituent could originate from the aryl halide or from the alkene. Remember, if the alkene substituent
is aryl (as in these cases), substitution occurs mainly at the less branched carbon.

-~

Br H,C=CH OCH4
SN
i
bromobenzene m-methoxystyrene X Heck i C OCHj4
- T
CH—CH, Br OCH;
o
styrene m-bromoanisole J

18.20  This is essentially like the cyclohexene case given in Eq. 18.43 (text p. 846) and subsequent discussion.
|

,45\\// o l /— N —
Heck \
+ ‘ > *kb A N\ // /\—Ql
\‘-ﬁyr/’ ~— \\ / s
iodobenzene cyclopentene (2-cyclopentenyl)benzene

1821 (b)  Asillustrated in Eq. 18.48, text p. 849, Suzuki coupling occurs with retention of the alkene stereochemistry.
H CH,

CH;0

18.23  Start by breaking the compound at the bond between the aryl ring and the alkene; then place a bromine atom (Br) on
one of the cleaved fragments and a boronic acid [B(OH),] or catecholborane (see Eq. 18.50, text p. 849) on the
other:
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CH,
7\
Ph —
c=¢C
\
H H
2 N
CH; 0
Ph Br o g s
c=C + vl oA,
\
H H H
(HO),B Br
1826  (b)
H,C
+ HzCZCHz
H,C
1827 (b)
AN
:/\>7002H
%
18.28
NHC NHC CH=CH, NHC
CLbRU=CHPh <=2 CL,RU=CHPh ——— > CLRU=CHPh —>
g(C) + P(Cy) e,
s . CH=CH,
NHC NHC NHC
v v CHPh o cupn
ClgRu—tCHPh — ClzRu(CHPh — Cl,Ru <« —_—
N\ |‘§_| | CH,
CH==CH, CH--CH, CH
CH=CH, CH=CH, CH=CH,
NHC NHC NHC

v v v
CLRu y CHy —> CLRu5CH, —> CLRu=CH, + @
HA =
CH

HC HC £ CH
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18.30

18.31

18.34

18.35

18.36

(®)

(a)

(a)

(2)

(b)

<(‘H;);C%QCHW (CH3)3C
DR 3): 3):

Meta-chlorophenol is more acidic because the conjugate-base anion, m-chlorophenoxide, is stabilized by the
electron-withdrawing polar effect of the chloro substituent. The actual pK, values are

OH OH
PN 4’; .
\\k e L§ - L\ Cl
phenol m-chlorophenol
pK, = 9.95 pK, = 9.02
—\ / N\ . / N\
/ aC CH;l /
ON—{  p—O0H O oN—{ 0N —F0N—{ ) OCH,
\_/ N N/
4-nitrophenol p-nitroanisole
(p-nitrophenol)
(0]

9,10-phenanthraquinone
(an o-quinone)

A para-quinone is formed as in Eq. 18.69, text p. 862; the nitro group is unaffected.
(0]

NO
N

(0]

As in part (a), the phenolic hydrogen atom is abstracted because a resonance-stabilized radical is formed.

:0

100
_/
C(CH3)3

\/
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:0 :0
(CH‘;)\;C H (‘(CH\;P\; ((‘H\;)\;CVW(W(‘HA )3
D) > ‘
\/
CHj; CHj;
18.38 (c¢)
OH @]
P Co
PN \(*H3
AN
Br

18.39  The electrophile is the fert-butyl cation, which is formed by protonation of the alcohol and the Lewis acid—base
dissociation of water.

|/V \|
| 7 L
~—H—050:H ~ FOS0sH
J - ‘ v
ve + we
(CH3);C—OH —» (CH3)3C—O0H;5 —» (CH33C+ + OHy
tert-butyl cation
f/"’: ‘(_‘)5()31_]
|
\ N —
/ A 1 al /N

/ \ o , i
(CHy;C+ () OH — ) p—OH —— (CHyC //\ OH
RN/ (CHpC7 \y 7/ AN

7 \ 7

+ H—OSO3H

18.40 (b)  Diphenyl ether does not cleave with hot, concentrated HBr, because such a cleavage would require either an
Syl reaction or an Sy2 reaction at a phenyl-oxygen bond; as this section of the text shows, such reactions do
not occur. In contrast, fert-butyl phenyl ether cleaves by an Sy1 mechanism involving protonation of the
oxygen and loss of phenol to form a tert-butyl cation, which undergoes a Lewis acid—base association
reaction with bromide ion to form fert-butyl bromide.

(v
~H ‘—BI :1:3:1':_ —
\\ CH; H CH; 3 \\ CH; CHj,
Ph—GO C CHy;—> Ph —*(_‘)_‘lc"‘—(m il s —OH + ol —CHy — B ¢ —CH;
CHj L"‘Hg phenol (|‘H3 C“H3
tert-butyl phenyl ether tert-butyl bromide

18.42  The triflate derivative of p-nitrophenol and the (Z)-stereoisomer of the appropriate trimethylstannyl derivative would
be required.
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H
OTf )
(CHy)38n " \\cl" —H
O,N N
) 07 “OCH,CHj;

p-nitrophenyl triflate

(prepared from p-nitrophenol
and triflic anhydride; Eq. 18.88, text p. 872)



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 18 9

Solutions to Additional Problems

18.45 (a) (b)
OH OH OH OH
L HO-S J
//// . 3 \\4//\\ //\ // \
RN S P e -
ST e, =7 e, 7w, = / ™
SO3H Br

(c)  Both benzylic bromination and ring bromination take place; see Eq. 18.75, text p. 867.

OH OH
///\ Br ™~ AN
TN S~ TN
+
AN S
SN CH,Br ST NCH,Br
Br
(d) (e) )
no reaction O~ Na* OH OH
N = AN
N
L N = L
S . X “CHy 7 N CH,
(2 (h)
(T OH OH (‘)
oHs ?’/ ’//’l\‘ ///\\
N SN . ~ .
SN, *r CH, \‘/ “CH;
. 0
07" TC,Hj
1 ()] (k)
OSOZCF:; CH3 H
|
CHs CH, }L

1846 (b)
CH3(CH2)3CH = C(CH3)2

2-methyl-2-heptene

18.47 (b)  Phenol is most acidic because its conjugate-base anion is stabilized by both the polar and resonance effects of
the phenyl group. The conjugate-base anion of benzyl alcohol is stabilized by the polar effect of the phenyl
group. The conjugate-base anion of cyclohexanol has none of these stabilizing contributions. The acidity
order is
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/T \ 2N /TN
H < <, S»—CH,0H < ¢ ,—OH
\ - AN
N/ 4 N/
cyclohexanol benzyl alcohol phenol
< PRy
acidity >

(d)  4-Nitrophenol is more acidic than phenol (see text p. 859), and benzenethiols are more acidic than phenols
(element effect.) The acidity order is

/ \\ '\> </ \
(. OH < O,N—, y OH < O,N »—SH
N4 TN/ SN/
phenol 4-nitrophenol 4-nitrobenzenethiol
< Pk,
acidity >

18.52  The phenol group is unaffected in both compounds (except for a small amount of protonation of the phenol oxygen);
the alcohol and ether groups react.

- OH OH
J// S~ o S~
[ | + CH;Br
\\\://" %;/ -
CH,Br OH

18.54  Sodium ethoxide converts the thiol completely into its conjugate-base thiolate ion.

(a)  The thiolate ion is alkylated. (Remember from Sec. 17.4, text p. 802, that allyl bromide is a particularly
reactive alkylating agent.)

S”Na© SCH,CH=—CH,

+ BICH,CH—CH, ——> /@ + Na*Br~
H4C CH;, allyl bromide H;C CHj5

product of thiol ionization

(b)  No further reaction of the thiolate occurs because bromobenzene, an aryl halide, is inert to nucleophilic
substitution and elimination reactions. (Sec. 18.1, text p. 823.)

18.57  Itis the un-ionized form of vanillin that has the typical odor. In NaOH solution, the phenol group of vanillin ionizes
to its conjugate-base phenoxide ion; because vanillin is no longer present, and because ionic compounds such as the
conjugate-base phenoxide are not volatile, the odor disappears. (A compound has to be volatile—that is, it must
have a significant vapor pressure—to enter the gas phase and thus reach the nostrils.) Acidification of the solution
brings about protonation of the phenoxide and regeneration of vanillin and, hence, the characteristic odor.

OCHj4 OCHj3
I I
H( <\ / OH I\&l(.)H 3 HC O— N£l+
neutral compound: ionic compound:

volatile, has vanilla odor nonvolatile, has no odor
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18.59 (a)  Because the Sy2 reaction requires approach of the nucleophile from the backside of the C—Br bond, and
because this would require approach of the nucleophile along the axis of the triple bond, the Sy2 reaction is
impossible.

(b)  1-Haloalkynes cannot undergo an Syl reaction. Such a reaction would require that a carbocation be formed
at an sp-hybridized carbon. Yet carbocations optimally require sp* hybridization, which, in turn, requires
trigonal planar geometry. An alkyne carbon cannot achieve this geometry because its three bonds are
connected to the same atom. Hence, the sp? hybridization required for carbocation formation is impossible.

18.60 (b) No. The phenolic group is meta to the alkene and carboxylic acid groups and the radical that is formed from
proton abstraction cannot delocalize to the alkene and carboxylic acid groups.

CH,0 :
| — >
R ]Q\ C OH
bl ?/ ~ ﬁ/

H 0

3-hydroxy-4-methoxycinnamic acid
CH:0 - CHO~ H
0 c|: 0 D\ (|: 0
2 H 3 = H
0 c” e 0 c” e

18.62 By loss of a proton from the hydroxy group, the carbocation intermediate becomes the neutral compound that
precipitates. (Formation of the electrophile is shown in Eq. 18.77, text p. 868.)

g He— ¢ OHl

OH O 0]
Br Br NIl H
M :ﬁ bl Br\\/ T _Br Br. Ay _Br
. { +
B T T e

e < D

| +
b BrOH, BY Br B Br

18.64 (b)
NO, NO, NO,
HNO;
H,S0, HNOj3. H>,S0y Cly. FeCly
— =
(harsher conditions)
NO, Cl NO,
1-chloro-3,5-dinitrobenzene
(e)
Cl OH OH
+- Cl,, FeCl
K" OH 2 3
NO, NO, NO,

prepared in part () 2-chloro-4,6-dinitrophenol
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(8)
OH OH ﬁ
~._  _OH J\ OH A 0
Z i - -
“7 77 (CHy)3COH. HySOy [/ “W/ AgsO [ 7
— = = 7
Ny A \T7
C(CHj3)y C(CH3)
(1)
HNO3, HyS0y
F ——————» OoN F
—» O,N OOCHZCHZ%
fluorobenzene

PhCH,CH,OH Nal o PhCH,CH,0™ Na* 1-nitro-4-(2-phenylethoxy)benzene

(k)  First, prepare the Grignard reagent from the aryl bromide, and use it to prepare the corresponding aryl
boronic acid. Couple the resulting aryl boronic acid with (£)-1-bromo-2-phenylethene in the presence of a
Pd(0) catalyst and aqueous base (Suzuki coupling).

1) B(OCH:);
Br Mg MgBr 2, O+ B(OH),
ether
Pd(PPh;); T
B(OH), (4.5 mole %)
=
| /C KOH C\C
H H

Alternatively, couple the aryl bromide with (E)-1-catecholboranyl-2-phenylethene in the presence of a Pd(0)
catalyst, sodium ethoxide, and a non-aqueous solvent (Suzuki coupling)—water would hydrolyze the
catecholboranyl reagent.

Pd(PPha)s

H
(4. 5 moIe %) |
0 / _NatTORt C Se
benzene |
H
(m) First, prepare the Grignard reagent from the alkyne, and use it to prepare the corresponding stannane.

PhC=C—H + CH;Mg¢l —» PhC=C—MgBr + CHy

PhC=C—MgBr + CISn(CH;) —3 PhC=C—Sn(CH3); + CIMgBt

Next, prepare the triflate of the phenol.
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I
F3C*ﬁ*0*ﬁ—c*Fg

@) O
HO@OC‘H3 triflic a{lhydride - TD@OC‘Hg
pyridine -

4-methoxyphenol

Finally, couple the triflate and the stannane in a Stille reaction.
/

A T
7N Pd(PPh; /72BN
PhC=C—Sn(CHy); + TIO \/ \> OCHy — 34 5 pre=c— “N—ocu,
3)3 , ] — N/ 3

\,

N / : N—

(o)  Start with (2-cyclohexenyl)benzene, which is prepared from iodobenzene and cyclohexene by a Heck
reaction as shown in Eq. 18.43, text p. 846.

Cl
s
. p \ /N - — —
/ /f % / \ \ )7 COsH , // \k / \
¢ — > » prid )
\\ ,/ \ ,/ \\:// v/
(2-cyclohexenyl)benzene 0

It is reasonable to suppose that epoxidation will occur at the face of the ring opposite to that occupied by the
bulky phenyl group. (As noted in the problem, the product is a racemate because the reagents are achiral.)

18.65 (b)  The product is formed by a nucleophilic aromatic substitution reaction in which chloride is displaced by
hydroxide ion. The product is ionized by “OH present in the reaction mixture; addition of acid (H;0") forms
the neutral phenol.

(d)  No reaction occurs under the mild conditions.
(e)  This is a Suzuki coupling reaction in which pyridine derivatives are used instead of benzene derivatives.

]
B(OH),  Br Pd(PPhs)s catalyst ¢
al ‘ A = | o NaOH | Ry \CH3
\N \N C/ _ | _N
|
CHy W

(k)  Oxidation occurs to give the quinone.
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18.66

18.68

18.70

OH O‘
N ) A
N N:h(‘l")()7 ﬁ ™
2-12 s
“QI\\\// T Cl NN Cl
m-chlorophenol O

2-chloro-2,5-cyclohexadien-1,4-dione

0)] The methanesulfonate derivative of 2,4-dinitrophenol undergoes a nucleophilic substitution reaction in which
the methanesulfonate group is displaced by methoxide.

OH 0S0,CH; OCH;4
NO, NO, 0,
CH3S0,Cl CH;0 ~0.SCH
—— > - > SC
pyridine CH;OH * 2 3
NO, NO, NO,
2,4-dinitrophenol 1-methoxy-2,4-dinitrobenzene

(o)  Alkene metathesis produces the more stable trans alkene; asymmetric epoxidation (see Sec. 11.10, text p.
522) produces the epoxide shown (see Eq. 11.74a, text p. 523, for an equivalent reaction).

H., CH,OH

N/
0

(b
| alkene
{ metathesis
| W
‘n
The basic principle needed to understand the results is that elimination is most rapid when it occurs with anti
stereochemistry. In the first reaction, anti-elimination leads to the observed product. In the second reaction,
formation of the alkyne requires a slower syn-elimination; hence, another process can compete, namely, elimination
of a methyl hydrogen and the bromine to form the allene. In the first reaction, elimination of the methyl hydrogen to
form the allene is a slower process because allenes are not so stable as alkynes. The transition state for elimination
is destabilized by its allene-like character. (The methyl hydrogens are approximately as acidic as the vinylic
hydrogens because they are allylic.) It is also possible that the allene is the only product formed in the second
reaction and that the alkyne is formed by a base-catalyzed isomerization of the allene:
N
[ X
> H

He — ‘OH A

N\ |
e - vl . -
H,C=C—=C—0CH; ««—= H,C=C—C—0CH; <> H,( —~C=C—0CHsy | —>»

HyC —C=C—0C,Hg + :0H

The spectrum is consistent with the formation of an anionic intermediate—a stable Meisenheimer complex. (The
dotted lines symbolize resonance delocalization of the negative charge.) If you draw out the resonance structures for
this ion, you will see that charge is delocalized to the carbons bearing the nitro groups, and it can also be delocalized
into the nitro groups. However, charge is not delocalized to the other carbons. Hence, the protons on these carbons
do not show the smaller chemical shift that would be expected if there were high electron density on these carbons.



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 18 15

633 563
CH;0. H
0N > __No,
5§87 07 N T 887

NO,

18.73 (b)  Protonation of 2-methylpropene gives the fert-butyl cation, which serves as the electrophile in an
electrophilic aromatic substitution reaction.
:'/—\

J— [ ¥

/'\, > + -

tert-butyl cation

S\ X . TN / |
+ /[ \ (CHIC /N OH (CH3),C—. N on
(CHy);CY, OH ——> X )——OH —— (CHy),C— )
N/ i/ \_
tert-butyl cation N\,
(redrawn) 10SO4H + H—0SOH

18.77  Deduce the structure of the “very interesting intermediate” by mentally imagining a “reverse Diels—Alder” reaction
of triptycene that yields anthracene and the intermediate, which is benzyne:

benzyne
Vi .
, a reverse )
/ 77 e - Diels-Alder” / 7 T
/ FA—— / '/ = —
L NN S YA/ A
triptycene anthracene

The Grignard reagent has carbanion character, and this “carbanion” is a strong base. Elimination of the weaker base
fluoride gives benzyne:

e"

[
P '/.F . L /" ™
N Z 3
{ [le- > { j + :F: MeBr — » FMgBr
R \> X -

=5 “MgBr -
5+

Because alkynes require linear geometry, it is difficult to incorporate then into six-membered
::) rings. Therefore, benzyne is highly strained and, although it is a neutral molecule, it is very
unstable. (Benzyne is about 205 kJ mol™ (49 kcal mol™) more unstable than an ordinary
alkyne.) Indeed, benzyne has been too reactive to isolate except at temperatures near absolute
zero. (See also the solution to Problem 18.76 in the Study Guide and Solutions Manual.)

18.81 (b)  The pairwise mechanism can only give ethylene and ethylene-d,, because at no point in the mechanism does
one of the CH, (or CD,) groups become detached from its parent molecule:
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H
C/ catalyst O:\H catalyst @ . (|TH2
L—H
\CHZ ! CHZ
CD P
C/ 2 _catalyst O:\D catalyst @ . C”:DZ
LD
\CD2 " CD2

To see the results of the metallacycle mechanism, note that M=CH, and M=CD, (where M = the ruthenium
and its ligands) are formed in the first catalytic cycle. (We leave it to you to fill in the details.)

~CH; M CHPh
+ M=CHPh —> + |+ |
S CH, CH,
CH,

~CD2 M CHPh
+ M=CHPh —> || +
cp, CD,

Now, ethylene-d, can form in two ways: by the reaction of M=CH), with the d,;-diene starting material, or by
the reaction of M=CD, with the undeuterated diene:

~CH M M cD,
+ — + | + |
\CHZ CD2 CH2 CH2
~C0; M CH,
+ | — + |+ |
\CD2 CHZ CDZ CD2

However, ethylene-d, can form in only one way—the reaction of M=CD, with the d4-diene starting material,
and ethylene-d,, can form in only one way—the reaction of M=CH, with the undeuterated diene starting
material. Consequently, the formation of ethylene-d, enjoys a two-fold statistical advantage, and the ratio of
the three ethylenes is therefore H,C=CH, : H,C=CD, : D,C=CD, =1 : 2 : 1. The result of this very
elegant experiment was that the three ethylenes were formed in this statistical ratio.

18.85  Whether the nucleophile occurs in biological systems or in the laboratory, nucleophilic substitution does not occur
on aryl derivatives (see Sec. 18.1, text p. 823) unless the ring is activated by electron-withdrawing groups (such as
carbonyl groups or nitro groups) that stabilize the Meisenheimer complex in nucleophilic aromatic substitution.
(See Sec. 18.4, text p. 828.) Furthermore, both fluoride and cyanide are fairly strong bases (see Table 3.1, text p.
103) and are therefore very poor leaving groups.
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Chapter 19

The Chemistry of
Aldehydes and Ketones.
Addition Reactions

Solutions to In-Text Problems

19.1 (b) (d) (e (2
0 (? (T
o ACCH,CH)CH CH C1C'HECHZCHJ£ H (‘Hj('(‘rH(‘H_; /H\
W [
S N

19.2 (a)  2-Propanone
(d)  (E)-3-Ethoxy-2-propenal
(f)  4,4-Dimethyl-2,5-cyclohexadienone

19.3 (b)  2-Cyclohexenone has a lower carbonyl stretching frequency because its two double bonds are conjugated.

N SN
{ 0 N =0
N—/ N
2-cyclohexenone 3-cyclohexenone
has conjugated double bonds
194 (b)  The compound is 2-butanone:
0

C"H_;J'IC‘HJC‘H_; 2-butanone
(c)  The high frequency of the carbonyl absorption suggests a strained ring. (See Eq. 19.4, textp. 897.) In fact,
cyclobutanone matches the IR stretching frequency perfectly and the NMR fits as well:
8 3.09 (triplet)

// O

D molecular mass = 70.1
62.01 (quintuplet

\

83.09 (triplet)
cyclobutanone

19.6 The structure and CMR assignments of 2-ethylbutanal are shown below. The two methyl groups are chemically
equivalent, and the two methylene groups are chemically equivalent; all carbons with different CMR chemical shifts
are chemically nonequivalent.
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62
CH3CH, _
] 7252047
611.5¢ §552CH—CH=0 2-ethylbutanal
H

19.7 (a)  The double bonds in 2-cyclohexenone are conjugated, but the double bonds in 3-cyclohexenone are not.
Consequently, 2-cyclohexenone has the UV spectrum with the greater A,,.

O O

2-cyclohexenone 3-cyclohexenone
(conjugated; has UV spectrum
with the greater lmax)

19.9 Compound 4, vanillin, should have a 77— 7r* absorption at a greater A,,, when dissolved in NaOH solution
because the resulting phenolate can delocalize into the carboxaldehyde group; the resulting phenolate from
compound B, isovanillin, on the other hand, can only delocalize in the aromatic ring.

CH:0

NaOH o
al CH —Q:_

19.11  The mass spectrum of 2-heptanone should have major peaks at m/z = 43 (from a-cleavage), 71 (from inductive
cleavage), and 58 (from McLafferty rearrangement). The mass spectrum of 3-heptanone should have a major peak
resulting from both inductive cleavage and a-cleavage at m/z =57 and a major peak resulting from McLafferty
rearrangement at m/z = 72. Notice that the position of the even-mass, odd-electron ion is a major distinguishing
feature. We leave it to you to draw out these fragmentations.

43 ‘ o 57 ‘ 57
ICI) |
HyC—C % CH»CH,CH,CH»CHj CH;CH,—C %C‘H2C‘H2C‘H2C‘H3
2-heptanone 3-heptanone
McLafferty rearrangement at m/z = 58 McLafferty rearrangement at m/z = 72

19.13  (b) Thereaction is exactly like the one shown in Study Problem 19.2 on text p. 905 with phenyl instead of methyl
substituents. The product is the following ketone:

0
|

Ph3C—C—FPh

19.14 (b)  The conjugate acid of 3-buten-2-one has more important resonance structures than the conjugate acid of 2-
butanone and is therefore more stable relative to unprotonated ketone than the conjugate acid of 2-butanone.
Greater stability of the conjugate acid means that the ketone is more basic.

+ . .
~:OH ‘OH :OH

S LN S
H)C—CH—C— CH; <—> H,C=“CH ¥(— CH; <—>» H,C—CH—C—CHy
+ “+ -

conjugate acid of 3-buten-2-one
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19.15 (a)  The mechanism of the hydroxide-catalyzed hydration of acetaldehyde:
N
= [ %
C_:(“): 101 H--OH )
CH3CH <> CHyCH g— > CHyCH + :OH
| :.(")H :S‘?H

1OH

“ :OH

19.16 (b)  The methoxide-catalyzed addition of methanol to benzaldehyde is very similar to the hydroxide-catalyzed
hydration mechanism (Problem 19.15a):

N
Lo |
C)_.h). 0 L e, .(|)H
PhCH P Ph("‘H - Ph(|"H + 10CH;
g - :OCH; : OCH;

(See the discussion starting at the bottom of text p. 909.) We typically invoke as a base the
conjugate base of whatever acid is involved in the mechanism. Thus, if H;0™" is involved in
a mechanism, its conjugate base (H,O) acts as the base. We would not invoke both H;0*
and "OH in the same mechanism because a strong acid and a strong base cannot coexist in
solution.

19.17  The data in Table 19.2, text p. 911, of the text show that hydration of benzaldehyde is less than 0.01 times as
favorable as hydration of an unconjugated aliphatic aldehyde such as acetaldehyde. The assumption that the same
principles apply to cyanohydrin formation leads to the prediction that propanal should have the greater proportion of
cyanohydrin at equilibrium. The structure of this cyanohydrin is as follows:

OH
CH;CH,CH cyanohydrin derivative of propanal
C=N

19.19  We use the same principles to predict reactivity that we use to predict relative equilibrium constants. The more
prone a carbonyl compound is to form an addition product, the more reactive it is.

(b)  The first compound, 2,3-butanedione, is more reactive, because the partial positive charge on one carbonyl
destabilizes the molecule by its repulsive interaction with the partial positive charge on the other. (See
Problem 19.18, text p. 913, for a similar situation.)

1920 (b)
0
(‘H_il(.‘HlCH_;

2-butanone

19.22  In each case, ethyl bromide, CH;CH,Br, reacts with Mg to give ethylmagnesium bromide, CH;CH,MgBr, which is
then allowed to react as shown below.
(b) o
il 2)H;0"
2-butanone (LH'xCH A

3-methyl-3-pentanol
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® CH3;CH,MgB
1) CH3CH,>MgBr
. - o (
r > 2) HL0F >< OH
— 0 -

1-ethyl-1-cyclopentanol

cyclopentanone

Either alkyl group bound to the « -carbon of the alcohol can in principle originate from the Grignard reagent.

19.23
Synthesis #1:
1) CH3Mgl OH
P 2) H;0" \
(CH3),CHCH =0 2 > (CH3)>CHCHCH;
2-methylpropanal 3-methyl-2-butanol
Synthesis #2:
1) (CH3),CHMgBr oH
. 2yH0" |
acetaldehyde 3-methyl-2-butanol
In synthesis #1, the Grignard reagent is prepared by the reaction of CH3I (methyl iodide) and Mg in dry ether; in
synthesis #2, the Grignard reagent is prepared from the similar reaction of (CH3),CH—Br (isopropyl bromide) and
Mg.
19.24 (b)
(‘)(‘H(C‘H_;)z

(‘H3CH2CH3(‘?H

OCH( CH} )>

butyraldehyde diisopropyl acetal
(1,1-diisopropoxybutane)

A diol reacts with a ketone to form a cyclic acetal.

19.25
(b)
o
)
- f,%/ o He ™\ ,/ /\\
[ ] T > acid ; \‘D"/ + HY0
/ S ~
~ HO-— T

When five- and six-membered rings can be formed, diols generally react with aldehydes and ketones to give

19.26  (b)
cyclic acetals, and this case is no exception:
/ v Oy

A CH

/\/ \)&/ \_-CH3
N AT

N/ o/ CHj

1928  (b)
/2NN
(.‘Hg("HCH NNH -/ \/\ NO,
; S 2
CH, —
- /
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19.29  First, the carbinolamine intermediate is formed. This intermediate then undergoes acid-catalyzed dehydration to
give the hydrazone. (Be sure to consult Study Guide Link 19.7 on p. 436 of the Study Guide and Solutions Manual.)

N My
. [ ¥ .- S [ 7
20! : (|): "'ﬁ""H‘—F)H) ‘OH ‘OH \.>H'_6H1
A - 2 s -
(HJH - CH;(.|H -« CH,CH -« — CH;CH - =
L. +NH—NH, ~+NH—NH, NH —NH,
H5N —NH, | \| .
H He__. carbinolamine
* OH, intermediate
+
(? H (‘)Hl
— + +
CH‘;(“H 4_’ (‘H}C‘?H <—>» (H;CH 4_’ CH;;C“H + H—OH,
.. P e .. ..
NH—NH, C*:1\"—1\'H3 (”N—NHE : N—NH,
H —~_H the hydrazone
()H ; ’ of acetaldehyde
I

Note that it is equally appropriate to write the loss of water and formation of the carbon—
:> nitrogen double bond as one step, thus avoiding the necessity of drawing resonance structures:

.
(”:(|:)H_)
e +
CHyCH — > CHyCH > CHycH + OH;
C:NH —NH, 4N —NH, N —NH,
H +

% the hydrazone of
acetaldehyde

+ OH,

19.30 Imine hydrolysis is the reverse of imine formation. Therefore, retrace the steps of imine formation as illustrated in
the solution to Problem 19.29, starting with the imine and working backwards to the aldehyde and the amine.

M\
|
o+
PIIC‘H:I\}C‘,H; - Pl]SH:E(jHi - P]]CH*NC;H; -
2H: 2 S NC,H: >
[ \J »>1OH
“1OH, -
N H«——0H,
H H H
| \ | -
PhCH —NC,Hs ~ 2 PhCH —NC,Hs % PhCH —NC,Hs > PhCH + HoNC,H;
oy Y
. | I+ o0y . Cugy o ey .
0 |y L on, 103 H 10: H 0
He—10H, + Hy0"
1931 (b)
Ph H
N /
C—C
SN
H N(CH3),

19.32  Any compound with a carbonyl group on any of the prospective alkyl carbons could in principle serve as a starting
material. (The answer is restricted to compounds containing only one carbonyl group.)
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| I N
HC—@—(‘HzCH(CHm H3(‘.—©—<‘CH(CH3)2 H3(T@—(‘H2(‘H(TH3
4-isobutylbenzaldehyde p-methylisobutyrophenone 2-methyl-3-(4-methylphenyl)propanal
1934 (b)
! \
/ - -
(s ,—CH—=CH
N4 :
N
styrene
1935 (b)
1
O—CCH,CH;4 CH.
) PPha o+ _ CH;CH,CH,CH,Li Sy 2-butanone N
CH3l ———3» CH;3PPhy I -~ = = 3 H,C—PPh; ———» HC—CCH,CHj3
methyl iodide + CH;CH,CH,CH, 2-methyl-1-butene

19.37  Silver(I) oxide oxidizes the aldehyde selectively to the following carboxylic acid:
. @]

yc —OH
o~

4-hydroxy-1-cyclopentenecarboxylic acid
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Solutions to Additional Problems
19.39  Only organic products are shown.
(2) (b) (©) (d)
OH OH (‘)| (‘)|
\ e
C‘H_;C‘H3C‘H3C“HP11 CH;CH,CH,CH, CH;CH,CH,C —OH CH4CH,CH,C —OH
(e) S (2
1‘|\"OH ﬂ CH3CH>CH>CH3
CH;CH,CH,CH CH3CH,CH,C —OH
(h)
CH3CH2CH2CH2CH — CHCH3
cis and trans
1940 (c)  The bisulfite addition product of 2-methylpentanal:
OH ﬁ
c‘Hj(‘HECHECHCH—ﬁ—o* Na*
CHy O
1941 (b) Both cis and trans isomers of the alkene PhCH=CHCHj; [(1-propenyl)benzene, also known as
B-methylstyrene] are formed.
19.43 (a)  Glycerol has three hydroxy groups. Two possible cyclic acetals can be formed; one (4) contains a six-
membered ring, and the other (B) contains a five-membered ring.
0 OH L 0— i} ) CH,OH
I | acid Hi / \ H;C O~
HyC —C—CH; + HOCH,— CH—CH,0H ——>» ><\ >—OH  and/or ><
acetone glycerol H:C o —/ H;C 0
A B
+ H,0

(b)  Only compound B is chiral, and for this reason only compound B can be resolved into enantiomers; hence,
compound B is the observed compound.

1945 (b)  Thereaction is a straightforward dimethyl acetal formation.

/TN OCH;
. N -
H,C—

3

1,1-dimethoxy-4-methylcyclohexane

/

\___/ ocH,

(e)  This is a Grignard addition to the ketone to give a tertiary alcohol that subsequently dehydrates under the
acidic conditions to an alkene. Whether the dehydration occurs depends on the acid concentration and
whether the conditions are designed to remove water.

OH
S\ / N + T\ 72\
/ 7/ N\ Hy0 NP/ 2\
& /\/ < N = & ¢ ) + o
AN N/ N \ /
CH,CH; CHCHj

1,1-diphenyl-1-propanol

® This is a Wittig reaction.
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CH,
| ol
//\\\\\//’( \\,5//\ e
\\;Z?/ \\“\\‘///
19.46 (b)  Aninitially formed imine reacts with sodium borohydride to form an amine. (Although this reaction is
discussed in Sec. 23.7B, text p. 1133, the product follows directly from the hint.)
NPh NHPh
CH;CH->CH y‘(‘l—l % CH;CH,CH, (‘H(H
ST CHL0H 4
19.48  The data indicate that compound 4 is a benzene derivative with an additional degree of unsaturation. Its reactivity

in the Clemmensen reduction and the formation of a xylene suggests that it has two substituents on a benzene ring,
one of which is a methyl group and one of which is an aldehyde. Only p-methylbenzaldehyde would give, after
Clemmensen reduction, a compound (p-xylene) that in turn gives, because of its symmetry, one and only one

monobromination product, 2-bromo-1,4-dimethylbenzene.
Z /Hg, HCI
Br
2-bromo-1,4-dimethylbenzene

Brz Fe

4--methylbenzaldehyde p-xylene
(compound A) (compound A)

19.49  Asalways, bear in mind that there is often more than one acceptable synthesis that fits the parameters given.
(b)
P — conc. HBr
/N NaBH /N H,S0 /N lo. ether
$ 0 ﬁ" < }‘OH — < > Br w)—
\ / 3. \ / \ /
cyclohexanone
0
|
i 1) CH g( C H), , X OH
/ 2) Hy0" /SN
<\ >—1\1UBl 3 » { »—C(CH3),
2-cyclohexyl-2-propanol
(©
— 1) NaH

/N NaBH, _ / \ 2) CH;l /N

{ /:O W S >70H » ‘\ /F(,)CH}

\\;/ i \\—/ \\—/

cyclohexanone cyclohexyl methyl ether

(methoxycyclohexane)
(e)
fe) 1) CHQ,]\'IH[ OH
| 2)H;0" \ H,S0,
C‘HgC‘C"HC‘HZC'HgC‘Hg 4)‘ (C H;)q((\ HCH,CHyCH3 ——> (CHj3),C :C|‘.CH2CH2C.H3
CHj CHj3 CH;

3-methyl-2-hexanone

2,3-dimethyl-2-hexene
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(1)
OH ~
N TN TN ey N
r 0s0y periodic acid CH=0 NaBH, CH,—OH
) "H,—OH
\\ P ‘\\\/ - oH \\\//C H=0 \\//,( o) ¢
cyclohexene 1,6-hexanediol

Ozonolysis could also be used to prepare the dialdehyde.

19.50 (a)  An Lewis acid—base dissociation of the bromide—essentially an Sy1 reaction—gives an a-hydroxy carbo-
cation, which is, by resonance, also the conjugate acid of acetophenone. Deprotonation by bromide ion gives
OH C O O

the ketone and HBr.
_H " (*)/l ﬁ/\\
‘ d :‘ Il

Ph*(‘"* CHy ——» | Ph—C—CH; <—>» Ph—C—CHy | Br ———» Ph—C—CH3 + HBr
G +

(
> Br acetophenone

19.51  The molecular formula of compound 4 shows that two equivalents of methanol are added to the alkyne. The fact
that the product hydrolyzes to acetophenone indicates that the two methoxy groups of compound 4 are on the same
carbon, that is, that compound 4 is an acetal.

H
H i
H | H «——OCHj
‘ . /OCH\; .(""‘|
A TQL Hj \¢ *OCH, OCH;
‘: N (a) + | (b)
PhC=CH ~ Y PhC=CH, » PhC —CH, » PhC—CH, Yy ;
l |
“»H - OCH;4
I+ -
LA
./ HBr
OCH; OCH; OCH;

' ‘ | +
PhC —CH; ——» PhC —CH3; ~ ——> PhC-—CH; + H,OCH;
A
(*OCH; OCH;
HO/(‘H3 - -H HOCH; compound A
e/ i acetophenone
dimethyl acetal

In the step labeled (a), the acid CH36H2 is used to protonate the alkyne because it is the major acidic species present
when H,S0y, is dissolved in methanol (just as H;O" is the major acidic species present when H,SO, is dissolved in
water). Protonation occurs on the terminal carbon because it gives a carbocation that is benzylic and therefore
resonance-stabilized. In the step labeled (), protonation again occurs on the terminal carbon because the resulting
carbocation is resonance-stabilized by electron donation from both the benzene ring and the neighboring oxygen.

19.53  (a) \

/AN
CH3CH,CH,CH,CH=0 and H,NNH —/ N——0CH;

AN
pentanal (valeraldehyde) )

p-methoxyphenylhydrazine

19.55 Compound 4 is an aldehyde because it is oxidized with Ag(I). Because there is no additional unsaturation, the
remaining oxygen is accounted for by either an alcohol or an ether functional group. Because Clemmensen
reduction of the CrO; oxidation product gives a compound without oxygens, the CrO; oxidation product of 4 must
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19.56

19.58

be a keto aldehyde or a dialdehyde. Because compound 4 is oxidized to a dicarboxylic acid by H,CrOy, it must
contain a primary alcohol; hence, its CrO; oxidation product must be a dialdehyde. Compound 4, then, is a chiral
hydroxy aldehyde that is oxidized by CrOj; to an achiral dialdehyde. The Clemmensen reduction product shows that

all compounds have the carbon skeleton of 3-methylpentane. The compounds with this carbon skeleton that fit all
the data are the following.

i i i
I
HOCH,CH,CHCH,CH =0 HOCH,CH,CHCH,C —OH HO —CCH,CHCH,C —OH
| - “l -
CH; CHy CH;
A B c

iCrOg

Zn/Hg, HCI
O:CHCHZC“HCHZCH =0 > (‘H3CH2(|‘.H(‘.H2C.H3
CHj CH,4
achiral 3-methylpentane

The mechanism below begins with the protonated aldehyde chloral, which serves as a carbocation electrophile in the
ring alkylation of chlorobenzene. The resulting product, an alcohol, dehydrates under the acidic conditions to give
another carbocation that alkylates a second chlorobenzene molecule and thus forms the product.

M
Iw
/pror(nmred chloral OH AH—0S0zH _
\
(‘)H ) . CILCCH /= C|)H =\
C13CCH > *
3CC S Ay Cl 4)»(1}((1%—\ />—Cl —
" A H A N4
“0SO4H - -0S04H
OH .
»O
e VAR -H,0 - /TN
CI3CCH —, ﬁCl*»(];LCH—( —Cl
‘ N/ TN/
N
— o = B
0SO3H J “0SO5H
he
Cl
e\ —\

\

S / . o / N
CCCH—  )—Cl — u‘;c.c‘H — )1 + H-0SOH

/Y

1 \ S/
[ 1-H — A 7
+ ¥ T \. /?‘/ ~
“0SO3H
N S
Cl Cl DDT

(a) Inthis case, LiAlD, serves as a source of nucleophilic isotopic hydride (deuteride); deuteride opens the
epoxide with inversion of configuration.

P OH
( (racemate)

i,
S~ D



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 19 11

19.59

19.62

19.65

19.66

(a)

(b)

(b)

(®)

Thumbs wants a Grignard reagent to react selectively with a ketone in the presence of an aldehyde. Because
aldehydes are more reactive than ketones, the aldehyde, not the ketone, will react most rapidly.

The NMR spectrum indicates the presence of a tert-butyl group and an aldehyde. The compound is

(CH3)3C—CH=0 2,2-dimethylpropanal (pivalaldehyde)

Allow benzyl phenyl ketone to react with LiAID,.

0 1) L‘lA]D_l OH
Il 2) Hy0* |
PhCCH>Ph ———————> PhCDCH,Ph

benzyl phenyl ketone

The n — =* absorption is characteristic of the carbonyl group. This absorption disappears because a reaction
occurs in which the carbonyl group is converted into another group that does not have this absorption. This
reaction is addition of ethanethiol to give the sulfur analog of a hemiacetal:

HyC—CH=—0 + CH3CH,SH > H3C—CH—OH

has a carbonyl SCH,CH;
group; has n— 7* i
absorption has no carbonyl

group; has no n—> 7*
absorption
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Chapter 20
The Chemistry of Carboxylic Acids

Solutions to In-Text Problems

20.1 (b) (d)
Cl,CHCH,CO»H CH;CH,CHCH,CH,CO,H
B.B-dichloropropionic CH,
acid 4-methylhexanoic acid
() (h)
\ HO,C—COH
CH30 \\ 74 CO,H oxalic acid
N7/

p-methoxybenzoic acid

20.2 (b)  9-Methyldecanoic acid (common: w-methylcapric acid). Note that the term w (omega, the last letter of the
Greek alphabet) is used in common nomenclature for a branch at the end of a carbon chain.
(d)  2,4-Dichlorobenzoic acid
(f)  Cyclopropanecarboxylic acid

20.5 The NMR data indicate a para-substituted benzoic acid derivative; given this deduction, the para substituent must be

a chlorine.
/ \
- / -
Cl N CO,H
N

p-chlorobenzoic acid
(4-chlorobenzoic acid)

20.8 Extract an ether solution of the two compounds with an aqueous solution of NaHCOj3, Na,CO3, or NaOH. The acid
will ionize and its conjugate-base anion will dissolve in the aqueous layer as the sodium salt; p-bromotoluene will
remain in the ether layer. After isolating the aqueous layer, acidify it with concentrated HCI; neutral
p-bromobenzoic acid will precipitate.

20.9 (a)
1) C
on __conc. HBr : Br ME . ) 0} COH
H,S50y4 ethe1 2) H‘;O
cyclopentanol cyclopentanecarboxylic acid

20.10  (a)

o) HESO4 (cat.) 0O

I CH;3CH,OH (excess) [l

C‘H3C‘H3C‘H2C“HC‘H2C‘OH —_— C‘H3C‘H2C‘H2C|‘HC‘H3C‘OCH2C‘H3

CH; CH;

3-methylhexanoic acid ethyl 3-methylhexanoate
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20.11

20.13

20.15

20.16

20.18

20.19

(a)  Follow the reverse of the steps shown in Egs. 20.18a—c, text pp. 966-967, with R— = Ph—.

M
| -
I+
~H-——OH, Ia)
\ = -«
) + »H—OH
- Yy - - 3
h’ H,0 (.,fh)H H,0 (‘)H (|)H "’/ -
PRC—OCH; -2 PhC— OCH;§ < 7 PhC—OCH; «—> Phc|‘—0c'H3 P
) A+ OH OH
OHw e ‘
- He— OH,
)
H O—H* :
S o om
3 ) +
Pll(‘fi)C'H; - Ph(|"+ - PhC—OH + H-—OH,
| ; >
LA
OH™ OH
+ OH, + HOCH,

(b)  To favor ester hydrolysis rather than ester formation, use a large excess of water as solvent rather than an
alcohol. By Le Chatelier’s principle, this drives the carboxylic acid—ester equilibrium toward the carboxylic

acid.
(b) (d)
0 0 (‘)‘
| | T
CH30—C—CH,CH,— C—OCH; Ph—C—OCH,CH =CH,
dimethyl succinate allyl benzoate
®) 0
/ \ |
CH,0 —, N—C—Cl
J \\ //
N/

p-methoxybenzoyl chloride
(anisovl chloride)

(b)
. O
O S
AN // '
N 74

benzovl chloride

0 0
| I

(®)
CI@C—O—C@CI

p-chlorobenzoic anhydride

(b)  On heating, 2,3-dimethylbutanedioic acid forms a cyclic anhydride containing a five-membered ring.
Because a cyclic anhydride of @-methylmalonic acid would contain a very strained four-membered ring, it is
not formed on heating.
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OH HO 0 OH HO /O\
/ \
0=C C=0 pox o=c” c=o 0=C c=0 %» 0=C C=0
\ = > \ / N H N
CH—CH -H,0 CH—CH C C
/ \ - / \ / N\ / N\
HsC CHj3 H3C CHjy H CHj H CHjy
2,3-dimethylbutanedioic 2,3-dimethylbutanedioic a-methylmalonic o-methylmalonic
acid anhydride acid anhydride
20.20 (b) 1,4-Benzenedicarboxylic acid (terephthalic acid) is a compound with the formula CgH¢O, that gives the
indicated diol on treatment with LiAlH, followed by protonolysis.
o) O 1) LiAlH,
Il Il 2) H0"
HOC COH ——————>» HOCH, CH,OH
1,4-benzenedicarboxylic acid
(terephthalic acid)
20.21 (a)  This synthesis requires the addition of one carbon. Follow the general scheme in Study Problem 20.2, text p.
975.
1) LiAIH, €O,
] 2) H30+ . conc. HBr ] Mg . 2) H30 o
PhCOSH 3= PhCHyOH %7503 PhCHyBr —_ =3 PhCHyMgBr —— 3 PhCH,CO,H
benzoic acid phenylacetic
acid
20.22 (b)  The compound decarboxylates; it is a disubstituted malonic acid in which the two « substituents are joined
within a ring. The net effect is the replacement of the carboxy group by a hydrogen.
>—CO3H
20.23  The following B-keto acids (and their enantiomers) will decarboxylate to give 2-methylcyclohexanone:
O 0] 0
L eHs HO,C | CH HO,C | CH
2C 3 €., 3
CO,H

trans-3-methyl-2-oxocyclo-
hexanecarboxylic acid

cis-3-methyl-2-oxocyclo-
hexanecarboxylic acid

1-methyl-2-oxocyclo-
hexanecarboxylic acid
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Solutions to Additional Problems

2026 (a) (b) ©] (d)
(0] CO»H (0] O O
I ) Il I I
PhCOCH; /L PhCCI PhC O CPh
’ // ™~ . .
methyl benzoate ( | benzoyl chloride benzoic anhydride
" P \\
ST N0,

m-nitrobenzoic acid

20.28 (b)  First, calculate the number of millimoles of succinic acid (see Table 20.1, text p. 950) in 100 mg of succinic
acid:

100 mg succinic acid =0.847

mmol succinic acid = .
118.10 mg succinic acid (mmol succinic acid)~

Using the facts that sodium hydroxide reacts with the carboxylic acid groups and that succinic acid has two

dicarboxylic acid groups per molecule, calculate the millimoles of carboxylic acid groups present in the

sample:

2 mmol carboxylic acid

mmol carboxylic acid = % 0.847 mmol succinic acid = 1.69

mmol succinic acid

Finally, calculate the volume 0.1 M NaOH required for the neutralization:

mL of NaOH = 1 mL of NaOH X I mmol ofNaQH — X% 1.69 mmol of carboxylic acid =16.9
0.1 mmol of NaOH 1 mmol of carboxylic acid
20.29  (b)
oM i
CHyC—~0"H "OH Cs" —» CHy,C—0 Cs" + H,0
(d)
0 — 0
O v ™ Il 4
CH;C—O0-H CHy—Li —» CH,C—0O Li* + CH,
S

|(_) J;\"‘, v/*\ 0]

CH;C—O0~H H—Na ——>» CH;C—0 Na” + H,

20.31  As the chain length becomes larger the distance between the two carboxy groups becomes greater. Because polar
effects decrease with distance, the polar effect is negligible when the chain length is great, and the two pK, values
are nearly equal. (However, they are not exactly equal; for an explanation, see the icon comment following the
solution to Problem 3.43 on p. 43 of Study Guide and Solutions Manual.)

20.34  Use Eq. 20.7¢, text p. 959. (This equation is sometimes called the Henderson—Hasselbalch equation.) Let the ratio
[RCO,H]/[RCO,] given in the problem be r. Rearranging Eq. 20.7c, and noting that log (1/r) = —log 7,
pH=pK,—logr

(@) Whenr="1,pH=4.76 —log ('3) =5.24.
(b) Whenr=3,pH=4.76 —log 3 =4.28.
() Whenr=1,pH4.76 —log 1 =4.76.
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20.35

20.37

20.39

Many students confuse pK,, which is a property of a compound, with pH, which is a
property of the solution in which the compound is dissolved. The pK, is a constant property

of an acid that does not vary with concentration; the pH, as text Eq. 20.7c shows, depends on
the relative concentrations of the acid and its conjugate base. (See Study Guide Link 3.4, on
p. 31 of the Study Guide and Solutions Manual.) As the calculation in this problem is
designed to illustrate, the pH equals the pK, when the concentrations of an acid and its
conjugate base are identical. When the concentration of the conjugate acid is greater, the pH
is less than the pK,; when the concentration of the acid is less, the pH is greater than the pK,.

(b)  Use the result in part (a). When acetic acid is the solvent, the most acidic species that can exist is the
conjugate acid of acetic acid (that is, protonated acetic acid; see structure in Eq. 20.8, text p. 960, with
R— = H;3;C—), which has a pK, of about —6 (text p. 960). Table 3.1 on text p. 103 gives the pK, of HBr as
-8 to -9.5. Consequently, the HBr—acetic acid system has an effective pK, of about —6. In aqueous solution,
HBr is dissociated to give H;0", the conjugate acid of water, which has a pK, of —1.7; therefore the effective
pK, of aqueous HBr is —1.7. Hence, HBr in acetic acid is far more acidic than HBr in water because of the
greater acidity of the conjugate acid of acetic acid, the solvent.

(®)

o] o]
[l CH30H (solvent), HySOy catalyst |
(CHy),CHCOH > (CHy),CHCOCH

methyl isobutyrate

(d)
0 0 1) beuziue. AlCl5 0
I SOCl, || 2 H0 |
(CH3,CHCOH —— > (CH3),CHCCI » (CH3)»CHC
isobutyrophenone

(2-methyl-1-phenyl-1-propanone)

(a)  The substitutive name of valproic acid is 2-propylpentanoic acid.
(b)  The common name of valproic acid is a-propylvaleric acid.
(¢) A number of syntheses are possible. Here are two:

Synthesis #1:

0] 1) CH3;CH,CH>MgBr OH o -
! 2) H;,(‘Z)J“ o | CrO;(pyridine),

4-heptanol

_ 4 CH, 1) BHy/THF
H,C—PPh; I 2) H,0,/NaOH
- CH;CH,CH,CCH,CH,CHy ————————»

O
I
CH3CH,CH,CCH,CH,CHy

(Wittig reaction)

CH-,OH 1) KMnOy4. "OH CO,H
e 2)H30Y I B
CH;CH,CH,CHCH,CH,CH;3 - » CH3;CH,CH,CHCH,CH>CH;

valproic acid
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Synthesis #2:

HyC— H—80,CL pyridine

(|)H 3 _7 > pyridine
tosyl chloride

CH;CH,CH,CHCH,CH,CH, ony TRt >

4-heptanol

1) Mg, ether
OTs Br 2) COy
R NaBrinDMSO [ 3) H;0F
CO,H

|
CH3CH,CH,CHCH,CHLCH;

valproic acid

20.41  Use a method that does not involve loss of oxygen from benzoic acid. Thus, acid-catalyzed esterification should not
be used, because, as Eq. 20.18c on text p. 967 shows, this method results in cleavage of the bond between the
carbonyl carbon and the carboxylate oxygen. Esterification with either diazomethane or methyl iodide and K,CO4
would be the preferred method because, as the discussion in Sec. 20.8B, text p. 968, shows, these methods do not
involve loss of oxygen. (O* ='%0.)

o CH-N». ether or O ‘7 all isotopic oxygen is retained
. o= CHjl/acetone/K ,CO4 o=
preferred method: Ph —C —OH . ~———> Ph —C—OCH;
Cﬁ* Cﬁ* some isotopic oxygen
¥ CH3;OH (solvent * is lost
inferior method: Ph —C —OH S ¢ ) » Ph —C—O0CH3 + H)0

H,SOy (catalyst) -

20.43  The essence of this solution is to determine the ionization state of penicillin-G at the different pH values. The
principles involved are discussed in the solution to Problem 20.34. Because penicillin G is a carboxylic acid, its pK,
should be in the 3—5 range. Because the pH of blood, 7.4, is considerably higher than the pK, of the drug,
penicillin-G is ionized in blood. Because the pH of stomach acid is lower than the pK, of penicillin-G, the penicillin
is largely un-ionized in stomach acid. Because carboxylate ions are generally more soluble in aqueous solution than
un-ionized carboxylic acids, penicillin-G is more soluble in blood than it is in stomach acid.

2045 (b)
H;C 0
HyC o\~
2 ] < (@]
/Q.
i Hoo
meso-a, f-dimethylsuccinic anhydride
Notice the cis relationship of the methyl groups. (The anhydride with trans methyl substituents would be
formed from racemic a,3-dimethylsuccinic acid).
2046 (b)
H>, cat. 1) KMnQ,. "OH
H,C=CHCH,OH ——— > CH;CH,CH-,OH "‘PI(+—)- CH;CH,CO,H
- - ) B - _} % ) N - -
allyl alcohol K,COj3. acetone 0
HBr |

> H,C=CHCH,Br » CHyCH3COCH,CH=CH,
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Acid-catalyzed esterification of propionic acid (prepared as shown above) with allyl alcohol
:::} could also be used, but this reaction would require an excess of allyl alcohol.

(©
1) LiAl]_;l4 conc. HBr

. , , ) H;0 . . . H,S0y, , . , Mg
CH3(CHy )3COH ————3 CH3(CH, 3CH,OH ——=———3= CH3(CH,)3CH,Br ether

pentanoic acid

1) (CH;)»,C=0 OH
- 2) ;0 , . HBr
(H;(CHZ )\g(‘HzI\’IgBI‘ - ’ CH_;‘CH: ';(H:(((H; ): —
Br MgBr

\ Mg \ H;0"
CH3(CHy ;CH,C(CHy )y — =3 CH3(CHy )3CH,C(CHy )y —— 3 CH3(CHy )3CH,CH(CHy ),

2-methylheptane

2047 (b)  The question is whether loss of the different carboxy groups gives rise to the same compound or to different
compounds. Draw the two possible structures and determine whether they are different or identical. In fact,
the two are identical; therefore, only one product is formed when compound B decarboxylates.

-

Co, 0,H

H :
H3C“I CHjy HSC‘.‘ = CH; Rotation 180° about the dashed
" E axis shows that these structure are congruent
+ and are therefore identical.

2048 (c)  Thereactions of squaric acid with a number of reagents are analogous to the corresponding reactions of
carboxylic acids. Thus, reaction with SOCI, results in the formation of the “di-acid chloride” 4; and reaction
with ethanol and an acid catalyst results in formation of the “di-ester” B.

Cl Cl CH3CH,0 OCH,CH;
VAR
& N & N
A B

20.49 (b) The KOH converts benzoic acid into its conjugate-base benzoate anion, which is alkylated by benzyl chloride
to give benzyl benzoate.

JE— O C1 0
/ \ | <’ ‘ / \\
"—0" K" + CH,Ph —C—OCH,Ph + an
( )—C—0 K + CHPh — > ( »—C—OCH,Ph + K'CI
N/ 4 \ -
N N~ ) N
potassium benzoate benzyl benzoate

(d)  This is an oxymercuration-reduction reaction in which acetic acid rather than water serves as the nucleophile
that opens the mercurinium ion. (See the solution to Problem 5.35(¢c) on pp. 92-93 of Study Guide and
Solutions Manual.)
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20.51

T~0—C—CHjy

\\J//

1-methylcyclohexyl acetate

(f)  This is an intramolecular variation of the esterification shown in Eq. 20.22, text p. 969. In this case,
potassium carbonate converts the carboxylic acid into its conjugate-base potassium carboxylate, which is then
intramolecularly alkylated to form the cyclic ester (lactone).

0
_ O
f\j Il - ~7 0
Br— CHyCHyCHYCHy —C— 07 K™ — + K" B
\ /_/ \\\./’//
(h)  Chlorosulfonation of chlorobenzene gives electrophilic aromatic substitution at the para position. (See Eq.
20.28a-b on text p. 972.)
/ AN (|)\
Cl 4\\ //\— §S—C1  p-chlorobenzenesulfonyl chloride
N [l
O

(b)  The mechanism is much like that for acetal formation, except that the carboxy group rather than a second
alcohol molecule reacts with the a-alkoxy carbocation intermediate. (Recall that many intramolecular
reactions that form small rings are faster than related intermolecular reactions; see Sec. 11.7A—B, text p. 510.)

M
[ 4
I+
O-——>H—O0OCH
Y _ OH / HO CH;
o i — H HOCH; ]
T TN \CH_; ‘7\ L (H, ()(Hg
- :
- ) —_—
\\\\‘;///\\\ = 0 [\ A 0 \ \[ H( C H%
C ~T (|/ Ny (_ —0
OH OH OH
"fi\i
|1
H—OCH;
1
N H
i< +
HO  CH, H,0%) CH, HiC  OCH;
\(‘/ ) - (‘/ ; : \(/
T OCH, T OCH; ~ 1Ty
( | . = —>» H0 + S —
\§§/ c—o NN c ///(‘) NN c _ (@]
| c
OH OH “—~OH
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H,C  OCH; HyC  OCH;
N 3QOCH:
PN N /C\ .
0o —» | O + H,0OCH;
\E,/ - (‘/ . \\\l// \C
) z//hOCH |
+O—H s 0
4
v

(d)  The pattern is much like that in the solution to part (c), except that acetic acid rather than carbon monoxide
reacts with the carbocation intermediate.

VAIEERN
A *O-H  ~OSO3H
N s  OH Il
#H--0SO3H 0 0~ C—CH,
) N o= ~cH | ‘
ph:(‘:(‘Hz —_— Pllz(i(H‘; - 2 > th(‘_(‘H} —_—
“0SO;H
(0]
I
o~ “~cH,

|
Ph,C —CH;  + H—O0SO3H

20.52 (b)  The molecular mass of benzoic acid is 122; therefore, the m/z = 105 peak in its mass spectrum represents a
mass loss of 17 units, which corresponds to loss of an —OH group. This loss can occur by an a-cleavage

mechanism.
+
0. 10+
<" Il
Ph—C—-——0OH —>» Ph—C + <OH
molecular ion mfz =105

The m/z = 77 peak corresponds to a phenyl cation, which can be lost by inductive cleavage at the other side of
the carboxy group.

+ . .-
*O3 *O: 02
-

—

\\t + |
Ph —C —OH -«—>» Ph —C—OH — > Ph + C—OH
* mfz =77
molecular ion

You may recall that aryl cations are very unstable. (See Fig. 18.2, text p. 827.) The high
|:> electron energies involved in mass spectroscopy enable the formation of such intermediates that
would ordinarily not form in solution.

20.53 (b)  The meso stereoisomer isomer would have 'H and '*C NMR spectra that are almost identical to that of 4.
Because it is a diastereomer of 4, it has a different melting point.

H H
HiC~c__ "= CHs
/ \

HO,C COH

meso-2,3-dimethylbutanedioic acid
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20.55 (b)  The IR spectrum indicates the presence of a carboxylic acid, and the NMR indicates the presence of an
ethoxy group (—OCH,CHj;) and a para-disubstituted benzene ring. The compound is 4-ethoxybenzoic acid.
/TN
HO,C — //\ OCH,CH3  4-ethoxybenzoic acid
N
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Chapter 21

The Chemistry of
Carboxylic Acid Derivatives

Solutions to In-Text Problems

211 (b) ()

0 0 —
N L wda_ /N

/

N4

cyclohexyl acetate

isopropyl valerate

(e) (h)
0] O
| I
HCN(CH; ), (CH;),CCCl
N,N-dimethylformamide (‘*]

a-chloroisobutyryl
chloride

21.2 (a)  butanenitrile (common: butyronitrile)
(c)  isopentyl 3-methylbutanoate (common: isoamyl isovalerate)

The isoamyl group is the same as an isopentyl or 3-methylbutyl group:

\——_> HyC,

CHCH,CH,» isoamyl group

/

H,;C

(d)  N,N-dimethylbenzamide
21.3 The E and Z conformations of N-acetylproline:
? ﬂ CO,H
/C ~ / C. —-‘f#

H;C~ N /> H;C "N \
HO,C ™ ~/

) Z conformation
E conformation

21.5 As shown by the data above the problem, a carboxylic acid has a higher boiling point than an ester because it can
both donate and accept hydrogen bonds within its liquid state; hydrogen bonding does not occur in the ester.
Consequently, pentanoic acid (valeric acid) has a higher boiling point than methyl butanoate. Here are the actual

data:
CH3CH5CH>CH,CO,H CH3CH,CH,CO,CH;
pentanoic acid methyl butanoate
(valeric acid) (methyl butyrate)

bp 186 °C bp 98 °C
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21.7

21.9

21.10

21.11

21.12

21.14

21.15

(a)  The carbonyl absorption of the ester occurs at higher frequency, and only the carboxylic acid has the
characteristic strong, broad O—H stretching absorption in 24003600 cm™' region.

(d)  In N-methylpropanamide, the N-methyl group is a doublet at about & 3. N-Ethylacetamide has no doublet
resonances. In N-methylpropanamide, the a-protons are a quartet near 6 2.5. In N-ethylacetamide, the a-
protons are a singlet at § 2. The NMR spectrum of N-methylpropanamide has no singlets.

i I

|
CH3CHy —C — NHCH; H;C—C —NHCH,CHj4
N-methylpropanamide N-ethylacetamide

(a)  The first ester is more basic because its conjugate acid is stabilized not only by resonance interaction with the
ester oxygen, but also by resonance interaction with the double bond; that is, the conjugate acid of the first
ester has one more important resonance structure than the conjugate acid of the second. (See Problem
19.14(b), text p. 906, and its solution for a similar situation.)

¥ OH (_‘7H
R
CH;CH =CH —C —OCH; <—> CH;CH —CH =C —OCH;
: = 3 ; : k

resonance interaction of the protonated carbonyl
group with the double bond

(b)  The mechanism of the base-promoted hydrolysis of N-methylbenzamide is essentially a saponification
mechanism analogous to that shown for esters in Eq. 21.9a-b, text p. 1005.

A0 0™, 0 N 0
. « O [
Ph—C —NHCH; ¢ Ph —C—NHCH; ¢ Ph—C—O—H NHCH Ph—C—0O
1 ‘T 3 1 |\ j 3 1 3 —» Ph
\"'_OH OH ~ + NH,CH;

tetrahedral
addition
intermediate

(a)  The hydrolysis products consist of the conjugate base of the carboxylic acid and an amine:
O
! /7 ]
N

pyrrolidine

(CHy,CH—C—0" + HN

isobutyrate ion

Resonance effects: The application of the resonance effect for predicting the relative rates of acid-catalyzed ester
and amide hydrolyses is exactly the same as it is for the corresponding base-promoted hydrolyses. (See Eq. 21.26,
text p. 1013, and Eq. 21.28, text p. 1014, and the discussion on text pp. 1012-1014.)

Leaving-group basicities: In the acid-catalyzed hydrolysis of an ester, the leaving group is an alcohol; in the
acid-catalyzed hydrolysis of an amide, the leaving group is ammonia or an amine. Alcohols are much weaker bases
(conjugate-acid pK, = -2 to —3) than amines or ammonia (conjugate-acid pK, = 9-10). Because weaker bases are
better leaving groups, esters should hydrolyze more rapidly, and they do.

(b)  This is an ordinary ester saponification followed by acidification.
(@]
/ \ Il
F—{  ,»—C—OH + HOCH,;
N

N/

First, prepare the acid chloride from hexanoic acid:
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O 0
S socly oo
CHi(L HluC —OH —>» (H\;(C H2}4( —Cl

hexanoic acid hexanoyl chloride

(a)  To prepare the ester, allow the acid chloride to react with ethanol:

0 0
o Il HOCH,CH; [l ]
CH3(CH;),C —Cl ——————»CH3(CH,),C—0OCH,CH;
hexanoyl chloride ethyl hexanoate
21.16  (a) (d)
‘(‘) o} 0
i | i I
CH;CH,C—N(CH;3)» CH3CH,CH,C —0—CCHj3
+
(CH}, )2NH2 Ccr
) (h)
i i
1 j i |
CH3;0—C —0OCH; ,/5\\,./(' ~OCH,4
. T-C-—OH
|
0
21.18  (b)

i i
CHyC—Cl + HO—@—NOQ w}(?HgC'O@—NOZ

acetyl chloride
p-nitrophenol p-nitrophenyl acetate
(d)
O O O
\ : \ H‘ : ” ., pyridine . . H . H o
2 (CH;3COH + Cl—C—CH,—C—Cl 2229 (CHy)3C0—C —CH) —C —OC(CHg )3

tert-butyl alcohol malonyl dichloride di-tert-butyl malonate

21.19 (a)  Carry out one of the reductions in Sec. 21.9D, text p. 1027:

0 1) Li* HAI[OC(CH; ;15 0
I 2) Hy0* |
PhC—Cl - PhC —H
benzoyl chloride benzaldehyde

2120 (a) PhCH,CH,NH,

2121  Among the compounds that would give (CH;),CHCH,CH,CH,NH, as the result of LiAIH, reduction are the
following:

O
I

4-methylpentanenitrile 4-methylpentanamide
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21.23

21.24

21.25

21.26

21.29

(®)
O O O
o || PCl4 [ 1) Li* “Cu(CHy ), [ 1) CH;CH,Mel
CH3CH,CH,COH —— > CH;CH,CH,CClI " —» CH;CH,CH,CCHjs —
o S 2) H;0 S T 2) H30T
butyric acid i .
OH
\
CH;CH,CH,CCH,CHj3
R
CH;
3-methyl-3-hexanol
(d)
(0] O (0]
o || PCls . . H D Li* “Cu(GHs)» . . H ) )
CH;CH,COH  ———» CH3CH,CCl ———————~—=—» CH3;CH,CCH,CH;

2) H;0"

propionic acid 3-pentanone

(b)  The reaction of a Grignard reagent with ethyl formate gives a secondary alcohol in which the two alkyl
groups at the a-carbon are identical.

O OH
e o] HO" I e
CH;CH,OCH + 2 CH3CH,MgBr ——» ——» CH;CH,CHCH,CH;y + CH;3CH,OH
ethyl formate 3-pentanol

(b)  Because only the acid chloride reacts, the product is the following keto ester:
.
CH3(CH, )30 —C(CH, )4,C —CHj4 butyl 6-oxoheptanoate

The first method involves carbonation of the corresponding Grignard reagent; the second involves hydrolysis of the
nitrile.

1) COy
2) H;0"

Mg

f=]

(CHy»CH(CHy)3COoH -€——
5-methylhexanoic acid
H,0. H30™, heat

ether

(CH3 »,CH(CHy )3Br
+ =

1-bromo-4-methylpentane Na© CN

DMSO

(CHz),CH(CH, )y C=N

Process (a) is catalytic hydrogenation. Because furan is aromatic, high pressure and/or heat might be required.
Process (b) is ether cleavage with HCI and ZnCl, (or other acidic catalyst) and heat. Process (c) consists of the Sy2
reactions of cyanide ion with the dichloride. Process (d) is catalytic hydrogenation or LiAIH4 reduction followed by
protonolysis. Process (e) is nitrile hydrolysis with aqueous acid and heat. Finally, process (f) is to mix the amine
and the carboxylic acid and heat (Eq. 21.70, text p. 1034), or to form the di-acid chloride and allow it to react with
the amine.
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2132 (a)
(e)
(h)
2133 (b)

Solutions to Additional Problems

(b) ©) (d)
CH;CH,CO,H ‘(‘) ﬁ) T‘J
CH;CH,CSCH,CHj; CH;CH,COC(CH;3);4 CH;CH,CCH;
/ e AR _
+ (\\ /,\IH Cl + 'NH
N/ N/
® ()
(@] @) — O
CH;CH,CH CHSCHZ(‘H{ >—C‘H3 CH;CH,CNHCH(CHs ),
\ / +
+ CI" H,NCH(CH;),
@
00 0 .
[l 7\
CH;CH,COCPh CH;CH,CO \ ) CHj
\
/T -
+ (. NH Cl
N/
(d)
O (H)
I
CH;CH,-CNH, CH3(CH, );COCH(CH, )3CH;
L K |
propionamide CHj

1-methylpentyl hexanoate

21.35  The product is (R)-(—)-1-phenyl-1,2-ethanediol. Notice that the asymmetric carbon is unaffected by these

transformations.

OH CH;0H, OH 1) LiAlH, OH
| H,50, | 2) H,0"

.,.HC\ — > .,‘MC\ = ,,.m‘\

H"/ ™co,n H" / ™co,CcHy H" / “cHyoH
Ph Ph Ph
(R)-(-)-mandelic acid (R)-(-)-1-phenyl-1,2-ethanediol
(a 1,2-glycol; reacts with periodic acid)
21.38 (a) Inaqueous base the ester groups are saponified to give glycerol (1,2,3-propanetriol) and three equivalents of

(b)

sodium oleate, the sodium salt of oleic acid.

H H HO—CH,
N/ . o
c—=C O + HO—CH
ya N [l - |
C‘H\gl(‘H: 77 ((Hl 17—C’—U Na HO—CH,
sodium oleate glycerol

The structure of glyceryl tristearate:
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‘(‘)
CH3(CH,),CO—CH,
0]
I
CH3(CH,)sCO—CH  glyceryl tristearate

o
I
CH3(CH,);,CO—CH,

Because unsaturated fats are oils and saturated fats are solids, glyceryl trioleate is a liquid, whereas the
product of hydrogenation is a solid. In fact, glyceryl trioleate is a major component of olive oil, whereas
glyceryl tristearate is a major component of lard.

2139  (a)
0 QO
\ I
HS(: - A ’(H KECIJ()4 H:\C e /(()H
T H,S0, N SOCl,
=
7 RN

3-methylbenzaldehyde
O O

: 1 Il
H;C CCl HN(GH5), H;C P CN(GHs)

(excess)

AN

compound A

2140 (b)
o I C,H50H. H,S0, o ) 2) H;0* ]
CH;CH,CH,COH — = » CH;CH,CH,CO,C5H;y - CH3CH,CH,CCH;4
\
CH;
2-methyl-2-pentanol
(d)
(o) 1) LiAlH, conc. HBr
o I 2) H;0" o H,S0, o Mg
(H;LHqCHjC()H k‘)’(H;(H“)(Hﬁ(Hj(,)H _—>(H;(H7(H)(H38[ L[l]l
3-HyLHy zbnplnstHy k bRy Hy “ther
O 1) KMnO,. OH
o /N ) HOT
(_H;(H)(H)LH)higBlﬁ)(HgCHﬁCHﬁCHﬁCH“’CHW()H - y
T T T 2) H;0 - - 0 T 7

O
SOClI, [l NHj3 (excess)
CH,CH,CH,CH,CH,COH  ——2 3 CH,CH,CH,CH,CH,CCl

O 1) LiAlHy
e I 2) H,0 o
CH;CH,CH,CH,CH,CNH, —— > CH;CH,CH,CH,CH,CH,NH,
I-hexanamine (hexylamine)

S

(@] @] NH; Q 1) LiAlH,
[l SOCl, Il (excess) Il 2) K0
CH;CH,CH,COH —» CH3;CH,CH,CCl ——» CH;CH,CH,CNH, ———» CH;3;CH,CH,CH,NH,
1-butanamine
(butylamine)
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21.42

21.43

21.45

21.47

Because the two carbonyl groups of the anhydride are not equivalent, two different products are possible; each
corresponds to reaction with the ethanol at a different carbonyl group. Because ethyl propionate has a higher
molecular mass than ethyl acetate, ethyl propionate should have the higher boiling point. Since it is given that the
ester with the lower boiling point is formed in greater amount, then ethyl acetate is the major product.
(0] (0]
1 |
CH;C —O—CCH,CH; + CH;CH,OH ——>»
acetic propionic anhydride
(|:)‘ (0] O (0]
I I |
CH3;C—OCH,CH; +  HO—CCH,CH; + CH3CH,0—CCH,CH3 + CH3C—OH
ethyl acetate , ethyl propionate
Y
major products

Carboxylate salts are less reactive than esters in nucleophilic acyl substitution reactions for two reasons. First,
resonance stabilization of carboxylate salts is particularly important because carboxylates have two identical,
important resonance structures; see Eq. 20.4 on text p. 957. Resonance stabilization of esters is less important
because one resonance structure separates charge; see the structures in Eq. 21.28, text p. 1014. Because resonance
stabilization reduces reactivity, carboxylates are less reactive than esters.

The second and major reason that carboxylate salts are less reactive is that they contain no leaving group. The

oxygen anion of the carboxylate, in order to serve as a leaving group, would have to depart as an oxide ion, O, .
This very basic leaving group is unprecedented in the usual reactions of organic chemistry.
1 Reactions such as LiAlIH, reduction that occur on carboxylate salts might at first glance appear
:":} to involve oxide ions as leaving groups. In such reactions, however, the “oxygen anion” is
bonded to another species that allows the oxygen to serve as a leaving group. (See the details
in Further Exploration 20.4 on p. 479 of the Study Guide and Solutions Manual.)

(b)  The preparation of this polyester requires heating 1,4-butanediol with glutaric acid.

(Alternatively, the di-acid chloride of glutaric acid could be mixed with 1,4-butanediol.)

(0] 0]
| I
(] 0 1) LiAlHy HOC(CH, );COH 0 (o}
+ S
| I 2) O glutaric acid ! |
HOCCH,CHCOH —————3 HO(CH, 00 —— = > O(CHy)40 —C(CHy 3C
ea n

succinic acid 1,4-butanediol

The high-frequency IR absorption and the reaction with water to give a dicarboxylic acid suggest that this compound
is the anhydride of a,a-dimethylmalonic acid. The formation of a half ester in the reaction with methanol also
supports the hypothesis that this compound is an anhydride.

0]
H;C ‘
I
><>O a,o-dimethylmalonic anhydride
HyC |
0

] Inmost cases cyclic anhydrides show two carbonyl stretching absorptions. Can you think of a reason

|:> why this particular anhydride shows only one? (Hint: See Study Problem 12.2 on text p. 551.) Is the
missing carbonyl absorption at lower or higher frequency than the one that is observed at 1820 cm '?
(Hint: See Table 21.3, text p. 996, and extrapolate from the absorptions of six-and five-membered cyclic
anhydrides.)
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21.50

21.52

21.54

(a)

(b)

(©)

(d)

(e)

(b)

(d)

(@

(1)

(k)

(a)

This is a reprise of Problem 10.59 on text pp. 480481, which is answered on p. 209 of the Study Guide and
Solutions Manual. The very weak acid HCN is not significantly dissociated. Consequently, the solution is
insufficiently acidic to effect protonation of the —OH group of the alcohol. This protonation is necessary to
convert this group into a good leaving group. Furthermore, there is virtually no cyanide ion ("C=N) present,
and hence virtually no nucleophile to displace the —OH group.

First of all, an excess of an alcohol is generally required to drive acid-catalyzed esterification to completion.
However, even if some of the adipic acid is converted into its ester, there is no reason why this monoester
would not be essentially as reactive as adipic acid itself, and the reaction mixture would ultimately contain a
mixture of adipic acid, its monomethyl ester, and its dimethyl ester. The yield of the desired monoester
would be poor, and it would have to be separated from both the di-ester and the unreacted adipic acid.

There is no reason why acetic acid should form an anhydride only with benzoic acid, and vice-versa;
substantial amounts of acetic anhydride and benzoic anhydride should also be obtained. If all the reactions
were totally random, the desired unsymmetrical anhydride would be formed in a maximum of 50% yield.
The hydroxide ion reacts much more rapidly with the O—H proton of the phenol than it does with the ester.
(See Study Guide Link 20.1 on p. 473 of the Study Guide and Solutions Manual for a discussion of this
point.) Consequently, the one equivalent of hydroxide is consumed by this reaction, and no base is left to
saponify the ester.

Several functional groups in the B-lactam molecule are more reactive toward acid hydrolysis than the amide
indicated. Because esters are more reactive than amides, the acetate ester will undoubtedly also hydrolyze
under the reaction conditions. The B-lactam ring itself is an amide, and because hydrolysis of this amide
relieves substantial ring strain, this amide should also hydrolyze more rapidly. Once the -lactam hydrolyzes,
the resulting enamine also should hydrolyze readily in acid, and the N—C—S linkage is also unstable toward
hydrolysis in the same sense that an acetal is unstable. With so many faster competing processes, Klutz has
no hope for a selective reaction.

Transesterification of the formate ester occurs.
O (0]
Il Il
CH;CCH,OH + CH;OCH

Both amino groups are acylated by the excess of the acid chloride.

0 0
\

Ph—C-—NH-—NH—C-—Ph
The Grignard reactions of lactones are much like those of esters, except that the alcohol displaced by the
nucleophilic acyl substitution reaction remains as part of the same molecule.

OH OH
(?Hk;("‘C?HEC?HQL"‘H(CH: ), CH;
b,
Lithium aluminum hydride reacts with acid chlorides in the same way that it reacts with esters, only faster.
The product is (CH;);CCH,0OH (2,2-dimethyl-1-propanol).

Transesterification occurs to give three equivalents of methyl stearate and one of glycerol.

?H (|ﬁ)H (")H
3 CH3(CHy) CO,CHy  +  CHy,—CH—CH,

methyl stearate glycerol

The odd molecular mass indicates the presence of an odd number of nitrogens, and the hydroxamate test and
the IR carbonyl absorption at 1733 cm ' indicate the presence of an ester. The IR absorption at 2237 cm '
indicates a nitrile. The triplet-quartet pattern in the NMR spectrum clearly indicates that compound B is an
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ethyl ester. Subtracting the masses of all the atoms accounted for leaves 14 mass units, the mass of a CH,
group. Compound 4 is ethyl cyanoacetate.
i
N =C —CH, —C —OCH,CH;

ethyl cyanoacetate (compound A)

(¢)  The odd molecular mass indicates the presence of nitrogen. The IR spectrum indicates the presence of both a
nitrile and an alcohol. The broad, D,O-exchangeable resonance at 6 3.4 in the NMR spectrum confirms the
presence of an O—H group, and the pair of triplets indicates a —CH,CH,— group. Compound C is
3-hydroxypropanenitrile (8-hydroxypropionitrile).

HO —CH,CH,C==N  3-hydroxypropanenitrile
(compound C)

(¢)  The mass spectrum shows an odd mass, which indicates the presence of nitrogen. The IR spectrum could
indicate the presence of a nitrile, although, if so, the C=N absorption is about 50 cm ™' lower in frequency
than the C=N absorption of an ordinary nitrile. The IR spectrum also indicates a trans alkene. The UV
spectrum indicates extensive conjugation. This shift of the nitrile IR absorption is similar to that observed
with conjugated carbonyl groups, and it suggests that the nitrile group is conjugated with the double bond.
The NMR shows resonances for 7 protons. The large splitting in the resonances at 6 5.85 and 6 7.35
confirms the presence of the trans alkene. Evidently, the apparent singlet at 6 7.4 corresponds to five protons,
that is, to a monosubstituted benzene ring. Compound F is (E)-3-phenylpropenenitrile.

H C=N

/
C=cC
/ \
Ph H

(E)-3-phenylpropenenitrile

(compound E)

21.55 (b)
/f\\\ //,Bl' u ///\\V/,IVI_‘__’BI' /O‘\
g DAY
el
- ether =L~ 2) H;0*
\\/’ “\// -
bromocyclohexane
~ CH,CH,OH 1) KMnOy. OH ~ CH,CO,H
/\\ e 2 2 4 TN - 2 2
- T 2) B;0" oY CH,OH (solvent)
: E
B L J H»S0, (catalyst)
S~ T -
OH
|
CH,C0O,CH;y 1) CH3Mgl (excess) CH,CCH5
2) H0" \
o CH,
1-cyclohexyl-2-methyl-
2-propanol
(d)
O O
I Nela® | PhNH,

HO—CCH,CH(CHy), —— C1—CCH,CH(CH;y),

. - pyridine
isovaleric acid

0 1) LiAIH,
N 2) H;O* ) o
PhNH —CCH>CH(CHy), ——— 3 PhNH —CH>CH,CH{(CHy ),
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(2
i
A CO,H HN-O_;_ - CO,H 3 o C Cl
| S —> |
Y e N
benzoic acid . { O 0
NO, NO, | I
NaOH # o W N
— | |
= Nt S

///;\ - C (,)3 Na s\:// §\\\,/

)
p . 1) KMnOy4. OH. heat (e} ) N
/SN 2)HO7 I/ SOCI,
CHy ¢, OCHy — > HOC{ ) OCH; 2
N7 N/
p-methoxytoluene
0 — CH;NH 0 —
" L / \ i ( CSL‘CxE ) - ‘_l / \ -
Cl—C— — OCHy ———>» ('H;NH*(.‘—Q s—— OCH;
\\ V74 R R \ // z
N 94 N

21.56 (a)  The reversible hydration of carbon dioxide to carbonic acid is an acid-catalyzed addition of water that is
mechanistically identical to the hydration of aldehydes and ketones shown in Eq. 19.18a-b, text pp. 909-910.

(¥ (¥
\4 |+ | +
0—=C=0 H—OH, « > 0—=C—0—H > O:(‘—()—H e — ()*C‘—()H
¢ |
- OH, OH OH
A )
H OHZ + H—OH,
S -

(c)  Protonation of the carbonyl oxygen produces a good leaving group which is displaced by bromide ion. The
carboxy group is then esterified by the usual mechanism (Egs. 20.18a—c, text pp. 966—7).

fo [ —/ _\ [
- '\‘,_‘ T |+ —» n- v/ ~ .,‘,I_ —_
B k O/"'*‘f—f(i) H—OC,Hs Br \/()‘) ==0H
H + HOC,H;
/N C,HsOH. HBr /N
Br— J— OH — > Br—/ Jr—0C,Hs
't (esterification) 7 -
0 0

An alternative reasonable mechanism involves transesterification of the lactone by ethanol to give a hydroxy
ester, followed by conversion of the alcohol to a bromide by an acid-catalyzed S\2 reaction. (See Egs.
10.11a-b, text p. 441.) However, it is likely that the mechanism shown above is the correct one, because the
equilibrium between lactone and hydroxy ester is likely to strongly favor the lactone, and because a
protonated carboxy group is an excellent leaving group.

(e)  Protonation of the ring double bond gives a tertiary carbocation that reacts with the carbonyl oxygen of the
ester to give the lactone.
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PN H e /\\\ H SN H
N { 1 J ‘ | L J\ (a)
- | N N - - N - N . »
HyO HeT\\T/ T/ CO,CH; T eoycH; TN T coycH;
20LH e N LN /N A
CH3  C—OCH; CH; |, C=0CH, 70 ‘('\\gcn
© O 1h0 HO~ & 0
[/ N H TN H N H
Al . S~ ) ~ A o~
\7(\/ T N COCHy T 7(/ T TNC0,CHy TP T N T C0,cHy T
/o /o—c 8" /o—c .
VAN JoON |+ /‘\\Jr -
HO+ OCH; Ho  OCH; H-—OH; Ho ) OCH4
N /
Y om, N H
A ) <
L

N P

HOCH; + [

.
AN R —» A S —C
K Y TCOiCH; e S copeny T RO

/ \ ! / \ /
T 0—-C_ A /7 0—C
Ny . N
O—H OH, O
+ - -
N

As an alternative to step (a) and the subsequent steps in the foregoing mechanism, water could react with the

methyl group:
TN H T H
- _ B - ///\ )
ST N 0,0, 5T T T C0,CHy ¥
/7 C;" >/ \O c‘j - 7 + H;C—OH,
J)—C \ T —C of .
Q+h. ‘( N A (loss of a proton to
9 CH; OH, 0 water gives methanol)

How might carrying out the reaction in '*O-water enable one to distinguish between these two mechanisms?

21.57  Addition of the Grignard reagent to the carbon—nitrogen triple bond is expected by analogy with carbonyl-group
reactions. The product 4 is an imine.

N
l\ v
H--OH

M /
[ - e -
Ph—C=N: — 3 Ph —(‘ =N: +MgB1’ ——» Ph 7(\ =NH + Br Mg2+ “OH
| Ph Ph
T ven.
Ph: MgBr compound A

This imine hydrolyzes in acidic solution to benzophenone:

c'/-\l
»H-L0OH i
I‘,/ o /./-” \\ HO—H
4"‘ / ‘ - o
. + o . roton transfers
Ph—c|‘:1\'H ——» Ph—C=NH, + H,0 — > Ph*(‘*NHz :
LA °*
Ph Ph Ph

compound A
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(/ - .
.- H . Ho = \\ )

HO: 01 - ; 1'(,)Jr \ N
7. > v \ I
Ph*(‘TI‘\;H_; —> |Ph—C+ -<—>» ph—C + :NH; —>» Ph—C—Ph

Ph ™ Ph Ph

ot
+ NH,
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Chapter 22

The Chemistry of Enolate lons, Enols,
and «,B-Unsaturated Carbonyl Compounds

Solutions to In-Text Problems

22.1 (b)  The acidic hydrogens are the a-hydrogens on the carbons between the two carbonyl groups. (—OEt = ethoxy
group = —OCH,CHj;.)

acidic hydrogens

O O

I
CH;3C —CH, —COEt

ethyl acetoacetate

The reason that these hydrogens are particularly acidic is that the conjugate-base enolate ion is stabilized by
the polar effects and resonance effects of two carbonyl groups, whereas the conjugate-base enolate ion of an
ordinary ester is stabilized by the corresponding effects of only one carbonyl group. The resonance structures
of the conjugate-base enolate ion of ethyl acetoacetate are as follows:

(@] N O ~0 O o~ 9]
2 Qe Ll
CH3;—C —CH Y C—QFt -w-—>» CH3;—C —CH —=C —OEt <«—>» CH3—C —CH —C —OEt

223 A mechanism for replacement of one hydrogen in the reaction of Eq. 22.6, text p. 1051, is shown in the following
equation. (The mechanisms for replacement of the others are identical.) Only the a-hydrogens are replaced because
the enolate ion is the only carbanion stable enough to be formed. The carbanion intermediates required in a similar
mechanism for the replacement of the hydrogens other than the a-hydrogens are not resonance-stabilized.

I

//- -‘\4 A4 +
EN  D—OD 2 E5ND 0D
0 ~ 0 0
L TN
) /‘\\ OH OD //‘\\ - E) 1 CYI)D /H\\ D
( J < = H—O0D + [ <« ( J/ + oD
N ~_ T~

resonance-stabilized
enolate ion

22.6 (b)  All a-hydrogens are exchanged for deuterium. (The methyl hydrogens of the tert-butyl group are not
a-hydrogens.)
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227 (b)

i ™
CH3;CH>CH,CHCOH 2 CH3CH,CH>C—C—OH
3CHCHC 3CH>CH,
CH; CH;

2-methylpentanoic acid enol form of 2-methylpentanoic acid

(c)  Benzaldehyde, PhCH==0, has no enol forms because it has no a-hydrogens.

229 (b)  The “enol” form of an amide that has a carbon—nitrogen double bond is called an imidic acid; see Eq. 21.20b,
text p. 1009. Notice that this particular amide cannot enolize toward the a-carbon because it has no a-
hydrogens on that carbon.

OH

\
Ph—C=NH

"enol" form of benzamide

(an imidic acid)

22.11 (b)  The enol is formed by the mechanism shown in Eq. 22.17b on text p. 1056, except that D;O" is the acid. This
results in the “washout” of one a-hydrogen into the large excess of deuterated solvent.

N
- [ T
7~ wD 0D, D
O - A0 B 0D
‘ H h H _HYT Vgp, J
TN 4 e " -H
. - +
L ]( H - ( J\ H - ( ] + H—OD,
~ ~ - S~

Protonation of the double bond by D;0" gives a deuterium at the a-position. Replacement of one a-hydrogen
by deuterium is shown; the mechanism for replacement of the other a-hydrogens is identical.

. ™
~ v nd oD, )
cFop % 0 - O
— —>D—O0D, D D
/
N _-H ,//\\\{;_/‘ - T \\/ u
- » - +

{ > - + D—OD,
- S~ S~

22.13 (b)  Because the rate of ketone halogenation is independent of the halogen concentration, the rates of halogenation
of the same ketone with two different halogens are also independent of halogen concentration and therefore
independent of the identity of the halogen itself. In fact, the rate in both cases is the rate of enolization, as in
part (a). The two processes are compared at the same acid concentration because the enolization process is
acid-catalyzed (Eq. 22.24, text p. 1058).

22.14  Inpart (b), benzophenone does not halogenate because it cannot form an enolate ion (it has no a-hydrogens), and the
aromatic rings are deactivated by the carbonyl group toward electrophilic halogenation.

22.16 (b)  The a-bromo acid bromide is formed first. Then ammonia reacts as a nucleophile with it in both an acyl
substitution reaction to give the amide, and in an S\?2 reaction at the a-carbon to give the a-amino amide of
the a-amino acid alanine.
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22.17

22.19

22.20

22.22

O O O
o Br, PB13 Il NH; Il + ,
CH3CH,COH ———» CH3;CHCBr ———>» CH;CHCNH, + 2NHyBr
propionic acid ]‘31_ \LHa

alaninamide
(2-aminopropanamide)

(b)  The base acetate ion displaces the a-bromine to give a compound that is an example of a phenacyl ester.
0 0
| |

CH;C—O—CH,CPh + Na'Br

benzoylmethyl acetate
(a phenacyl ester)

(a)  The aldol addition reaction of phenylacetaldehyde:

~ R

C(ﬁ) ? \H 7/ %H (i‘)H )
PhCH,CH ——>» PhCH,CH ————» PhCH,CH + OH
‘ | \
t PhCHCH —O PhCHCH —O

PhCHCH =—0O
! ] 3-hydroxy-2,4-diphenylbutanal
enolate ion of

phenylacetaldehyde

(b)  Asin part (a), the enolate ion of the ketone adds to the aldehyde carbonyl group to give product 4 because
aldehyde carbonyl groups are more reactive than ketone carbonyl groups. It is also likely that aldol
condensation of two molecules of hexanal will occur to give product B.

0 0

A\ N

H C—Ph CH;(CH»);CH» C—H
N / - - - \ - ’/
Cc—C C—C

/ N / N\

CH;(CH,);CH, H H CH,(CH5),CH;
A B

(b)  The product shown would require the following starting materials. However, since the enolate ion required
for the synthesis is only one of two that could form, at least two isomeric products are possible of which the
desired product is only one. The desired product would therefore be formed as one component of a mixture

of isomers.
— 0
/
N /\th + CH;3CH,CCH,CH,CHj
N \\\\&

an enolate ion could
form at either carbon

(d)  This product is the result of an intramolecular reaction of a ketone enolate and an aldehyde carbonyl group;
hence, its synthesis from the following starting material is reasonable.

0
CH;
H

\\_/’/§
O

// \\v e



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 22

4

22.24

22.25

22.27

22.28

22.29

(f)  This is a reaction of two equivalents of benzaldehyde with one of acetone. Because an aldehyde without
a-hydrogens is involved, the reaction is a reasonable example of the Claisen—Schmidt condensation.

0
I
2 PhCH =0 + CH;CCH;

(b) (d) ®
N CH3;CH,CH,OH o
(CH3),CH —{’ \ CH%H N\
\ / - \ L /
(®)

o
CH;CH,CH, —C —CH —C —OEt
T |
CH,CH}

ethyl 2-ethyl-3-oxohexanoate

(b)  Use reasoning similar to that used in solving part (a). Two possible enolate ions, X and Y, can form; the
product derived from ion X is ultimately observed because only this product is formed irreversibly by

ionization.
EtO>CCH(CH,),CHCOEl @2 EtO>CCHA(CH)2CCO5Et
2 S 2 2 ST
CH; CH;
X Y
0 0}
I CO5Et
EtO,C RA CH, N\ CH
Y E \ / "CH>
/ \_ :
(observed product; acidification
gives the keto ester)
(b)
(0] O
1
PhCCH,CPh

Ethanol is a by-product.

(b)  The two possible sets of starting materials are as follows:
O @] (0]
I | I
CH;CH,CCH,CH; + EtOCOEt and 2 CH3;CH,COEt
A B
Either set would work. In set 4, a large excess of diethyl carbonate must be used. (See Eq. 22.58, text p.
1077, and the discussion that follows.) However, set B would be more convenient because only one ester is
required as a starting material and because we would not have to separate the product from an excess of
starting material, as in set 4.
(d)  The two possible sets of starting materials are as follows:
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most acidic hydrogens most acidic hydrogens

[ o 0 l’ 0 @
rl I I |
PhCH,COEt + CH3CH,CH,CH,COEt and  PhCH,CCH,CH,CH,CH;3; + FEtOCOEt

v v g

A B

Set 4 consists of two esters with a-hydrogens; four different products are possible. Furthermore, the
a-hydrogens of ethyl phenylacetate are considerably more acidic than those of ethyl valerate (why?);
therefore, the major product is likely to be derived from the enolate ion formed at this position, but this is not
the desired product. In set B, there are two sets of a-hydrogens, but the hydrogens that are « to the phenyl
ring are considerably more acidic (why?). Unfortunately, the desired product is not derived from the enolate
ion formed at this position. Hence, both sets of starting materials are unsatisfactory. In summary, the desired
product cannot be made by a Claisen condensation.

2230  (b)

ethyl 2-acetylbenzoate

22.31  Follow the pattern in Egs. 22.63c—d, text p. 1083.

0 0O 0 H;0", 0o o
) Il _ A CHSR. €O, ) I
CH3(CH»)4CSR + "OCCH,CSR —— =3 CH;3(CH,),CCH,CSR

reduction
OH
c“ (H) ‘ I 0
T~ lehvdration C.. _CSR _ . . Il
CH,CSR 8 M e cHy(CHy),~ S feduction o e o, CSR

H
CH3(CH,)4

2233 (b) 2-Ethylbutanoic acid can be prepared by a malonic ester synthesis:

1) NaOEt, EtOH 1) NaOEt, EtOH
) . 2) EtBr ) 2) EBr _ H,0", heat ]
CH:(CUEEI)z — EICH(CO:EI): 4)’EI2C(COEEI)2 = EiOH EI:CHC(,):H
iCOa 2-ethylbutanoic
- acid

2235 (a)  Recall Sec. 18.1, text p. 823, where the four reasons for the lack of reactivity of aryl halides under Sy2
conditions is discussed. Firstly, the relatively high energy of the transition state required for the conversion
of an sp>-hybridized carbon into an sp-hybridized carbon (about 21 kJ mol™! or 5 kcal mol™") that must occur
in an S\2 reaction at an aryl carbon. Secondly, the nucleophile, in this case the conjugate-base enolate of
diethyl malonate, must approach the carbon—bromine bond in the plane of the phenyl ring, which would result
in significant van der Waals repulsions ( a steric effect) of both the nucleophile and the phenyl ring. Thirdly,
the nucleophile must also approach the carbon—bromine bond through the plane of the phenyl ring, which is
impossible. And fourthly, because the carbon at which substitution occurs would have to undergo
stereochemical inversion, the reaction would necessarily yield a benzene derivative containing a twisted and
highly strained double bond.

22.37 (b) By the same logic used in part (a), the B-hydroxy ester is formed.
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Li*
0 0 o 0 dil. OH
I L \ \ H;0" | I
PhCH + Li' CH,COC(CH3)3; — 3 PhCHCH,COC(CHy); —>— 3 PhCHCH,COC(CH3)s
benzaldehyde enolate ion of tert-butyl 3-phenyl-
fert-butyl acetate 3-hydroxypropanoate
22.39  (b)
1) NaOEt, EtOH
@] 2) BrCH»Ph @] 1) NaOH O
| b 1 bromid Il 2) H;0", —CO I
CH3CCH,CO,EL M DIOMICE o CHLCCHCOSEt ——2 "2 3 CH3CCH,CH,Ph
ethyl acetoacetate C|',H3Ph 4-phenyl-2-butanone
2240 (b)
COEt O 1) NaOEt, EtOH CO,Et O 1) NaOH o)
| I 2) CH3l \ Il 2) H;OJ’,, —CO4 Il
PhCH — CCH,Ph —————>» PhC—— CCH,Ph - — Ph(|‘.HCCH3Ph
CH,4 CH;
The starting B-keto ester is prepared by a Claisen condensation of ethyl phenylacetate:
O 1) NaOEt. EtOH CO,Et O
[l 2) H%Q+ \
2 EtOCCH,Ph ————————» PhCH —CCH,Ph
ethyl phenylacetate
2242 (b) (d)
i
C,H4SCH,—CH—C—O0CHj; H,C—=C—C—0O + CH;0H
2H: 27 3 2 | 3
CH; CH;

In part (d), saponification occurs instead of conjugate addition because saponification is an irreversible
nucleophilic acyl substitution reaction.

22.43 (b)  This is a conjugate addition of the benzenethiolate anion to the carbon—carbon double bond. The benzenethi-

olate nucleophile, PhS™, is formed by the reaction of benzenethiol, PhSH, with "OEt. A mixture of

diastereomers is formed because the final protonation step can occur from the same face as the methyl group

or from the face opposite the methyl group.

Fa
1
H  OEt
/"'\ O /‘ O H (0]
PhS  H,C. /) Jf PhSCH, [/ PhSCH,
TN HOEt NN LN
[ 0o« = o < = 1 O + TOEt
\ ‘ “-\7‘ ‘."“I - \ )
C.Hg CHjy / ,/ CHy
N h [~ N

L

(mixture of cis and trans)

22.44 (b) The nucleophile must be a species that can be converted into a carboxymethyl (HO,CCH,—) group. Because
the nucleophile ends up as a “substituted acetic acid,” the conjugate-base enolate ion of diethyl malonate can
serve as species X. Addition of X to the ester gives compound D. All ester groups of D are hydrolyzed and

one of the resulting carboxy groups is decarboxylated when D is heated in aqueous acid.
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EtOH

(EI‘O-,C)»,EH + H,C—=C —CO-Et ———» (EtO,C)>,CHCH-,CHCO,Et
2%)2 2 | 2 -1 2 2 2
enolate ion from /
diethyl malonate one of these groups decarboxylates

following hydrolysis in acid

2245 (b) A Michael addition of the diethyl malonate conjugate-base anion gives compound B, which undergoes an
intramolecular Claisen (Dieckmann) condensation. This Dieckmann condensation, like all Claisen-type
condensations, is driven to completion by ionization of the product; the un-ionized product is formed when
acid is added. These final steps are not shown in the mechanism below. Note that the tertiary hydrogen of
compound B is the most acidic hydrogen, but although the anion resulting from removal of this proton is
formed in the reaction mixture, it is depleted by the reaction that gives the product.

Yy

v
- >H — OEt
(@] - (o)d O
™\
AN [ _ [ _
QH}CCH:CHZ CH(C(_):ET): —_— CH;(CHCHch((O:Et)z —_— CH}C(_H:(_H:(H(QOQE[)E + OEt
B
(o NV 0 0 0
| ~H “om I |
Y % N N e
“CH, - cH, - - AT
0 — C;O / E— [ L‘;’O_ — + "OEt
- ) "';_ S A
U om (< OE A\, ~ N0
’ OEt
CO5Et CO,Et CO5Et CO,Et
B (redrawn) (ionizes under the
basic conditions, and
is regenerated when acid
is added.)
I

In the foregoing mechanisms many of the steps are reversible and should rigorously be shown
::} with equilibrium arrows. However, the focus of the problem is on the mechanism of the
forward reaction and not on the reversibility of the reaction. In such cases, forward arrows only

are shown.
2246 (a)
0} O
) Il H,. catalyst o H
CH3;CH—CHCOEt ——— 3 CH;3CH,CH,COEt
ethyl 2-butenoate ethyl butanoate
2247 (b)
0 1) CHyi OH
I 9) dil. HO*

|

mesityl oxide CH,
(4-methyl-3-penten-2-one)
2,4-dimethyl-2-penten-1-ol

22.48 (b)  Conjugate addition also occurs with «,B-unsaturated compounds in which a carbon—carbon triple bond is part
of the conjugated 7r-electron system. The product is (CH3),C=CHCO,Me (methyl 3-methyl-2-butenoate).

2249 (b)  An analysis similar to that used in Study Problem 22.7, text p. 1104, reveals that either a methyl group or an
ethyl group can be added in the conjugate addition. (Addition of a methyl group is illustrated here.)
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A -
l) L1 (+CH3)3C.u O CH3
I . 2)H30 1
CH;CC—CHC,Hs — = CH3;CCHCHC-H;
3 243 ] 2
CH; CH;
3-methyl-3-hexen-2-one 3.4-dimethyl-2-hexanone

(d)  An analysis similar to that in Study Problem 22.7, text p. 1104, suggests the following possibilities:
(|i|) (H) « (\)I
CH3C - + H,C=CHCO,R  or CH;CCH=CH, + COH

(a) (b)
A practical equivalent for the anion in (@) might be an acetylide anion, CCH. The resulting acetylene could
then be hydrated to the desired ketone. Unfortunately, acetylenic cuprate reagents do not work in conjugate
additions because the acetylenic ligands do not transfer from the copper. Nevertheless, if you came up with

this possibility, you are analyzing the problem with considerable sophistication.
Anion (b) does have a simple practical equivalent: the cyanide ion:

(0] (0] (0]
! - EtOH I H,0", heat I |
CH;CCH—CH, + C=N 4t’ CH3CCH,CH,C=N ——» CH3CCH,CH,COH
- trace o - - -
methyl vinyl ketone acid levulinic acid

(3-buten-2-one) (4-oxopentanoic acid)
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Solutions to Additional Problems

22.51  The structure of the starting material is

H CO,Et
N\ /
c=C
/ \
H;C H
ethyl trans-2-butenoate
(a) (b) (c)
HO,CCHCH,CO,H (CH3),NCHCH,CO-Et H COy¥
I | N
CH; CH; c=C + EOH
H,C H
(d) (e) ()
OH CH;CH,CH,CO,Er i N\
o (l.(cH ) | N\ CH; | \ CO,E!
3 ) B By
\ / 32 // | < H + // | ‘/ H
C=C + EtOH Ny e
/ \ \H \ H
H,C H
- (O:EI CH3

(both compounds are racemates)

As in Problem 22.50(h), text p. 1106, the «,B-unsaturated ester in part (f) serves as a Diels—Alder dienophile.

2252 (b) (d)
CH; O CH,CH,CHCH,CH =0
: I 3-H2 2
J OH  CH3CH,CCH,CH,CH; CH;
H;C
(two of several possibilities)
2253 (b) (d)
O O OH
I I
(CHy,CHCH  or CH;CH,CH,CH ‘

(one of several possibilities)

22.54 (b)  This compound, 1,3,5-cyclohexanetrione, exists as its “triene-triol” isomer phloroglucinol because the latter
is aromatic.

OH

A
///’ . - .
1.3.5-benzenetriol

(phloroglucinol)

2256 (a) Removal of the O—H proton from 4 and a C—H proton from B gives conjugate-base anions that are
resonance structures and therefore identical. (B:™ = a general base.)
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c"/\" \( i 7\ —
o—H B o o) 5 7 \;I 0
e -~ c‘ - = ! — < Vi e
H:C —_T (_jH_g H:C T CHg H:C - - CH_; H:C T CH}
A + B—H B

(b)  Because the ketone is more stable than its enol, more energy must be expended for it to ionize.
Consequently, the ketone is less acidic. The logic is similar to that used in the solution to Problem 22.55(b).

22.57 (b)  The first compound is more acidic because the conjugate-base anion (see following structure) has the greater
number of resonance structures. It is stabilized by resonance interaction with both the carbon—carbon double
bond and the carbonyl group. The two possible enolate ions of the second compound lack the resonance
interaction with a carbon—carbon double bond.

0
I

H,C —CHCHCCH;
conjugate-base anion
of the most acidic compound
22.58  The order of increasing acidity (decreasing pK,) is as follows. [Approximate pK, values are in brackets.]
(3) [42] < (@) = (5) [25] < (D[15] < (6) [10] < (2) [4.5]
Toluene is much less acidic than phenol, and amides are much less acidic than carboxylic acids (element effect).
The pK, values of 1-alkynes and esters are very similar (about 25). The remaining rankings require knowledge of

approximate pK, values. The point of this problem is that it is very important to know the typical pK, values of
organic compounds because so much of organic reactivity is based on acid—base principles.

22.60  The dibromo derivative is a mixture of diastereomers: the (+)-diasterecomer (that is, the racemate) and the meso

diastereomer.
] i ]
Ph C Ph + Ph C Ph Ph C Ph
\C/ \:C/ \C/ \:C/ \:C/ \:C/
AN AN AN
Br H H Br HBr BrH Br H Br H
(*)-1,3-dibromo-1,3-diphenyl-2-propanone meso-1,3-dibromo-1,3-diphenyl-2-propanone

22.63 (b) The two a-hydrogens are acidic enough to be replaced. These hydrogens are shown as deuteriums in the
following structure.

O

(CH3)»CD—C /< |
32 ) B

D
22.64 (b)  The analogous isomerization of compound C cannot occur because there is no a-hydrogen at the ring
junction. Only the removal of an acidic hydrogen at a ring junction could lead to isomerization, and the

hydrogen at the other carbon of the ring junction is not acidic enough to ionize under the conditions given.

22.67 (b) Tropone is unusually basic because its conjugate acid is an aromatic carbocation.
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22.70

22.72

22.73

22.74

(b)

(2)
(b)

(c)

(b)

(e)

(2)

(b)

L conjugate acid of tropone .
(an aromatic o-hydroxy carbocation)

The consequences of aromaticity on the pK, of a conjugate acid were explored in part (a), and these apply
equally here.

The most acidic hydrogen in either of the two carbonyl compounds is the a-hydrogen of diethyl malonate;
thus, formation of the conjugate-base anion of diethyl malonate consumes the sodium ethoxide. Formation of
the conjugate-base enolate ion of acetone therefore will not be a competing reaction. Ketone carbonyl groups
are more reactive than ester carbonyl groups; hence, the conjugate-base anion of diethyl malonate reacts with
acetone. The condensation is pulled to the right by dehydration.

One full equivalent of base is required in the Claisen or Dieckmann condensation to ionize the product.
Without this ionization, the condensation equilibrium is unfavorable. (See Sec. 22.5A, text pp. 1072-5.)
Sodium phenoxide, the conjugate base of phenol, is about 10~ times as basic as sodium ethoxide. Thus,
sodium phenoxide is not basic enough to ionize completely the Claisen condensation product. Without such
an ionization, the condensation equilibrium is unfavorable.

The equilibrium for the Claisen condensation is rather unfavorable and requires the final ionization of the
product to proceed to completion. Under acidic conditions, no base is available to cause this ionization. In
addition, an acid-catalyzed Claisen condensation would require the enol of an ester, because enols are the
a-carbon nucleophiles under acidic conditions. As shown in Eq. 22.13, p. 1054, the formation of enols from
esters is much less favorable than the formation of enols from aldehydes or ketones. The much lower
concentration of reactive intermediate would translate into a much reduced rate. In summary, both the rate of
the reaction is very low, and its equilibrium constant is highly unfavorable; hence, no reaction is observed.

The conjugate-base anion of diethyl malonate would be formed with sodium ethoxide, but it would not react
with bromobenzene because the latter compound, an aryl halide, does not undergo S\2 reactions. (See Sec.
18.1, text p. 823.)

This is a crossed aldol condensation in which the conjugate-base enolate ion of the ketone reacts with the
aldehyde. A mixture of isomeric products will result because there are two possible conjugate-base enolate
ions of the ketone that can react. Moreover, a very significant, if not predominant, competing reaction will be
the aldol condensation of acetaldehyde itself.

The gas is H, and the species 4 is the sodium salt of the conjugate-base enolate ion of 2,4-pentanedione. As
the resonance structures indicate, the negative charge, and therefore the nucleophilic character, of this anion
is shared by both the anionic carbon and the oxygens.

0 . O A0 o~ on 0

N 2= | VRN L N

CH3;C— CH-¥CCH; € CH;C-~CH—CCH; € CH;C—=CH-—CCH;3 | Na

The three species that are formed all result from reaction with a nucleophilic atom with methyl iodide in an
Sn2 reaction. The products are the two stereoisomeric ethers B and C and the alkylated B-diketone D.

o) 0
W Y i i
CH;0 C—CH, H;C C—CH;4 O 0
N / ; N / ; | |
Cc—cC c=cC CH;C—CH—CCHj;
/ N / A : | )
H;3C H CH30 H CH;,

B C D
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2275 (b)
C‘) 9 HO.  CH;
1) Li* (CHy),Cu” I 1) CH;Mgl >
T 372 N SRS -
\l 2)H30+ -~ ™~ Z)HgOJr -~ ~
% . = .
N - CHj; L _—CH;
~_ CH;, \\\, //\"‘.‘ ~ //EI‘L’
3-methyl-2-cyclohexenone CHj CHs
1,3,3-trimethylcyclohexanol
(d)
1) NaOEt, EtOH 1) NaOEt, EtOH
i 2) CH;l . ) 2) CHil
EtO,CCH,COEt ———— »» EtO,CCHCO;Et ——>»
. \
liethyl malonat -
diethyl malonate CH;
CH; 1) LiAlHy CH;
) 2)H;0" | )
EtO,CCCOEt ———>» HOCH,CCH,OH
SR .
CH; CH;
2,2-dimethyl-1,3-propanediol
®
1) LiATH,
]  (C,H5),NH ) 2)H;0" ) .
H-C —CH —CN —_— ((j’)Hi)’!N(‘-H’)C‘-H‘)C:N 7'—>' ((“’VHS)’!N(‘-H’)C‘H‘)C:H‘!‘\H'}
- - -7 -7 3) OH -7 -0 0T
acrylonitrile
(h)
O O O
H H)SO_I_ H H-. cat. H
2Ph—C—CH; ———» Ph—C—CH :(‘I —CH; ——>» Ph—C— CH:("THCHj
acetophenone PL Ph
1,3-diphenyl-1-butanone
@ _ _
O 0O CH»
D D D D
P N o~/ _ + N4
N -/ . N .
DAO, base o — CH-»—PPh — —
[ T 2 > D p CH iy D D
— S~ S~
cyclohexanone

22.78  The synthesis of pentothal involves, first, preparation of the substituted malonic ester derivative, and then
condensing it with thiourea, the sulfur analog of urea.

3 . ) ) ) \f: . EtO
CHy(CO4Er), D NAOELEOH CH;CH,CH,CHCH(CO,E1), 1) NaOEt, EtOH
< 777 2) CH3CH,CH,CHBr T =7 2) CH3CH,Br
| CH;
CH, :
S H,C .
CHACH; | ., I O NP
H-N —C-—-NH, H;0". H,0O CH;CH,CH,CH
CH;CH,CH,CHC(CORE)y ————————» ———————>» - - -
ST - NaOEt ~ //NH
e
O
pentothal

22.80 (b)  This reaction is crossed aldol condensation followed by an intramolecular crossed aldol condensation
followed by the same sequence with another molecule of dialdehyde. The following mechanism begins with
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the conjugate-base enolate ion of the diketone. Although the dehydration step is shown for brevity as a
concerted process, it probably involves an enolate-ion intermediate. (See Eq. 22.44, text p. 1065.)

~ IR
VI A
T) (* O 0 O H —OH
[ G .l
A 4+ \\4’//’\\\ T TS T
L] | —
= J&
\\[ _ HC PSS \\‘J,/ e T
] |
o 0 0 0
~OH
"\
0 \, »OH 0
[ I
PP N ) ////«\ 7H3F)7 P _ T /,//,\\\ 1:&:}1&‘:;1} Tllfj‘ same w
l :l/ J _HO { J/ J/ J reaction sequence
- - .
\‘v/ e 7 H|C|/ e
|
O (@] O @]

O
N R
N L\;if ~ - N T N N
‘ CH—0 ‘ \[
>
i repeat the same A . A

/ reaction sequence T TN \W
(0]

(d)  This is a double Claisen condensation followed by hydrolysis and decarboxylation of the ester groups. The
mechanism below begins with the conjugate-base enolate ion of the diester.

('fc|) OF 7O OEt ﬁ)
A T . AN Sy - o
/(,\ B _CO,Et ><\/,C.(,)3Et . _-COsE .
N e
L " . . > “OEt
- N ~. ~ - N
Coop CO:E . COsEL 7 COE
| t Y/ Ot - / OBt -
(e} O O
0 0 f
//’\\\//COBEI /!/\\\// CO:E[ //‘\\// (_O:E[
H  OEt + e — — l + TOEt
. < S Ny A - //\_\ )
T T CO4E >\/ "N CO,Et T T Co5Et
G 7/ ~oEt -~ N - \ -
20 0 (,OEt o
A

Compound 4 forms a conjugate-base enolate ion under the basic conditions but is regenerated when acid is
added. Hydrolysis of the two ester groups and decarboxylation of the resulting B-keto acid groups give the
product. In the step labeled (a), the hydrogen that is removed is not the most acidic hydrogen in the
molecule. (Which hydrogen is most acidic?) However, removal of the most acidic hydrogen does not lead to
the observed product. Removal of the hydrogen shown, although occurring less frequently, leads rapidly to
product.

Note also that the second condensation reaction could involve the reaction of a different enolate ion
with a different ester group so that the 3-keto ester shown on the right would be formed:
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O 0
P /‘\ _CO,Et { /A\T _COsEt
- = P -
E0,C7 Ei0,C” \T
E1O
o 0

alternate enolate for
second condensation

Ester hydrolysis and decarboxylation of this compound would also give the observed product.

22.81 (b)  The lactone, a cyclic ester, can form an enolate ion, and this ion is alkylated by methyl iodide. (The structure
of y-butyrolactone is given on text p. 988.)
0

HsC.
A
(@]

—

(d)  Lithium aluminum hydride reduces the carbonyl group to an alcohol.
OH

|
_~__-CH—CH;

|

\\//’

(f)  This is a Michael addition in which the conjugate-base enolate ion of acetoacetic ester is the nucleophile.

(H) g"tozEr
H;C— C— CHCH,CH,CO,Et

(h)  This is a conjugate addition of the magnesium organocuprate reagent. Assume that the isopropenyl group
(the group delivered from the organocuprate reagent) enters trans to the angular methyl group to avoid van
der Waals repulsions.

H,C._ _CH,
. \C_” 2
I CH,
/'_\ ’/A\

e

J

22.82 (b)  Take the same approach as in part (a), but with a different ester.

A

()// \\,/’ i\\\/
H

. * H O+, heat *
tOACC=CH» — - tO-CC "H~AC=D] = ~CCHCHACO»
EO_'T CH_% EtO 'C‘HCH( N %E[OH HO CC‘H'H(' H

dil. HOAc - - - - - -
CH; CHjy —NHy CH;,

22.83 (b)  The starting material is a S-hydroxy ketone. lonization of the hydroxy group followed by the reverse of an
aldol addition gives the product. The reaction is driven by relief of strain in the four-membered ring.
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22.84

M

v |
. i HO—H
e 0 )

CR O~

Ut + H—OH o

+ OH

(b)  The conjugate-base anion of diethyl malonate serves as the nucleophile in an epoxide-opening reaction.
Normally, epoxide opening under basic conditions involves reaction with the nucleophile at the less branched
carbon. In this case, however, reaction also occurs at the more branched carbon because it is benzylic and
therefore activated toward nucleophilic substitution. (Only reaction at the benzylic carbon is shown below;
reaction at the other carbon occurs by a similar mechanism.) The resulting alkoxide undergoes intramolecular
transesterification to give a lactone; hydrolysis and decarboxylation of the remaining ester give the product.
The lactone does not hydrolyze because the equilibrium favors lactone formation when five- and six-
membered rings are involved; see Eqgs. 21.12-21.13 on text p. 1007.

¥ ) TN v
0./ ‘ _OFEt 0 {4 '/OE[
C-—;O ~C L. C
- /N

7N
PhCH — CH; ——3 Ei0,C—CH 0" > FO,C—CH O —
) PhCH —CH, PhCH — CH,
@] @]
C -
/N H,O, H30 ", heat SN )
EWO,.C-CH © ——~———» (CH, O + COp + LI
i |‘ | (ester hydrolysis, \ [ -
PhCH . CH, decarboxylation)  pheH - CHA
+ EtO

(e)  This mechanism is much like that in part (d), except that basic conditions are involved in all steps but the last.

v
~ ? ) N H

/\ /
v J H |- [¥
PhO—(AH—(H—((H%—> P110—(|H—(H—((H; — > OYCH=CH CCH; —»

HO~ OH

~—OH, H
O—CH— CH—CCH; ———=3 O—CH—CH,—CCH; + OH,

(g)  Conjugate addition with the nitrogen as a nucleophile gives compound 4, which undergoes intramolecular
transesterification. Alternatively, transesterification could occur first followed by conjugate addition.

vl i c9
[ (-
CH3;CH—CH—C— OMe » CH;CH—CH—C—OMe ——» CH;CHCHy —C— OMe ——>
:I + | &) :j i | - _7_,/3
CH3;NH— OH H;C—N—H HyC Ny
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N

W O — T >—o — >—o + HOMe
. N_+ - N . N
CHy ™ o O CHy 30 CH;” o
y"\, 1 J\
H H ~oMe

)] This reaction is a “conjugate addition” of cyanide ion on a cyclopropane. Notice that reaction at the least
branched carbon of the cyclopropane occurs and that the immediate product of ring opening is a very stable
anion. Heating in acid protonates this anion, hydrolyzes the ester and nitrile groups, and decarboxylates the
resulting B-keto acid.

I I
__CO,Me H>0, H;0™" heat /\ ) .
" T —> + €O, + "NHy + MeOH
] \ / (ester and nitrile
) _\ N hydrolysis followed by \—\ _
-ON —CN decarboxylation) —CO-H

22.85 (b)  One of the two possible conjugate-base enolate ions undergoes an intramolecular nucleophilic substitution
reaction to give the cyclopropane. Although the other enolate is undoubtedly also formed, its cyclization
would lead to a different product. In addition, the enolate that leads to product is the more stable enolate
(why?) In any case, the enolate ion shown evidently reacts more rapidly.

o} (‘ N c‘) CH,

o)
\
(:H_;}(":HCH;CHz— Cl ——» CH;C

-« [
CHCH,CH>,—Cl —>» CH3C-—CH-—CH, + Cl

HY
“OH + HTOH
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Chapter 23
The Chemistry of Amines

Solutions to In-Text Problems

(b) (d) ®
(CH3);C—NH, ﬁ}g TH: N(CH,CH3),
tert-butylamine CH;C—CHCH,CH,CH; (‘.Hg(jH‘\C‘:HCH’)(‘Hﬁ(‘.Hﬁ(jHQ
‘7 R 2-H
CH; N.N-diethyl-3-heptanamine

2,2-dimethyl-3-hexanamine

(b)  N,N-Dimethyl-p-nitroaniline (common), or 1-dimethylamino-4-nitrobenzene
(©) Dicyclohexylamine (common), or N-cyclohexylcyclohexanamine

(b)  Apply the principle used in part (a). The order of increasing carbon—nitrogen bond length is
A<C<B

Compound B has a true carbon—nitrogen single bond, and hence has the longest carbon—nitrogen bond.
Compound 4 has a true carbon—nitrogen double bond, and hence has the shortest carbon—nitrogen bond. The
carbon—nitrogen bond of C has some double-bond character because of resonance interaction of the nitrogen
unshared pair with the double bond. (Draw the appropriate resonance structure.) Another way to compare
the C—N bond lengths of compounds B and C is to note that the C—N bond in B is an sp’—sp” single bond,
whereas the C—N bond in C is an sp’—sp° single bond, and to remember that o bonds with greater s character
are shorter. (See discussion on text pp. 127 and 678.)

The NMR spectrum indicates the presence of only two phenyl hydrogens, and the singlet absorptions at § 2.07 and
6 2.16 indicate the presence of chemically nonequivalent methyl groups in the ratio 2:1. Only compound (2), 2,4,6-
trimethylaniline, fits the data. The two resonances at 6 2.07 and 6 2.16 correspond to the ortho and para methyl
groups, respectively, and the 6 3.19 resonance to the —NH, protons of the amine.

(a)  2,2-Dimethyl-1-propanamine (neopentylamine, (CH;);CCH,NH,;) has a maximum of three resonances in its
CMR spectrum. 2-Methyl-2-butanamine, CH;CH,C(CHj3),NH,, should have four resonances in its CMR
spectrum.

From Table 23.1, text p. 1123, we see that the basicity order is as follows:
A<B<C

The basicities of all these amines are reduced by resonance interaction of the nitrogen unshared electron pair with
the ring. The electron-withdrawing polar effect of the nitro group lowers basicity further, and resonance interaction
of the nitrogen unshared pair with the p-nitro group stabilizes p-nitroaniline and lowers its basicity even more.
(Resonance structures depicting this interaction are shown in the solution to Problem 23.3(a) on p. 610 of the Study
Guide and Solutions Manual.)

Mix the racemic acid with one equivalent of the enantiomerically pure amine. (The S enantiomer of the amine is
utilized in the equation below, but either pure enantiomer of the amine could be used.) The carboxylic acids will
react with the amine to give a mixture of diastereomeric salts.
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(S)—Ph("‘,HCO:H - (R)-Ph‘CHCOEH - 2{S)-Ph(|‘HNH3 —
CH; CH; CH;

~

(+)-2-phenylpropanoic acid (5)-1-phenylethanamine

+ +
(.S')—Ph(‘THCOE (S)—Ph("‘,HNHS + (R)—Phﬁ',HCOE (5‘)—P11(|‘HNH3
CH; CH,4 CH,4 CH;
-
diastereomeric salts

Because these salts have different properties, they can be separated by differential solubility, for example, by
fractional crystallization from some solvent, probably an alcohol. After separating the salts, aqueous acid is added
to each. The amine resolving agent dissolves in the aqueous acid solution (from which it can be recovered), leaving
the enantiomerically pure free carboxylic acid as a solid that can be isolated by filtration and recrystallized.

_ + H,0 + _

(5)-PhCHCO3  (5)-PhCHNH; + HCl ——2" 3= (5)-PhCHCO,H + (5)-PhCHNH; Cl
| | | [
CH; CH; CH; CH;

~ crystallizes an ionic compounds

remains in solution
salt

Notice that not only is amine basicity important in forming the initial salt, but also it is important in separating the
amine resolving agent from the resolved carboxylic acid.

2311 (a) o
(CHsCH)N™ F

tetraethylammonium fluoride

23.14  The ethyl group could originate from acetaldehyde:

/RN . o~ /4 N

) NaBHCN /

¢ N NH + O=CHCH, T ¢ \\; NCH,CHj

\\ / | - MeOH \ / | -7
’ CHj ) CH3

N-ethyl-N-methylaniline

23.15 (b)  Exhaustively methylate benzylamine with a large excess of methyl bromide.

CH;
/ \ J
/AN CH;3Br //// \ + _
K \> CH:NH: —_— 5 > CH:NCH_; Br
N/ (large \\7/ |
excess) CH;

benzylamine

23.16 (a)  Caleb has forgotten, if he ever knew, that aryl halides such as bromobenzene do not undergo Sx2 reactions
(Sec. 18.1).
(b) A Pd(0) catalyst of the type PdL,. This reaction is discussed in Sec. 23.11C, where L is:

P(Cy), P(t-Bu),

23.17  The dimethylammonium ion can lose a proton to give dimethylamine, which can then be alkylated by methyl iodide.
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,7 H H
7N _ _— + | 4] N
CH3NH>, H—N(CH;3)» I I CH3;NH3; N(CHjy)» H4)- ‘\"(C?Hg)q I
- = + = - - \ = »CH,— =
N 3
U CH,
trimethylammonium
iodide
23.18  (a)
o O
/ \ / A —\
/ \ | ‘ , /4 \\ pyridine // \ U /// %
S ,)—C—Cl + HN < ") N\ —C—NH — );
N7 \—/ N7 N—/
benzoyl chloride aniline N-phenylbenzamide

23.19 (b)  Draw the molecule in a conformation in which the trimethylammonium group is anti to the 8-hydrogen, and
examine the relative positions of the phenyl groups. In this part, the alkene product must have the £

configuration.
+ _ + OH
T(CHa)g OH (CHa)sN CH; Ph\ /CH3
Ph—CH—CH—Ph => _ .. c—Cc—P" —» c=c + N(CHis + H,0
| P N /N
CH, H H H Ph
(2R3S) Note that phcny! groups are cis:
pheny groups —=> therefore. alkene has
arc anti E configuration

2320 (b)  The hydrogen « to the carbonyl group is removed because it is considerably more acidic than the other B-
hydrogens.

‘\\/.-\' ~

CH;

2323 (b) Begin with p-acetamidobenzenesulfonyl chloride, prepared as shown in the solution to Problem 23.22, p. 614
of the Study Guide and Solutions Manual.

S;-\\‘
0 .0 mN— |
| / N | N
CH;C—NH—( ) sl >
N/
0
p-acetamidobenzenesulfonyl
chloride
i Il 5~ Nl >
/ T1 1 H30", heart \ T
CH;C—NH— S—NH | e HoN— —S—NH N
- N/ N U 2y4il ol =N/ N
— o} N7 0 N7

sulfathiazole
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2324 (b)
THQ NH, C=N CO,H
s Br. P /Bl' 1) NaNO,/HC1 Br.. _~~_ _Br Br. )\ Br
- 3 Brs ~ Yy 2) CuCN N H;0". H,0 R
- | 2 L > - heat > . |
AN RN SN AN
aniline Br Br Br
2.4,6-tribromobenzoic
acid
23.27  The following compounds would react to give FD & C Yellow No. 6:
Nat T038 Nat "0,8
3%, S\
Vo \, s AN
(\ i VRN A\ //\ 7N
\ V4 + / N _ N AN
—X + N=N J\/ Y—S03 Na© —» > N f N o7 Nt
/ \ / z P y . 3 <
/ N - N— 2 N
Q\ /7 Cl & / N —,
OH OH FD & C yellow #6

The position next to the ring junction (called the a-position) in a naphthalene ring is more
::} reactive in electrophilic substitution than the ring position one carbon removed. Hence, of the
two positions “ortho” to the phenolic —OH group, the a-position is the more reactive and gives
the observed product.

2328 (b)  The loss of H,O from protonated nitrous acid provides the nitrosyl cation, as shown in the solution to part (a)
of this problem. This cation then serves as the electrophile in an electrophilic aromatic substitution reaction:

/ A 4 N\ -
s/ \ . " F N e OH,
O=N { poNCHy —» X)) NCHy, ——
S\ 4 o=N \_ 7
nitrosyl *
cation resonance-stabilized
carbocation intermediate
¥
|+
— H--OH, — H
/ \ w \ \
O0=N—,  ,—N(CH3) - o:x—/\\ //,—N(CH})E + OH,
AN W\ +
2330 (b)
NO, NO, NH, I
1) NaNO»/HCl
/\‘ Br,. FeBr; S S
EE— —_— >
(Eq. 23.56,
\/ \/\Br text p. 1147) \/\Br Br

nitrobenzene m-bromoiodobenzene
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2331 (a)

Pd(0) catalyst
H N/CHZCH3 Na* ~Ot-Bu
-+ —
| toluene _ CH,CH,4
Cl N

CH3CHCH,CH,4
N-(sec-butyl)- CH3CHCH,CH;

N-ethylamine

chlorobenzene

N-(sec-butyl)-N-ethylaniline

2332 (a) Tert-butylamine cannot be prepared by the Gabriel synthesis because it would require that the nitrogen of
phthalimide be alkylated with ferz-butyl bromide in an Sy2 reaction. Tertiary alkyl halides generally do not

undergo SN2 reactions but, under basic conditions, undergo E2 reactions instead.

2333 (b)  The curved-arrow mechanism for the reaction of ethylamine with ethyl isocyanate to give N,N'-diethylurea:

a YN
Et—N—C—0 —){ Eth:I“CL O -«—> EIN('_O} —_— ET*NH*%‘:O
A~ e
\ et
/ H—NEt ~*H *_'_NET HNEt
. +
HyN—Et I‘-I IL N, N-diethylurea

2334 (b) Inaqueous NaOH, hydroxide is the nucleophile that reacts with the isocyanate, and the resulting carbamic

acid (or its salt) decarboxylates to give the corresponding amine.

I Br>, NaOH ,
(‘H_;C\‘Hf(‘fl\H: —_— CH_;C\IH*)H:
CH;4 CHj
2-methylpropanamide isopropylamine

2336  (b)

Hq cat. ~ H,C=0 ~
CH,CN CH,CHONHy —— CH~CH-NMe-,
“NaCNBH; » L e

(d)  One synthesis involves a reductive amination of the aldehyde:
Me,sNH

(0]
Il Nac 1\BH; /
CH-,CH CH#( Hle\/Ieﬂ
- \’IeOH

A second synthesis involves oxidation of the aldehyde to the carboxylic acid starting material of part (a) with

aqueous H,CrO4, KMnQOy, or other common oxidant, and then proceeding as in part (a).

2337 (b)  The most basic atom in mescaline is the amine nitrogen. Thus, the conjugate acid of mescaline has the
following structure:

+
CH}O\\‘ /5‘\\ /,CH:CH:NH}
o N . .
conjugate acid
- | of mescaline
P
CH3O Y

OCH;
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23.39

23.40

Solutions to Additional Problems

(a) (b) (c) (d)
NHCH; ﬂ CH,Ph O|
/ + Vi
Br_ I;L A HyC —N—C— ) H3C —N—CH,Ph H3C — NH, OS| (¢ ) CH;
| _
e /J/ KJ\W AN OH = (0]
| |
ll‘ S s S
=\ . B
+ {_ )—NHCH;Cl
N Y
(e) ® () (h)
~ — + < - - )
H;C /NL N=0 N(CH3); OH HyC N CH,CH; ©\ /@
> EAN
- 2N ~
g § \
X S \\i/
~ CH;
The structure of isopropylamine is (CH;),CH—NH,
(a) (b) (c) (d)
((‘.H;)aCHItIHz) T0SO3H no reaction (CH3),CHNH Li* (H)
+ CH;CH,CH,CH; (CH3)>,CHNHCCH;,
=
+{ Ymoer
N
\ /
(e) ® () ()
v -y . - . . —~ - +
+ (CH3)>CHOH (CH3),CHNH3 ~OCPh
+ HEC::CHCH_g
) () 9] @
(CH3),CHN(CH3), HsC _ CH; H,C=CHCH; (CH3)>,CHNHCH,CH;
| + N(CHy),
X \ - CH(CHg), o

The structure of N-methylaniline is

NHCH;3

/‘\\
TN

Lo
N //

N-methylaniline
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2341 (b)
CH3;CHCH,CH;
3 283
NH,
sec-butylamine
(2-butanamine)
2342 (b)
RN 7N N VRN /A
H;C— —NH; \ /— “HxNAy HyC— —OH \ —— OCH;3;
—/ N—/ N/ o/
benzylamine p-cresol anisole

p-methylaniline
(p-toluidine)

Only the two amines, p-methylaniline and benzylamine, are soluble (as their conjugate-acid ammonium ions)
in dilute HCIL. Only the phenol p-cresol is soluble (as its conjugate-base phenolate) in dilute NaOH solution.
Anisole is soluble in neither dilute acid nor dilute base. Only benzylamine gives off a gas (N;,) when
diazotized at 0° with HNO,. p-Methylaniline gives off N, when the corresponding diazonium salt is heated.

23.44 (a) In1 M HCI solution, cocaine is protonated on its amino nitrogen.

H CH _
\ﬁ ~CHy
- —"\'\\.\\ C O:CH),
Ve T
T | 0
\\ Il
C
H~ 0o~ Tph

(b)  Hotaqueous NaOH would bring about saponification of the ester groups:

_CHj3
N
v~ + O
- >\\T/c03 Na |
/ C
/\ \L + Nat 07 TPh + CH;0H
H~ ToH

(¢)  Concentrated, hot aqueous HCI would protonate the amine nitrogen (as in part (a)) and would bring about
hydrolysis of the two ester groups.

H._ . CHy; CI” |
_ >~ _COH “')
/ . T/ ~ C ~
e | + HO Ph + CH;30H
BN
H TOH

23.46  The basicity of trifluralin is much less than that of N,N-diethylaniline. The electron-withdrawing polar effects of
both the nitro substituents and the trifluoromethyl substituent destabilize the conjugate acid of trifluralin, and
resonance interaction of the nitrogen unshared electron pair with the two nitro groups stabilizes trifluralin itself; this
interaction is absent in the ammonium ion. (In fact, trifluralin is not basic enough to dissolve in dilute HCL.)
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2348 (a)

0N —(, S NH,
B N B

(b)

(©)

2349  (b)

(d)
&)

(->O (‘NEtx O Y +NED, O"S |(‘) +ﬂIEh ?
—_ _\,,_) - L - _ -
A ; -+ + s + +
N LA N Naw "~ N. No NS
07N T o o7 T W To” o0 “ o”
- > Cy e |
T = \f'/
| CF; CF; CF;
some resonance structures of trifluralin

First prepare p-nitroaniline from aniline as shown in Study Problem 23.4 on text p. 1138. Then diazotize this
amine to give the diazonium salt. Couple the diazonium salt to salicylic acid to obtain alizarin yellow R.

CO,H

W

. / \ + salicylic acid
05N —(, S—N=N : >
N
./

/N NaNO,/HCl

p-nitroaniline

CO,H
/

/N B 7N\
)—N=N— ——OH
/ N/

O,N —&\
A4
alizarin yellow R

From the solution to the Problem (23.47 on p. 620 of the Study Guide and Solutions Manual), or from the
information in the problem, the pK, of a protonated diazo group should be around 5. Consequently, at a pH
value well above 5, the diazo nitrogens are unprotonated. The pK, of the carboxy group should be around 4.
Therefore, at pH = 9, the carboxy group should be ionized. The group that ionizes between 10 and 12 should
affect the conjugated 7-electron system because it affects the color. Since this group is not the diazo group, it
must be the phenol. If the phenol has a pK, of about 11, then at pH =9 it is un-ionized.

CO,
2
N=N // \> OH  structure of alizarin yellow R

(:):N \
N/ atpH=9

N
\ /

At pH > 12, both the carboxy group and the phenol are ionized. (Show the resonance structures for the

delocalization of the phenolate ion throughout the m-electron system of the rings, the diazo group, and the p-

nitro group. This interaction is the basis for the color change.)
€Oy

>0~ structure of alizarin yellow R

atpH > 12

Excess methyl iodide will form the quaternary salt (CH3)3CItI(CH3)3 I'; the reaction will not stop at the
secondary amine shown in the problem.

Although the aldehyde will indeed be reduced, so will the nitro group. (See Eq. 23.57 on text p. 1147.)
Amanda is attempting to carry out an Sy2 reaction on a tertiary alkyl halide. Unfortunately, tertiary alkyl
halides do not undergo Sn2 reactions. If a reaction occurs at all, it will be the competing E2 process.
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23.50 (b)
1) NaNO,/HCl 0 1) LiAlHy
2) CuCN _ H;0",H,0, heat I om0
PhNH, ————— 3 PhC=N — = » PhCOH ———> PhCH,OH
benzyl alcohol
(d)
0
Il NaCNBH; ]
PhNH, + CH;CCH,CH; ———~ 3 PhNHCHCH,CH;
- : -7 CH30H | -

CH,

N-phenyl-2-butanamine

23.51  The acetic anhydride treatment acetylates either the amino group or the hydroxy group. Because the initially formed
product 4 can form an ethyl ether, its —OH group is not affected in the first reaction. Consequently, compound 4 is
p-acetamidophenol and compound B is its ethyl ether. This is reasonable because, so long as the hydroxy group is
not ionized, the amino group is the most basic group in the molecule, and is thus the more nucleophilic group.
Compound 4 dissolves in base because the hydroxy proton can ionize.

NﬂOH _ FiI
OH *)- AcHN OH .(; AcHN 0O —>

p-aminophenaol p-acetamidophenol

(4-acetylaminophenol,
or acetaminophen) AcHN
(compound A)

-(4-ethoxyphenyl)acetamide
(compound B)

In compound A the acidity of the amide N—H is likely to be comparable to that of the phenol
\::} (why?). Hence, the conjugate-base anion of the phenoxide is in equilibrium with the phenoxide ion.
If both ions are indeed present, evidently the conjugate base phenolate is alkylated more rapidly.
Alkylation of the oxygen then pulls the equilibrium between the anions towards the phenoxide:

H

0
[l NaOH Et
CH3;C—N OH CHgC N 00— > CHgC N

p-acetamidophenol
(4-acetylaminophenol,
or acetaminophen)

(compound A)

N-(4-ethoxyphenyl)acetamide
(compound B)

I
CH;C—N —@—OH

23.53 (b)  Cis-and trans-1,3-dimethylpyrrolidine rapidly interconvert because all that is required for this process is
amine inversion, which is very rapid.
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(d)  This compound exists as an enamine for the same reason that 8-diketones exist as enols: internal hydrogen
bonding and conjugation stabilize the enamine form.

v
N7 o

internal hydrogen bond

|
C C

H,C Q@C S0C,H;

conjugated double bonds

23.55  Carbaryl can be prepared by the reaction of 1-naphthol with methyl isocyanate.

O
OH o0— ‘(‘ —NHCH3
/,’//‘ \\\//kb‘\ ,//’ N /\*\\\
+ O—C=—NCHz; ——>» ( I
\\iz/ /\\fo/ methyl isocyanate ii,,/ N :
I-napthol carbaryl

23.56 (a) Sodium benzenethiolate, Na" PhS™, is a salt and thus soluble in water but not an organic solvent;
1-bromooctane is relatively nonpolar and thus insoluble in water. No reaction occurs initially because the
two reactants cannot interact; however, with the addition of the phase-transfer catalyst tetrabutylammonium
bromide, (CH;CH,CH,CH,),N" Br, the two reactants can interact to form octyl phenyl sulfide. (See text p.
1130.)

Ph— 0— CH2(CH2)6CH3

octyl phenyl sulfide

23.58  The oxidation data reveal that compound 4 contains a monosubstituted benzene ring, compounds B and C contain
para-disubstituted benzene rings, and compound C additionally has an amino group directly attached to the ring.
The pK, of compound C additionally confirms that it is an aniline derivative, and the fact that compound C,
following diazotization, requires warming to evolve a gas (N,) also indicates that it is an aniline derivative.
Compound 4 is chiral, and furthermore, it must be the racemate, because it evidently forms diastereomeric salts with
(+)-tartaric acid. Because six carbons are involved in a benzene ring, the problem is to determine how the remaining
two carbons are arranged so that the resulting structures are consistent with the data. The following structures are
the only reasonable possibilities:

, NH-, )
/ \> |- /’/ \\ /’ \\\
. CHCHy;  HyC < ) CH,NH, CH;CH, <, Y NH,
3 3 \ 202 3 2 N /s 2
N7 N/ N\
A B &

23.59 (c¢)  The triamide resulting from treatment of the acid chloride is reduced with LiAIH,4 to give triamine A, which is
exhaustively methylated and then subjected to Hofmann elimination to give the product, which is an isomer

of benzene.
CH,N(CH3), CH,
1) CH;I (excess) A
VAR 2) Ag>0, then heat / \\\ + 3 (CH3)3N
) I . L » T
(CH3),NHCH>' CH,N(CH3), H,C~ CH,
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(e)  Inthis variation of the Sandmeyer reaction, copper(l) nitrite introduces a nitro group into the ring.

/ \,

/ \_
N4
"7

0,N —NO,

p-Dinitrobenzene would be very difficult to prepare by electrophilic aromatic substitution; can

:":} you see why?

(g)  The amine reacts with the epoxide at the carbon with fewer alkyl substituents.
OH

(CH3),C— CH,NEt,

(6)] The amine reacts with the epoxide with inversion of configuration. Because both starting materials are
achiral (the epoxide is the meso stereoisomer), the product is the racemate; one enantiomer results from
reaction at one carbon of the epoxide, and the other enantiomer results from reaction at the other carbon.

HQ  H HooooH
oG =P + Phseci gy
4 \ / A
N N Ph
S )
\\ // \ //
23.60 (b)
0 O O L) L1—\1HJr
) U socCl, i |_\ ) NH; (excess) Il HH
CH;(CH»);COH —— > CH}(CH:)}CCI —— > CH3(CH»)3;CNH» )I\T)- CH;(CH»);CH»NH»
pentanoic acid pentylamine
(d)
o}
! Br,. NaOH
CH;3(CH,);CNH, — 3 CH;(CH,)3;NH,
R 2)3 2 H,0 : 2)308H2
prepared in butylamine
part (b)
S
(CH3),NH CH;3
NaCNBH, PhCH,Br o
O—CHCH,CH,CH; ——F——>» (CHj3),NCH,CH,CH,CH3y —— > PhCH; =N —CH,CH,CH,CH;3 Br
CH,OH
butyraldehyde 3 C|ng
(2)
1) KMnO,, OH
NBS. CCl, Me 1/ \ 2)H;0"
PhCHy; ————— > PhCH,Br *)- —)- PhCH,CH,CH,OH
peroxides ethe 2) H;O
toluene
O H,NEt 0 1) LiAly
Il SOCl, Il (excess) | 2) H3O
PhCH,CH,COH ——» PhCH,CH,CCl ———» PhCH,CH,CNHE —)»PhCHf;CHgCHf;NHEt
3) NaO e e
N-ethyl-3-phenyl-
1-propanamine
(1)
1) Lis UH_; conc. HBr /O\
2)H;0" H,>50y, Mg h/ N
((H:;)‘!C =0 ————» (CH;)W(HOH —)- ((Hg)w(HBl —_—
ether 2) on*

acetone
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23.61

23.64

1) KMnO,, "OH

2)H;0" Il 1) socl,
(CH3),CHCH,CH,0H ———=—— 3= (CH3),CHCH,COH _ =

2) NH;3
0]
I Br,. NaOH
((H)))w(_H(H‘sCI\HW H(4)>(( Hg)‘a( HCH‘;\H‘a
’!
isobutylamine
(k)
NO, Toz NH, Cl
1) Sn/HC1 1) NaNO»/HC1
{/\|\ Br,. FeBrj ) 2HNOH [;\ 1 2) CuCl E;\
B L e
N heat o S T
\// 1ea N \\Bl ‘Q/ Bl‘ L \Bl
nitrobenzene m-chlorobromobenzene
(m)
OH OH OCH; OCHj; OCHj3
1) NaOH ] 1) NaNO,/HCl1
= HNO; 277N 2) CHil = Hy, Pd/C 2) CuCN =
> \ > > —
\/ (H(.13 N N .
[Eq. 18.81,
phenol textp.869]  NO, NO, NH, CN
p-methoxybenzonitrile
(n)
D 1) TsCl, pyridine D 1) LiAlH, D
& 2) NaCN 4 2) H,O ‘
€ E— L G,
"/ “on N=c~ \ H H.NCH,y” \ H
CH, CH3y CHj3
Note that the Sy2 reaction of cyanide ion proceeds with inversion of configuration.
(0)
CH, CH~. C‘H: CH,
/ CH,N» \ CH;NH,
" —C —0) ——>» — N =
B4 C H3C C\‘ T @ NaCNBH;
0 HO 0 ocH;  CH3;0H
CH,—CH, T\
/ \ heat A e
" C =0 ———» =0
H;C—CH ( =0 “CH,OH H;C N

) ocH |
NHCH, 3 oy

(b)  The a-cleavage of tributylamine produces a major peak at m/z = 142:

N\ . ,
CH3CH2CH2 ""CHz'_ NBU2 — CH3CH2CH2 + CHZZNBUZ

miz =142

Assume that the —NH, or —NH protons of the amine rapidly exchange, so that they are not coupled to adjacent
protons on carbon.

Compound C should have the resonance at greatest chemical shift, because the proton « to the nitrogen is also
benzylic and is a methine proton. This proton should be a triplet.

Compound B should have the resonance at the next greatest chemical shift, because the protons « to the
nitrogen are also benzylic, but are methylenes, which have smaller chemical shifts than methine protons by about
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0.5-0.7 ppm. These a-protons should be a singlet. The relative integrations of the a-protons of B and C are
different, as well.

Between compounds 4 and D, compound 4 has the resonance at smallest chemical shift—the methyl group,
which should be a doublet. These methyl protons are neither benzylic nor « to a nitrogen; thus, they should have a
resonance not far from 6 1.

All of the resonances of compound D are in the 6 2-3.5 range. This spectrum should consist of two triplets and
a singlet (plus the NH proton). Other features of these spectra might be cited as well.

23.65 (a)  With an unsaturation number of 4 and clear evidence for a para-substituted benzene ring (the four-proton pair
of doublets centered at about 6 7), no other unsaturations are possible. The NMR indicates partial structures
—OCH; and —CH,CH,—. With no other unsaturation, the nitrogen has to be an amine, and the broad, two-
proton resonance near 6 1 suggests an —NH, group. The only structure that fits all the data is
/N
o— N CHCH—N
\ /
2-(4-methoxyphenyl)ethylamine
(compound A)

23.67 (a)  The chemical data indicate the presence of a primary amine. The compound has one degree of unsaturation,
and the chemical shifts in the CMR are too small for any carbon to be involved in a double bond. Hence,
compound A4 contains a ring, and only CH and CH, groups are present. The presence of only three
resonances means that two carbons are equivalent. Compound 4 is cyclobutylamine.

Cyclopropylmethanamine is ruled out by the fact that the carbon bound to one hydrogen has the largest
chemical shift and therefore must be bound to the nitrogen.

[
<<:>>——NH3 > CH,NH,

cyclobutylamine cyclopropylmethanamine
(compound A) (ruled our)

23.68 (b)  This reaction is related to the Hofmann rearrangement. Reaction with hydroxide on the carbonyl carbon of
N-bromosuccinimide gives an N-bromo anion, which undergoes a Hofmann rearrangement to the
corresponding isocyanate, which in turn, hydrolyzes and decarboxylates to the amine product.

UOH Q) oH 0 0
“ ” NaOH

N—Br ——> N—Br —> Br—N—C—CH,CH,C—O0H ——>

(IIJ (ﬁ “OH ﬁ (élH 0
! = I
BQI\Q—CJCHZCHZC—O_—> o:ci\'N—CHZCHZC—O‘ —> 0=C—N—CHCHC—0 —>

HI}DH O 0

f ”
CHZCHZC O —> NH,—CHCHC—0" + CO, + ~OH

2370  An intermediate in the formation of 1-pentanamine is the imine 4. The other products arise from the fact that
1-pentanamine, B, can react with either the starting aldehyde, pentanal, or with imine 4 to give a new imine C.
(Give the mechanism for this reaction.) Imine C can also undergo hydrogenation to the second product,
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dipentylamine, D. Dipentylamine can also react with other imine intermediates to form imminium ion £, which can
undergo hydrogenation to form tripentylamine F, the tertiary amine by-product.
O NH

-H,O Il H,. cat.
CH;3(CH»)3CH + NH;y -(7’ CH3(CH,)3CH ——» CH3(CH,)3;CH,NH,

pentanal A B

NH NCH>(CH»)3CH3
- H S ) H»>, cat. i i
CH;3(CH,);CH + H,NCH,(CH,);CH; -«—=— NH; + CH3(CH,);CH ——» [CH;(CH,);CH,],NH

A B C D

+
I\‘ICHZ(CHE)SCHS :T[(:HQ(CHZ)S(‘HS]Q
CH_;(CH:)_;CH + [('H_g((‘H:)_:;CH:]:NH -(—) H:NCH:(CH:)_;CH_; + (‘H_;(CH:)_})CH
C D B E

HA. cat. )
= [CH3(CH,);CH,]13N

r

The yield of pentylamine (compound B) can be increased, and the amounts of the other by-products

II::} reduced, by including ammonia in the reaction mixture. Can you see why? (Hint: Apply Le
Chatelier’s principle.)

2372 (b)  The amine reacts intramolecularly with the carbonyl group to give a carbinolamine, which then reacts to form
a cyclic imminium ion 4, which is reduced by the sodium borohydride.

e
¢
2 i
w
|
)]
T
Q
(@)
T
w

o) 2

Ed)

Ol:x:
I|&

o

(d)  The acyl azide 4 undergoes Curtius rearrangement to an enamine B, which hydrolyzes under the aqueous
reaction conditions to the product ketone.

O

~ S (@]
S -~ _NH; 7 . P
: heat { J/ H>0, H30 L ] + *NH
— —_— 4
L H-0, H,0" .
-~ 20, Hy ~ ~
~ —Co, ~ -
A B

The mechanism of the Curtius rearrangement is shown on text p. 1151, and the hydrolysis of the enamine
occurs as follows:
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23.74

[, :
O — (e — (e (O

(a resonance-
stabilized cation)

< NH, )

O--H~ OH, 0
e O O

(a resonance-
stabilized cation)

The data show that the conjugate-acid pK, values of a bicyclic tertiary amine C (which is the same as amine C in the
previous problem) and a monocyclic tertiary amine B are not very different. Hence, the additional ring has no
unusual effect on pK,. The conjugate-acid pK, of amide 4 is also fairly normal for an amide that is protonated on
the carbonyl oxygen. (See Eq. 21.4b on text p. 1001.) The pK, of amide D, then, is unusual. Normally, amides
protonate on the carbonyl oxygen because the resulting carbocation is resonance-stabilized. In this case, however,
the bicyclic structure of the ring prevents the overlap of the nitrogen unshared electron pair with the 7-electron
system of the carbonyl group. Hence, the electronic character of this nitrogen is more like that of an amine with a
neighboring electron-withdrawing substituent (the carbonyl group) than it is like that of an amide. Thus, this amide
behaves like an amine: it protonates on nitrogen. What about the hydrolysis rate? Recall that ordinary amides
hydrolyze slowly because they are resonance-stabilized. (See Sec. 21.7E, textp. 1011.) When resonance
stabilization is not present, as in the case of compound D, an amide hydrolyzes rapidly. In acidic solution, when the
nitrogen is protonated, its hydrolysis rate is more like that of an acid chloride!

/\C
H \\
(0]

conjugate acid of D

perpendicular — ‘&
to m-electron
system of the

carbonyl group

(See also the sidebar on text pp. 1002—1003 for a discussion of this case.)
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Chapter 24
Carbohydrates

Solutions to In-Text Problems

24.1 (b)  The following two of the nine possible Fischer projections of (S)-2-butanol are related by a cyclic
permutation of the ethyl, —OH, and the methyl group.

OH C,H;
c‘gﬁs—‘—m} H4C —'—OH
H H

242 (b)  Turning either projection 180° in the plane of the page establishes that it is identical to the other projection.

24.4 (a)  Use a cyclic permutation to transform the given Fischer projection into a standard form in which all of the
backbone carbons are in a vertical line. This will show that the —OH group on carbon-5 is on the right.
Thus, this aldose has the D-configuration.

— M

H,C «)»H > H
OH CH_;

OH on the right;
therefore D-contiguration

OH

carbon-5

24.6 (b)  Recognize that D-mannose is epimeric to D-glucose at carbon-2, and thus convert the 8-D-glucopyranose
structures on text p. 1180 to B-D-mannopyranose structures by inverting the configuration of carbon-2.

HO— CH,OH

HO— O OH HOCHEHO/ 0

HO— OH OH HO OH

HO
H— HO ‘
] the more stable chair conformation
HOCH, Haworth projection of f-D-mannopyranose
[e) of -D-mannopyranose

Fischer projection
of f-D-mannopyranose

(d)  Start with the Fischer projection for D-fructose from text p. 1177.
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(|'.H:OH
=0 HOCH,——OH \ ]
. O  CcH,OH
HO——H HO——H \
) | oH
H—7—0H H——O0H
/ HO OH
H——OH H—/——0H
B OH
CH,OH CH,0 —
Fischer projection Fischer projection Haworth projection
of D-fructose of o-D-fructopyranose of o-D-fructopyranose
CH,OH

_CH,OH >

- = OH

chair conformations
of ¢-D-fructopyranose

® Start with the structures of a-D-glucopyranose in the solution for part (e) (p. 644 of the Study Guide and
Solutions Manual) and make the bond to the anomeric carbon a “squiggly bond.” (For the Fischer projection
simply do not show the configuration. “Squiggly bonds” are not used in Fischer projections.)

CHOH \
\
HO H “".‘
|
H OH \ Fischer projection indicating a mixture
HO 1 .‘ of a-L-glucopyranose and f3-L-glucopyranose

H - CH,0H/

CH,0H
0 . CH,OH
HO OH
OH OH
OH , . S
a chair conformation of
Haworth projection of L-glucopyranose in which
L-glucopyranose in which the anomeric composition is mixed

the anomeric composition is mixed

24.7 (b)  This is the B-anomer of a D-hexopyranose that differs from D-glucose in its configuration at carbons 3 and 4;
therefore, it is 3-D-gulopyranose.

249 The mechanism for base-catalyzed mutarotation of glucose:

C H-aOH C HﬂoH - CH,OH (-
HO— \ \ H <= HO~ \ HO \\/ . <=
HO HO HO \H/
v OH
"o ey “on (

t) + H—OH
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, a
_ CHOH - CHOH N (HaOH

HO— _ - <> HO \\ T (_),/ —”< > HO\ \
N HO-\— N\ HO N

|\
OH o OHH OH o

+ "OH

24.11 (a)  The easiest way to do this is to consider the relationship of D-allose to D-glucose and modify the
conformational representation of B-D-glucopyranose (in which all of the ring substituents are equatorial)
accordingly. Thus, Fig. 24.3 on text p. 1174 shows that D-allose is epimeric to D-glucose at carbon-3.
Consequently, configurational inversion of the 3-D-glucopyranose structure at carbon-3 gives the desired
conformational representation of 3-D-allopyranose.

CHyOH CH0H
- \ invert C- e \ -
HO - :> HO — — i
L OH P _OH
HO — N
()H | OH
HO

B-D-glucopyranose
B-D-allopyranose

(b)  Follow the procedure in Study Problem 24.2 on text p. 1180. Note that in the second and third Fischer
projections the configuration of carbon-5 cannot be represented without violating the Fischer-projection
conventions. We must remember that this carbon has the R configuration, and this configuration must be
shown explicitly in the conformational representation.

CH=—0 CH=0 / H——0OH
)
HO H HO——H { HO——H O
H OH H OH | I OH 4 HO'
= = | = ‘ OH
HO H H ———CH(OH) —CH,OH |\ H—1—CH(OH) —CH,0H HO- )c =T
4/ oH
H OH OH \\ 0 HOCH,
CH,OH . AN / R a-D-idofuranose

24.13 (b) D-Allose would be transformed by base into a mixture of D-altrose (structure in Fig. 24.3 on text p. 1174) and
the ketose D-psicose.

C‘IHon
cC=0
H——O0OH
D-psicose
H——O0OH
H——0H
CH,OH

24.15 Because naturally occurring glycosides generally have bonds between an alcohol or phenol oxygen and the anomeric
carbon of a carbohydrate, it is reasonable to propose that the 8-D-glycoside of vanillin and glucose has the following
structure:

CH30

\

HO— _— 7N\
HO o—(\ —CH—O0
/

N

N—
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24.16 (b)  Start with the structure of a-D-galactopyranose, which is the same as a-D-glucopyranose except that carbon-4
is inverted. Then substitute an isopropoxy group for the hydroxy group at the anomeric carbon.

OH
CH,OH

0

7 /K"*-—-—\ isopropyl &-D-galactopyranoside
T \ —

H
OCH(CH_; )2

24.18 (b)  Alkylate all of the hydroxy groups with benzyl chloride (PhCH,Cl), a very reactive alkyl halide; then
hydrolyze the benzyl glycoside. (Why is benzyl chloride very reactive? See Sec. 17.4, text p. 802.)

CHZOI{O PhCH,CL
HO— N T — \ NaOH 3
N /’\'{'-——-,_,,/VNOH
OH

CH,OCH,Ph Ci\H:OC‘H:Ph
\ - ]

SN H,0. H;0" N\ _-©

PhCH,O T S b PhCH,O \
PhCH,0-\ _— \ v OCH,Ph PhCH,0 -\ "\ 7w OH
OCH,Ph OCH,Ph

2,3.4,6-tetra- O-benzyl-D-glucopyranose

24.19  (b)
CH,OH
H——F——0H
H——F——0H
H———O0OH
CH,OH
ribitol

Notice that ribitol is a meso compound.

2421 (b)  The structure of the aldaric acid derived from oxidation of D-mannose, and the structure of its 1,4-lactone:
0]

CO,H \\Ci-‘ —
HO H HO H \\.
HO H HO H
H OH H 0 /
H——F—O0OH H OH
CO-H CO-H
D-mannaric acid D-mannaric acid 1,4-lactone

2422  Asis the case with carbohydrates, the primary alcohol groups are selectively oxidized by HNO3

(b i )
HO,C — CH,CH, — CO,H

succinic acid



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 24

5

24.24

24.27

24.29

2431

The discussion in the solution to Problem 24.23 (p. 647 in the Study Guide and Solutions Manual) shows that the
fragment obtained from oxidation of a B-D-pyranoside is the diastereomer of the fragment obtained from oxidation
of an a-D-pyranoside. Diastereomers have different properties. Hence, these fragments, which can in principle be
identified by their properties, including their optical rotations, can be used to determine whether the original
pyranoside was a or B. This method works not only for the methyl galactopyranosides, but for al/l pyranosides.
(Periodate oxidation was used to determine the anomeric configurations of many pyranosides before modern
spectroscopic tools were available, and these results have withstood the scrutiny of modern analytical methods.)

Compound 4 is D-gulose, because it gives the same aldaric acid as L-glucose. The fact that some aldaric acids can

be derived from two different aldoses is also addressed in Problem 24.20 in the Study Guide and Solutions Manual.

The same point is discussed in Study Guide Link 24.2 on p. 633 of the Study Guide and Solutions Manual. In
contrast, D-idose is the only aldohexose that can be oxidized to its aldaric acid.

In such a case, the structure of D-(+)-glucose, indeed, the structures of a// D-carbohydrates, would be the
enantiomers of the structures shown in Fig. 24.3 on text p. 1174.

Because cellobiose is a dimer of D-glucose, it is hydrolyzed by aqueous acid into two molar equivalents of D-
glucose.
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Solutions to Additional Problems

24.34  Note that carboxylic acids derived from carbohydrates usually exist as lactones, and aldoses exist primarily as cyclic
hemiacetals. For simplicity they are represented below in their noncyclic forms.

(a) (b) (c)

CO:H CN CN CH=—O0 CH=—O0O
H——F—0H HO——H H——OH HO—r—H H——OH
H——F—OH H——0OH H——O0OH H—1—O0OH H—)—O0OH
H———O0H H——F—O0OH " H———OH H——F—OH " H——OH

‘O,H H——O0OH H——OH H——F—O0OH H—/—OH
CH,0OH CH,OH CH,OH CH,OH

OCH;  HOCH

-~

CH3 OCH3 OCH;
2435 (b)

HO

HO _ \

\
OH |
OCH,CH5CHj;
propyl B-L-arabinopyranoside

I

Remember that there are several valid ways to draw the chair conformations of pyranoses.
:> Because the text probably has made you accustomed to seeing (-anomers with equatorial
groups at carbon-1, you may be thinking that the chair conformation in the solution to part (b)
shows the a-anomer. However, this is a correct representation of the S-anomer. Whether the
B-anomer has an equatorial or axial group at the anomeric carbon depends on which chair
conformation you choose to draw. The following equally valid representations of a different
chair conformation of the same compound do have the group at the anomeric carbon in an
equatorial position.

OH

OH
o=
— = o ~ v v
C‘HscH:CHzo\/.,.J-f—L o HO-.__ / Y O/\ OCH,CHACH;

OH OH
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27.36

24.37

24.38

24.39

24.41

(b)

(b)

(d)

(b)
(d)
&)

(b)
(d)
&)
(h)

@

This pyranose is epimeric to 8-D-glucopyranose at carbon-3. Consult Fig. 24.4 on text p. 1174 to discover
that the aldohexose epimeric to glucose at carbon-3 is allose. Therefore, this compound is B-D-allopyranose.

An achiral ketopentose must be a meso compound:

CH,OH

H——OH
c=o0

H——OH
CH,OH

Derivation of the structure of B-D-idofuranose from the Fischer projection:

OH
0
HO ——H HO
HO——H
=>
H——OH OH
Ho— &K H
HO —— CHOH——CH,0H
; / CH,OH

\\—/ R configuration B-D-idofuranose

(Haworth projection)
B-p-idofuranose
(Fischer projection)
This is identical to the structure in the solution to Problem 24.11b except for the configuration at the anomeric
carbon.

Diastereomers and epimers
Constitutional isomers
The two names describe the same structure.

HOCH, = CH)OH

methyl @-D-fructofuranoside

(2-O-methyl-o-D-fructofuranose)
OCH,

OH

L-Sorbose is a ketohexose, or hexulose.

L-Sorbose is not an aldohexose; it is a ketohexose, as noted in the solution to part (b).

This compound is epimeric to L-sorbose at carbon-5, and thus it is not a form of L-sorbose. In fact, it is D-
fructose.

This structure is the enantiomer of the structure in part (g), and thus it is not a form of L-sorbose. (It is the a-
furanose form of D-sorbose.)

This is an aldopyranose and therefore cannot be a form of L-sorbose. (It is B-D-glucopyranose.)

The structure of 3-O- 3-D-glucopyranosyl-a-D-arabinofuranose:
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2743 (b) D-Ribose gives the same osazone as D-arabinose because D-ribose is epimeric to D-arabinose at carbon-2.

2444 (b)  Any 3- or 4-hydroxy aldehyde, like a carbohydrate, will form a cyclic acetal in acidic methanol.

0
\’\N OCH;
(d)  Cyclohexene reacts with OsOy to give cis-1,2-cyclohexanediol, which forms a cyclic acetal with acetone.
N0, CHy Pt ©

- : CH,
AN V2N ><
CH3

. I
“CH, ~_""0

0
® Ethanolysis of the acetal linkage occurs in ethanol just as hydrolysis occurs in water. An ethyl pyranoside is
also formed from the glucose residue at the reducing end of lactose.

HO
CH,0H

HO-\_— N\ 7w OEt

OH

CH,OH

2445 (a) This is an isotopically labeled analog of glucose, and is prepared by the Kiliani—Fischer synthesis shown in
Eqs. 24.43 and 24.44 on text p. 1198, except that radioactive sodium cyanide (Na'*CN) is used instead of
ordinary NaCN. In this synthesis, '*C-D-mannose will be a by-product.

(b)  This compound is prepared in the same way as the compound in (a), except that ordinary (unlabeled) NaCN
is used, and the reduction is carried out with tritium-enriched hydrogen (*H,). In this synthesis, *H-D-
mannose will be isolated as a by-product.

(¢)  The synthesis of compound (c¢) requires removal of an unlabeled carbon from D-arabinose, replacing it with a
labeled carbon, and then completion of an ordinary Kiliani-Fischer synthesis to give labeled mannose. (* =

l4c)
CH=0 o *CH=0 CH=0
Kiliani-Fischer
HO——H Ruff CH=0 synthciis with HO——H Kiliani-Fischer HO—+—H
degradation aC STTThasTs
H o ST, H on — NN o g | op _Synthesis HO——H
Eq.24.52,

H———OH text p. 1204 H———OH H—FOH H———0H
CH,OH CH,OH CH,OH H———OH
CH,OH

Each of the last two reactions also gives epimeric sugars—D-ribose and D-glucose, respectively—as by-
products.
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2447 (a)
CH=0
H——OH CH,OH cl
HO——H HO——H |
+ (PhsP)sRhCl  ——> +  (PhsP),Rh(CO) + PhsP
ol (Ph:P)s ol 4 (PhsP)R(CO) + Phy
H——OH H——OH
CH,OH CH,OH
D-(+)-galactose D-lyxitol

24.48  Since the product of the decarbonylation reaction is optically inactive, compound B must be meso-(2R,3S)-butane-
1,2,3,4-tetraol (erythritol) in which all of the —OH groups are on the right side in the Fisher projection, Thus, the

aldopentose 4 is either D-ribose or D-arabinose (see Fig. 24.3, text p. 1174).

CH=0
Pt—? CH,OH
(Ph3P);RhCI
H——OH ———> H——OH
H——OH H——OH

CH,OH CH,OH

erythritol
(a meso compound)
optically inactive

The products from the Kiliani—Fisher synthesis would then be either D-allose and D-altrose or D-glucose and
D-mannose (see Fig. 24.3, text p. 1174). Since both of the products from the nitric acid oxidation are optically

active, that means that D-allose could not be a product from the Kiliani—Fisher synthesis because it would produce
an optically inactive aldaric acid. Thus, 4 is D-arabinose, C and D are D-glucose and D-mannose, and £ and F are D-

glucaric acid and D-mannaric acid. (See Eqs. 24.43-44, text p. 1198, for the Kiliani—Fisher synthesis using D-
arabinose as the starting aldose.)

CH==0 CH=0 CO,H COH
CH=0 H——OH  HO——H H——OH  HO——H
HO H CH,OH HO——H HO- H HO H HO H
H——OH  H——OH  H—{—OH H—— OH H—— OH H—— OH
H——OH  H——OH  H—{OH H - OH H——OH H——OH
CH,OH CH,OH CH,0H CH,OH COH COH
A B C D E F
D-arabinose erythritol D-glucose D-mannose D-glucaric acid  D-mannaric acid

24.49  The extract of mouse spleen evidently contains enzymes that catalyze the removal of a phosphate as well as the

conversion of ribose into an optically inactive isomer. Ribitol and xylitol are the alditols derived from ribose and

xylose, respectively, and therefore are epimeric at carbon-3. Compound X has one degree of unsaturation, and,

because reduction gives alcohols that are epimeric at carbon-3, compound X is a 3-ketopentose. The structure for X

shown in the following transformation fits the data:
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CH=0 CH,OH
- H - O
H——OH extract of H——0H periodic C
) mouse spleen | acid \
H,O0 + H—F—O0H —_—— C=—0 — C‘i =0 + 2H,C=O0
H———OH H—1—OH C
5 H 7o
CH,OPO; CH,OH
ribose-3-phosphate compound X
2_
+ HOPO;

24.53  The residue at the nonreducing (“left”) end undergoes the following transformation:

(0]
CH,OH i\ CH,OH o

RN HslOg ‘ HC NaBHy
s \/OR » HCO.H + e ,,-,_l,,/oR S

2 /’%/’\\—-—4_,_” i !"f"

OH O

CH-,OH o OH (0]

HOCH, .\ . — H;0". H,0 o [l
- e "H,CHC "HAC
HOCH. \/( R HOCH,CHCH,OH + HOCH,CH + HOR

glycerol hydroxy-
acetaldehyde

The internal residues undergo the following transformation:

C‘H:OI—E o CH,OH

RS N H:IO, RO\ NaBH,
0 A 56 4
RC s N _OrR > \CH H(\/ OR >
HO T =
2N | |
OH 0 0

oy —-—\.,\,C%OEAO . CH,OH 0

RO N\~ H;0", H,0 N\ 2 OH I
CH HoC — OR ——2— 3 HO™ N[ + HOCH,CH + R'OH + HOR

2 T CH,OH -

a-hydroxy-
OH  HO erythritol acetaldehyde

The residue at the reducing (“right”) end gives erythritol, R'OH, and two equivalents of formic acid (HCO,H).
(Demonstrate this for yourself; see Eq. 24.39 on text p. 1196.) Erythritol therefore results from the cleavage
reactions of all residues except for the one at the nonreducing end; and glycerol results from cleavage of that
residue. Thus, glycerol is produced from one residue, and erythritol is produced fromn — 2 + 1 =n — 1 residues.
Since n = 12, eleven moles of erythritol per mole of glycerol are formed.

24.55  The hydrolysis of planteose by almond emulsin establishes that an intact sucrose unit is connected to a galactose
residue by an a-galactosyl glycosidic bond. The question, then, is which oxygen of the sucrose residue is involved
in the glycosidic linkage to the galactose. Methylation followed by hydrolysis provides the answer. (It will be
helpful to refer to the structure of sucrose on text p. 1207.) If the fructose residue of sucrose were not connected to
the galactose, it would have four oxygens available for methylation: the oxygens at carbons 1, 3, 4, and 6. Because
the oxygen at carbon-6 is not methylated, it must be the point of attachment of the galactose residue. Hence, the
structure of planteose is as follows:
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24.56

24.58

(a)

R
~

(b)

(c)

CH
/
R

CH,OH OH
D-galactose residue HO OH
HO o CH,OH
OH

D-glucose residue

@)
@)
&

@)
|

(o) sucrose “residue” is shaded

D-fructose residue
CH,OH

OH

planteose

The hydroxy groups of cellulose react with the anhydride to introduce succinate half-esters into the cellulose
structure, as follows. (In these equations. HO—cellulose means any of the hydroxy groups of cellulose.)

0 0 0

» K //—0 — cellulose B (O — cellulose

- pH7
P! /O + HO—ocellulose —» g | OH
- 7‘\".\

W
\\

/ \ /
0 R o\ : 0
pK, = 4-5

Sizing introduces a large number of alkyl groups into the cellulose structure. These resist solvation by water
for the same reasons that hydrocarbons are insoluble in water; they are “hydrophobic” groups. Hence, these
groups tend to resist the incorporation of solvent water into the cellulose structure. Furthermore, many of the
—OH groups in the cellulose, which are hydrogen-bond donors before the reaction, become ester oxygens as
a result of the reaction and therefore can no longer donate hydrogen bonds.

As the reaction in the solution to part (a) shows, the carboxylic acid groups introduced by the reaction are
ionized by the pH 7 treatment because their pK, values are well below the pH of the solution. When the
paper is dried, these groups are left in their ionized state (with an appropriate counter-ion). The carboxylate
groups are the slightly basic groups.

For example, when they come into contact with water, they react with water to produce a small amount
of hydroxide ion:

rf i

R—C—0O + H,O g —» R—C—OH + OH
You can use the pK, value for the carboxylic acid and the ion-product constant of water to calculate that the
pH of an aqueous solution of a carboxylic acid salt should have a pH of around 9. Hence, when the “sized”

paper comes into contact with acid, the acid is neutralized by the small amount of hydroxide ion present. So

many carboxylate groups are present that the hydroxide ion is immediately replenished, by Le Chatelier’s
principle.

This transformation is essentially a Lobry de Bruyn—Alberda van Ekenstein reaction, the detailed mechanism of
which is shown in Egs. 24.22-24.23 on text pp. 1186—7. The aldehyde form of D-glucosamine is in equilibrium with
a small amount of its enol A. This enol is also an enamine, which is in equilibrium with an imine B. Because imine
formation is reversible in aqueous acid and base, the imine hydrolyzes to give the corresponding ketose, D-fructose,

along with the by-product ammonia. Under the basic conditions, D-fructose is also in equilibrium with D-glucose
and D-mannose, as shown on text p. 1186.
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[ a
CH=O0 CH—O H
I
—H NH, g—* C—NH,
%ﬁ/ —
aldehyde form
of D-glucosamine
f/\
AH—OH
~CH—OH CH—OH
]
C-NH -—» C=NH
| U
\7\’4/ —

=< > OH + C=NH

B

OH CH —OH
\
<z cu_ >
‘ E'auh
«., o H -ogn
A
CH, —OH  imine H, —OH

hydrolysis

C
e c': O  + NH;j
|

D-fructose
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Chapter 25

The Chemistry of the
Aromatic Heterocycles

Solutions to In-Text Problems

CH;CH,

\[N\}xog

N
H

4-ethyl-2-nitroimidazole

2-Bromo-4-nitropyrrole
8-Methoxyquinoline

Because the dipole vector of pyrrole is directed away from the nitrogen, and because the resultant of the two
carbon-chlorine bond dipoles is also directed away from the nitrogen, the dipole moment of
3.,4-dichloropyrrole should be greater than that of pyrrole:

Cl Cl
/A\ ¢ .
K/i | carbon-chlorine resultant
/ \ \’ _ resultant dipole
carbon-chlorine + - for 3,4-dichloropyrrole
| bond dipoles Idipole moment of the pyrrole ring

Imidazole has one nitrogen that has the electronic character of the nitrogen in pyrrole, and one that is like the
nitrogen in pyridine, except that it is somewhat more basic than the nitrogen of pyridine (Study Problem 25.1
on text p. 1225). Because of its basicity, imidazole can accept hydrogen bonds from water and, like pyridine,
it is very soluble in water.

Because the pyridine nitrogen is the more basic nitrogen, it is also the more nucleophilic nitrogen.
Consequently, alkylation occurs on this nitrogen.

NMB: NMe 2

= =
+ HC—1 ——>» I
NN s+
N N
.. |
CHy

This is a Friedel-Crafts acylation; both the methyl group and the ring direct substitution to the open “para”
position (5-position).
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0
CH 3‘c|‘, ﬂ(IH 3
0

(d)  This is essentially a “benzylic” bromination: a free-radical bromination at a carbon adjacent to an aromatic
ring (Sec. 17.2, textp. 793).

CH,Br

I\

S

3-(bromomethyl) thiophene

25.12  Substitution at the 4-position gives a carbocation that is stabilized by resonance interaction with an unshared
electron pair on the oxygen. Substitution at the 3-position gives a carbocation that is not stabilized by such an
interaction.

E

two resonance structures of the
T+ o .
‘) ‘ - ‘ ‘ carbocation intermediate that results
N from substitution at the 4-position

H
.
i
O‘L_D

E H

25.14  4-Bromopyridine undergoes nucleophilic aromatic substitution by phenolate ion. The anionic intermediate is
stabilized because negative charge is delocalized onto the nitrogen, as shown in Eq. 25.42b on text p. 1238 (with Y
= Br, :Nuc = OPh). In the analogous substitution reaction of 3-bromopyridine, negative charge cannot be
delocalized onto the nitrogen in the anionic intermediate; consequently, the intermediate is less stable and the
reaction doesn’t occur.

Br OPh
= =
+ OPh ——>» + Br
~ =
N N
4-bromopyridine 4-phenoxypyridine

2515 (b)

25.16 (b) In this case, the pyridine ring is nitrated on the 3-position by direct nitration.

CH; CHj
HNO;3
= | H,50,
N
4-picoline 4-methyl-
(y-picoline) 3-nitropyridine

25.17 (b)  The bromine at the 4-position is displaced by ammonia for the reasons discussed in the solution to Problem
25.14 in this supplement.
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Br NH,
Br Br
S =
NH3, heat
= =
N
3,4-dibromopyridine 4-amino-3-bromopyridine

25.18 (b)  Begin with the imine product of Eq. 25.55, text p. 1243, formed from pyridoxal phosphate and the amino
group of serine. (We abbreviate the structure of pyridoxal phosphate as in the text.)
The first step is a B-elimination that produces formaldehyde and a resonance-stabilized “carbanion” in
which the charge is essentially neutralized by delocalization of electrons onto the nitrogen of the pyridinium

ring. (Be sure to show this!) This “carbanion” is then protonated to give an imine, which, in turn, hydrolyzes
to glycine and pyridoxal phosphate.

e~ e Lo e sl

H+—:B CH:N—C‘H H—B
CcO, CO,
= 2 = 2
| — | -
N >+
i |
H H

resonance-stabilized "anion"
(Draw the structures!)

+ HpC—0O formaldehyde

C?HiN—C\?H: CH=0
+
- CO5 H;0 _ .
HyO . H)N—CH,
B: + ‘ imine hydrolysis ‘ | -
RN N Cco,
N N -
| | glycine
H
pyridoxal phosphate
2520 (b)
H

| OWE})

0—P—0— P 0—CH,
\

(0] O

OH OH
guanosine diphosphate (GDP)

2521  The structure of a tetranucleotide (a four-residue segment of RNA) with the sequence A-U-C-G is:
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o
NH
)\
N7 S0
NH,
U
OH N
0 |
Il .
O—P—0—CH, N~ 0

OH OH
3 end

2523 (b) Refer to Fig. 25.6(b), text p. 1251, and to Eq. 25.62 on text p. 1254. The answer to part (a) shows that O-
methylation eliminates the hydrogen on nitrogen-3 of thymine that is involved in hydrogen bonding with
nitrogen-1 of adenine. Because this hydrogen bonding is an essential part of base pairing, disruption of this
hydrogen bond also disrupts base pairing.
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2524 (b)
2525  (b)
2526  (b)

Solutions to Additional Problems

(e) (2
: O
no reaction -
/o i
S . S \ /
C=C
/ \
H Ph
(d) (H
no reaction OoN = =
S S )
N CH; N CHj

The order of increasing reactivity is
benzene << thiophene < 3-methylthiophene < 2-methylfuran

The relative reactivity of thiophene and benzene is discussed on text pp. 1228-9. Another reason that
thiophene is more reactive is that it has a smaller aromatic resonance energy than benzene, and therefore it
sacrifices less aromatic stabilization when reacting with electrophile. 3-Methylthiophene is more reactive
than thiophene because it contains an activating substituent, the methyl group. Furan is even more reactive for
reasons also discussed on text p. 1228, and 2-methylfuran is even more reactive because the methyl group is
an activating substituent.

2528  The hydroxy isomer is aromatic, and the carbonyl isomer is not. The principle to apply is that the compound with
the greater resonance energy (Table 25.1, text p. 1223) has the greater amount of hydroxy isomer.

(b)

Because benzene has greater aromatic stabilization (greater resonance energy) than pyridine, phenol contains
the greater percentage of hydroxy isomer and 4-hydroxypyridine contains more carbonyl isomer.

0] OH 0
H
= -
N N S
OH 0 N N N
H H |

H 4-hydroxypyridine B
A

(A second carbonyl isomer of phenol, shown in Eq. 22.14 on text p. 1054, is not shown above.) Pyridine also
has two carbonyl isomers; isomer A4 is undoubtedly the major one of the two because the unshared pair on
nitrogen can participate in amide-like resonance:

07 (O
j > -~
71| \+|
| |

L H H

Because the structure on the right is aromatic, this isomer of 4-hydroxypyridine is stabilized. This type of
resonance is possible neither for isomer B nor for phenol. This is a second reason that 4-hydroxypyridine has
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25.29

25.31

25.32

(®)

(e)

(b)

(e)

(b)

more of the carbonyl isomer than phenol. (See the similar discussion of amide resonance in 2-hydroxypyr-
idine on text p. 1236.)

The order of increasing basicity is
3-nitropyridine < 3-chloropyridine < pyridine

The order is a consequence of the relative polar effects of the nitro and chloro substituents, both of which are
electron-withdrawing and base-weakening. As shown by the pK, values in Table 23.1, text p. 1123, the
electron-withdrawing polar effect of the nitro group on the pK, of an ammonium ion is greater than that of the
chloro group.

See Study Problem 25.1 on text p. 1225 for the structure of protonated imidazole. In the case of thiazole, an
electron pair of a sulfur is involved in the resonance stabilization of the conjugate acid:

+ s H
N N
/ \ / conjugate acid
Q < > ) of thiazole
S S
s

The orbitals of sulfur overlap more poorly than those of nitrogen with carbon 2p orbitals because they are
derived from a different quantum level; consequently, the resonance structure on the right is less important
than the corresponding structure of protonated imidazole. The sulfur in thiazole is actually less
electronegative than the nitrogen in imidazole, but, as in electrophilic aromatic substitution, the electron-
donating resonance effect of nitrogen far outweighs its electron-withdrawing polar effect. Consequently,
imidazole is considerably more basic than thiazole. (The actual conjugate-acid pK, of imidazole is 6.95, and
that of thiazole is 2.44.)

The alkylamine group is more basic than the pyridine:

W
Z T

‘ /N\ conjugate acid
- H CH, of nicotine
N

One nitrogen resembles the nitrogen of indole, which is not basic; the other resembles the nitrogen of
pyridine, which is basic. Furthermore, protonation of the pyridine nitrogen gives a conjugate-acid cation that
is stabilized by resonance interaction with the unshared pair on the “indole” nitrogen. (Draw the appropriate
resonance structures.) In fact, the conjugate-acid pK, of 1,4-diazaindene is 6.92, whereas the conjugate-acid
pK, of pyridine is 5.2. The greater basicity of 1,4-diazaindene reflects the resonance stabilization of its
conjugate acid.

H
= N
‘ conjugate acid of 1,4-diazaindene
P Y/
N
H

The indole N—H is acidic enough to be removed by strong bases such as phenyllithium:

@ + Ph—H (ie, benzene)
N Li*
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(d)  The product results from hydrogenation of the double bond that is not part of the aromatic system:

/ N

=

(g)  Pyridine-N-oxides are nitrated at carbon-4. (See Eq. 25.30, text p. 1233.) The directing effect of methyl is
not strong enough to override the effect of an OH group. (Note that the N-oxide oxygen is protonated under
the conditions of nitration; this point was not mentioned in the text.)

NO,

25.34  The conjugate-base anion of 2-aminopyridine, formed as shown in Eq. 25.33d, text p. 1235, reacts with another
pyridine molecule in a Chichibabin-like reaction:

= = =

Mg )

N NH N N NH
Na*

Na

25.36  The p-nitrobenzenediazonium ion, which is formed in the diazotization reaction, acts as the electrophile in an
electrophilic aromatic substitution at carbon-3 of indole:

NO,
%Q
N
H

2537 (b)  Use the N-oxide to direct nitration to the 4-position. Then convert the nitrated N-oxide into 4-chloropyridine,
which is then displaced with ethanethiolate anion.

NO, NH,

1) NaNOo/HCl
= 30% HaOs (7 HNO;. HASO, = H,. Pd/C = 2y CuCl
| — | /= || )

>~ 4+ I~ + 3~
N N N N
| \
o o
cl SCH,CH;
= CH3CH,SH, NaOE!
3CHy }

4
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25.39

25.40

(d)  Oxidize furfural to the carboxylic acid and convert the acid into the ester. Notice that the acid chloride
method of esterification is preferable to acid-catalyzed esterification with propanol because furans are
somewhat sensitive to strongly acidic conditions. (See, for example, Problem 25.38, text p. 1260.)

C O o}
@l(_fH AgyO H—QOH S0Cl, @—CC‘I HOCH,CH,CH3, pyridine

O 0 @]

I
/N COCH,CH,CHj3
0

(f)  Use the enhanced “benzylic” acidity of N-methylpyridinium salts to form a nucleophilic anion at the benzylic
carbon of the ethyl group, which is then cyanoethylated twice. (Compare to the reactions in Eqs. 25.49 and
25.50, text p. 1240. Cyanoethylation is discussed at the bottom of text p. 1093).

CH,CH; CH,CH, H3C— C(CH,CH,CN),
1) Et3N (base)
Z7 7\ CHil = 2) HyC—CH—CN (excess) _ [~
=~ >+ ‘ - ~ ‘
— + —
N N I N I
) . | \
4-ethylpyridine CH, CH,

The unsaturation number of compound 4 is 4; its oxidation to nicotinic acid shows that it contains a pyridine ring
with a 3-substituent. The pyridine ring accounts for all four degrees of unsaturation. Because pyridine contains five
carbons, the side-chain has three carbons. Compound 4 cannot be a primary alcohol, because the oxidation product
of such an alcohol would be an aldehyde, which could not have five exchangeable a-hydrogens. (An aldehyde of
the form RCH,CH=O0 has only two a-hydrogens.) Therefore, compound 4 is a secondary alcohol, and ketone B is
its oxidation product.

OH 0

| I
CH,CHCH; CH,CCH;3

A B

(a) By the principle of microscopic reversibility (see the bottom of text p. 171), the mechanism for the
desulfonation of an arylsulfonic acid will be the reverse of the mechanism for sulfonation (see Eq. 16.13, text
p. 756). For sulfonation to take place, a high concentration of the electrophilic agent (SO3) is used in the
presence of H,SOy, a powerful acid and dehydrating agent to provide a low concentration of water. For
desulfonation to take place, a high concentration of water is required to reverse the equilibrium of the
reaction. (SOj reacts with water to give H,SO4.)

0 0 H
[ flm [ 2
S—0-LH + HO =—= S—0 + HO' =—=

|
0
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25.41

25.44

(c)

(b)

&)

£y

3-Nitrothiophene cannot be made directly from thiophene because thiophene nitrates mostly in the 2-position
to give 2-nitrothiophene (see Eq. 25.14, text p. 1227).

Exchange is initiated with protonation by the deuterated acid at carbon-3 of the indole. In any exchange
reaction of this sort, the experiment is set up so that there is a large excess of deuterium in the solvent; thus,
the hydrogen that washes out into the solvent is swamped by the large excess of deuterium. In the last step,
hydrogen is lost much more rapidly than deuterium because of the primary isotope effect (Sec. 9.5D, text p.
402). However, the relatively few molecules from which deuterium is lost are continually recycled through
the mechanism until hydrogen is eventually washed out into the solvent.

~ .
D 0D, D
g —
: i

H+— OD:

H+«— ODz D
D
\ +
+ — + H—OD,
N N
\ \
D D

Because of the three chlorines on its a-carbon, trichloroacetyl chloride is unusually reactive in nucleophilic
acyl substitution reactions. (Recall that reactivity toward nucleophiles of a carbonyl compound is enhanced
by electron-withdrawing substituents on the a-carbon; see Sec. 19.7B, text pp. 910-912.) The 7 electrons of
pyrrole are nucleophilic enough to be acylated by this acid chloride to give compound B. The remaining
mechanistic steps are the same as the final steps of a haloform reaction (see Eq. 22.27¢ on text p. 1060),
except that the base is ethoxide rather than hydroxide. Ethoxide displaces the trichloromethyl anion, which
reacts with ethanol to give chloroform and ethoxide.

Cl Cl O
| - T\ T
(‘::O —» L, (|T—o — &, C—CCly ——>»
N N _
CCly H CCly H He«— Cl
0 (o} (@]
o F | )
H—Cl + C—CCly ——>» C—CCly ———>» C—OEt + CCly
N x__— OFEt N | \2 N .
o H OEt H trichloro-
methyl

compound B .
anion

EtO—H+—CCl; =— > EtO  + H—CCl,

Form the carbanion intermediate as shown in Egs. 25.55 and 25.56a, p. 1243 of the text. This carbanion can be
protonated from either face to give enantiomers. The enantiomeric amino acids are freed by imine hydrolysis.
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g | imine hydrolysis

/ _
CH=N—C, \/ CH=0
“Cco; -
= R H;0" S\~ ./

(a) | . H0 | tOEN—C
> H 79 ~ 4 + B — Nt CO,

cH=N—C1"CO2 % I\II I\‘I [\ R

R n H H . :

[ enantiomeric

o ) H —? CO5 amino acids

X 2
N R
- | CH=N C\ CH—0 \/
N _
] CO
‘ (b) = H H30+ )
= Y aaR
H N ] —— H,0 | + H;N —C —=
carbanion from Eq. 24.72a, X+ 3 N+ \
text p. 1156 N N H
F | |

imine hydrolysis

2545 (b) Removal of a hydrogen from the black methyl group gives an anion that is stabilized by the polar effect of the
attached positively charged nitrogen and by resonance interaction with the adjacent double bond. However,
the resonance structure of this anion (draw it) delocalizes charge to a carbon atom. In contrast, removal of a
hydrogen from the colored methyl group gives an “anion” which is actually a neutral compound; that is, the
negative charge is delocalized to the positively charged nitrogen. Such charge neutralization is a significant
stabilizing effect, and is the reason for the greater acidity of the colored hydrogen.

resonance structures of the “anion”
formed by removal of a hydrogen
from the colored methyl group

(¢)  The reaction of 4-chloropyridine with ammonia is a nucleophilic aromatic substitution reaction that occurs
readily because the negative charge in the addition intermediate is delocalized to the pyridine nitrogen, an
electronegative atom, as shown in Eq. 25.42b, text p. 1238 (with :Nuc = :NH; and Y = Cl). In contrast, the
negative charge in the corresponding intermediate for nucleophilic aromatic substitution of 3-chloropyridine
can only be delocalized to carbon atoms. (See Eq. 25.42c, text page 1238.) As a result, 3-chloropyridine is
much less reactive.

2547 (b)  This reaction begins as an aldol condensation between the conjugate-base enolate ion 4 of the diester and the
diketone. Normally esters undergo Claisen condensations, but, because 1,2-diketones are particularly
reactive (why?), the aldol condensation is observed instead. Once the two molecules are joined by the first
aldol condensation, a second aldol condensation by an analogous mechanism closes the ring.

(’H Q)Me
Cﬁ) ﬁ) 0 0

Ph— C—C—Ph . gi ItLi ol
} 1 ‘ . 1 }
MeO,C—CH—S—CH,—CO,Me MeO,C— CH— S— CH,— CO,Me

A
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OH ﬁ) OH O

]
Ph—C—C—Ph Ph— C—C—Ph
\ E— —
MeOQ,C— d\ —S$—CH,—CO;Me Me(_):(?{‘g— S—CH,— CO,Me
_ + H—OMe
b OMe
0 Ph Ph
pI c g‘ PI intramolecular
h— C— C—Ph ) . et
“OH + I aldol condensation / \
MeO;C—C—8—CH;—CO,Me MeO,C CO,Me

S

(d)  Imine formation between the amine and one of the ketone groups is followed by an intramolecular
electrophilic aromatic substitution reaction in which the protonated ketone serves as the electrophile. The
mechanism below begins with the imine; the mechanism of imine formation is discussed on text p. 927.

; o

O————H—O0H, H,C
H%C\H H))C\C H,O*-»«}H_ \ /

E -
CH2 CH,
| — > | — —
C C

N7 cn N7 cn,

+ OH,
e +
H - OH, H;C C’OHa

e, " CH,
& > c‘
N7 cn,

+ =
H—OH, +
- =
N CH,
2548 (b)  The pairing of an enol isomer of T with G:
HSC """
W gue anine
enol isomer / 77777
of thymine
N
S a

2549 (b) The solution to part (a) leads to the conclusion that, because of the greater amount of hydrogen bonding in G-
C base pairs, G-C rich DNA should have a higher melting temperature than A-T rich DNA. Hence, the
human adenovirus I DNA contains the greater ratio of G + C.

25.51  The reaction of RNA involves ionization of the 2’-hydroxy group within each residue and reaction of the resulting
alkoxide ion as a nucleophile at the neighboring phosphorus. This reaction is particularly rapid because it is
intramolecular; it is an example of neighboring-group participation. (See Sec. 11.7, text p. 510.) Loss of the leaving
group splits the internucleotide bond. DNA cannot undergo this reaction because the reaction depends on the



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 25 12

presence of the 2’-hydroxy group to act as an intramolecular nucleophile; DNA lacks this hydroxy group. (That is
why it is called deoxyribonucleic acid.)

OCH, o base OCH, o base OCH, o base
o a— ‘ % — —
0 O—H "OH 0 o 0 0
Y. O L NS o
O=—P —0 O=P—0 0P —

O —next residue O —next residue

+ H,O
—

OCH» base

O ——next residue i ;

/ \O,

(hydrolyzes in base)

C)_o ——next residue

’_H ~—
()( H, base OCH, o base
(@] H—O ?
|
O—P—0O O—P—0O
| |
o o
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Chapter 26

Amino Acids, Peptides,
and Proteins

Solutions to In-Text Problems

26.1 The peptide is drawn in the form that exists at neutral pH.

(b)  The structure of Glu-GIn-Phe-Arg:
O O ﬁ) h)

+ | I
H3;N — CH—C— NH— CH,— C— NH—CH— C—NH— CH—C— 0
S | | |

CH, CH, CH, CH,

| - | ) |

CH, CH, CH, NH,

| ? : SN

c C CHy—NH— C
o ~o- 07 TNH, - \

Glu-GIn-Phe-Arg
(glutamylglutaminylphenylalanylarginine, or E-Q-F-R)

26.3 (b)  L-Alloisoleucine has the 2§ configuration, that is, the same configuration at the a-carbon as L-leucine, but has
a different configuration at the B-carbon. D-Alloisoleucine is the enantiomer of L-alloisoleucine.

S configuration _ -~ oyt
\COZ cOs R configuration
+ +

H;N—r—H H——NH;
CHyCH,—1—H H—7 _CH,>CHj;
. ) CH CH S configurati
R configuration 3 3 configuration
L-alloisoleucine D-alloisoleucine

26.4 (b)  Interms of the sequence rules for determining configuration, the two carbons attached to the a-carbons of
cysteine or serine can be represented as C(0,0,0) and C(X,H,H), where X = S or O, respectively. When X =
S (cysteine), the latter carbon receives priority. When X = O (serine), the former receives priority. Sulfur
receives priority over oxygen because it has higher atomic number, and the priority is decided at the first

point of difference. (See Sec. 4.2B, text p. 134.)

265 (b)

+

H NH;

HO c

i\
H CH,

D-allothreonine

26.6 (b)  In the major neutral form of G-D-G-L-F (Gly-Asp-Gly-Leu-Phe), the side-chain carboxy group of Asp is un-
ionized and the carboxy-terminal carboxy group is ionized because it has the lower pK, of the two carboxy



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 26 2

26.7

26.9

26.12

26.13

(a)
(b)

(©)

groups (Table 26.1, text p. 1268). This form would exist at a pH between the pK, values of the two carboxy
groups. That is, the pH at which this neutral form predominates is relatively acidic. (See Sec. 26.3B.)
Notice that the major neutral form of a peptide (such as this one) may not be the form that predominates at
neutral pH.
i i 7
v

H;N —CHz—c—NH—(|1H—(1—NH—CH2 —C—NH—CH—C—NH—CH—C—0"~

c|:H2 (‘:H2 C|?H3

CO,H CH(CHy), Ph

The amino group of tyrosine can be protonated, and both the carboxy group and the phenolic O—H group
can be ionized.

At pH 6, the net charge on tyrosine is zero. A pH value of 6 is below the pK, of the conjugate acid of the
amino group, and the amino group is therefore protonated; a pH value of 6 is above the pK, of the carboxy
group, which is therefore ionized; and a pH value of 6 is below the pK, of the phenolic O—H group, which is
therefore un-ionized.

The structure of tyrosine in aqueous solution at pH 6:

o}
4 i _
H3N—c|7H—c:—o

CH,

OH

The general rule of thumb is that if the peptide contains more acidic than basic groups it is an acidic peptide; if it
contains more basic than acidic groups it is a basic peptide; and if the number of acidic and basic groups are equal,
the peptide is neutral. (An acidic group is a group that is in its conjugate-base form at neutral pH, such as a carboxy
group; a basic group is a group that is in its conjugate-acid form at neutral pH, such as an amino group.)

(b)

(d)

This peptide contains three basic groups: the a-amino group of the amino-terminal residue Leu and the side-
chain amino groups of the Lys residues. The peptide contains one acidic group: the carboxy group of the
carboxy-terminal Lys residue. Because the peptide contains more basic residues than acidic residues; it is a
basic peptide. Its net charge at pH 6 is +2.

This peptide contains three acidic groups: the side-chain carboxy groups of the Asp and Glu residues and the
carboxy group of the carboxy-terminal Ile residue. The peptide contains two basic groups: the a-amino group
of the amino-terminal residue Glu and the side-chain amino group of the Lys residue. Because the peptide
contains more acidic residues than basic residues, it is an acidic peptide. Its net charge at pH 6 is —1.

At pH 6 the ion-exchange column is negatively charged because it bears strongly acidic sulfonic acid pendant
groups. At this pH, the peptide Ac-Leu-Gly bears a negative charge, is repelled by the column, and will emerge
first; Lys-Gly-Leu has a net charge of +1, is attracted to the column, and will emerge next; and Lys-Gly-Arg has a
net charge of +2, is most strongly attracted to the column, and will emerge last.

(b)

All three methods would work in principle for leucine.

Alkylation of ammonia:

NH;j (excess) _
(CH\;):CHCHZTIHCOEH —_—— (CH3)2CHCH2‘CHCO:

Br +NH;

2-bromo-4-methylpentanoic acid leucine
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26.14

26.17

26.18

26.19

Acetamidomalonate method:

0 1) NaOEt, EtOH 0 1) H30", H,0, heat
o 2) (CH3),CHCHBr _ 2) NaOH (dilute) . _
CH3CNHCH(CO,ED), %CHﬁNHc{(cozEnz S — HSN(|?HC03

CH,CH(CH3), CH,CH(CH3),

Strecker synthesis:
1) cone. HC1, H,O

(CH3),CHCH,CH—O + 'NH; Cl” + Na" CN —— (CH;3),CHCH,CHNH, g
0 ) 372 ol = 2) neutralize

3-methylbutanal CN
+
(CH;3),CHCH,CHNH;

|
CO,

(b)  Alanine is esterified to give its methyl ester:
+
CH;CHNH;
3 :

CO,CH;

alanine methyl ester

The box on text p. 1283 shows that solid-phase peptide synthesis requires about three synthetic steps per residue.
Hence, about 300 steps are required for the synthesis of a protein containing 100 amino acid residues. If the average
yield of each step is Y, then

Y39 =0.50
300 log Y =1log 0.50 =—0.3010
log ¥=-0.001003, or ¥ =0.998

Thus, an average yield of 99.8% per step would be required.
If you used 100 steps for your calculation, the average yield is 99.3%. Either way, the yield
::} must be nearly perfect at each step to achieve even a 50% overall yield. Notice that, because
there are so many steps, a drop of a small fraction of a percent in average yield per step has a
large effect on the overall yield.

(b)  The 20% piperidine step removes both Fmoc protecting groups. Hence, both amino groups react in
subsequent acylation reactions. (The Lys residue is drawn in more structural detail for clarity.)

O O O
Gly— .\'HCH‘C‘if Ala HENCH‘(‘T —Ala Gly —NHC H‘(L —Ala
(‘(?H2)4 ((|IH3)4 (éHg)4
A\‘YHZ A\|‘H —Gly ILH —Gly

(a)  Compound 4 results from the Sy\2 coupling reaction to the resin (analogous to Eq. 26.22 on text p. 1285), and

compound B results from deprotection of 4:
O 0
I |

% H,NCH,C — O — CH, —%

FmocNHCH,C— O—CH,

A B
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26.20

26.21

26.23

(b)

(c)

(b)

Compound C is the coupling product that results from coupling of the lysine derivative reacting at its
carboxylic acid group with the free amino group of B, and compound D results from removal of the Fmoc
protecting group, but not the Boc group, from compound C.

(0] 0] 0] (@]
FmocNH —?H —CH —NHCH:(HI —0—CH, —% HoN —C“,H —(‘?| —NHCHQ‘C! —O0—CH, %
(C|3H3)4 ((|TH2)4
NHBoc NHBoc
C D

Compound £ results from coupling of the carboxy terminus of Boc-Val with the free amino group of D.
Peptide P results from both removal of E from the resin and removal of the Boc group.

i i I
BocVal —NH —(‘:H —C —NHCH,C —O—CH, —% Val—Lys—Gly + F3;C—C—0—CH, —g
P
((|3H2)4 ﬁ
NHBoc + CO, + F3C—C—0—C(CHa)z
E (from reaction of fert-butyl

cation of the Boc group with
trifluoroacetic acid)

Note that the tripeptide P is in the di-cationic, amino-protonated form as a result of the acidic deprotection
conditions. The neutral (zwitterionic) form would be obtained by neutralization.

The Boc group prevents the side-chain amino group of lysine from reacting with the carboxylic acid group of
another molecule of itself under the coupling conditions. Also, it remains intact when the amino-terminal
Fmoc group is removed with piperidine. The lysine side-chain thus remains protected in the subsequent
coupling step as well.

Boc-Val introduces a protecting group that can be removed at the same time as the peptide is released from
the resin. Use of Fmoc-Val would require an additional deprotection step with 20% piperidine.

Glu and GlIn are not differentiated by amino acid analysis because the side-chain carboxamide group of Gln,
like that of Asn in part (a), is hydrolyzed; that is, Gln is converted into Glu.

The indole side-chain of tryptophan is very hydrocarbonlike, more so than the side chain of any other amino acid.
[Recall (Sec. 25.2, text p. 1224) that pyrrole and indole are neither basic nor acidic.] Hence, we would expect to see
AQC-Trp emerge on the far right of the amino acid analysis chromatogram, beyond AQC-Tyr.

Trypsin catalyzes the hydrolysis of peptides or proteins at the carbonyl group of arginine (R) or lysine (K) residues.
Therefore, the peptide E-R-G-A-N-1-K-K-H-E-M would produce the following peptides upon trypsin-catalyzed

hydrolysis:

(1) ER

(2) G-A-N-I-K
3) K

(4) K-H-E-M
(5) H-E-M

Peptides (2) and (4) originate by hydrolysis at the peptide bond between the two K residues. Peptides (3) that is, K,
and (5) originate from hydrolysis at the peptide bond between the K and H residues to give G-A-N-I1-K-K followed
by hydrolysis at the C-terminal peptide bond of this peptide. However, peptide (5) does not originate from (4),
because, when a lysine residue is at the amino terminus of a peptide, the hydrolysis of its peptide bond is not
catalyzed by trypsin. (Trypsin is an endopeptidase.)
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26.25 (a)  b-Type fragmentation of the peptide N-F-E-S-G-K would produce the following m/z values. In this notation,
each amino acid letter represents a residue (that is, —NH—CHR—CO—). Therefore, the H— must be added
to indicate the additional hydrogen at the amino terminus H,N—, and one mass unit must be added to the
corresponding residue mass.

H—N = 1+114.0=115.0

H—N-F = 1+114.0 +147.1 =262.1
H—N-F-E = 1+114.0 +147.1 +129.0 =391.1
H—N-F-E-S = 1+114.0 + 147.1 +129.0 + 87.0 = 478.1
H—N-F-E-S-G = 1+114.0 +147.1 +129.0 + 87.0 + 57.0 = 535.1

H—N-F-E-S-G-K—OH = 1+114.0 +147.1 +129.0 +87.0 + 57.0 + 128.1 +17.0 = 620.2

2626 (b) The M + 1 ion (shown here protonated on the —OH group of the carboxylic acid) loses water to give an
acylium ion, which is the ion of interest. Although carboxylic acids are normally protonated on the carbonyl
group, the small amount of the form shown here, once formed, is very unstable.

0] :0: HoM
I |0 I )
—NH(|3H—C—_QH2 —> —NH(|3H—C+ <—> —NHCH—C + H,0
| 0
R R R
m/z=1710.97

26.27 (a)  The amino group serves as a nucleophile in an addition to the isothiocyanate.

0 S 0
v~ . I+ Il :
PAIN=C=S H,NCHCNHPep® 3 PhN—C—NHCHCNHPep® — >
7 - 2 Me,NPhL
R H_R
i i i
+ \
Me,NPh PhN — C— NHCHCNHPepC —>» Me,NPh + PhN—C— NHT‘,HCNHPepC

5
e R noow

26.28 (a) AsEq.26.4laon textp. 1303 as well as its mechanism in the solution to Problem 26.27(a) show, the Edman
degradation depends on the presence of a free terminal amino group in the peptide. Because this group is
blocked as an amide in acetylated peptides, such peptides cannot undergo the Edman degradation.

26.30  The compound is shown in its ionization state at pH = 7.4 (physiological pH). (Refer to the configuration of L-
threonine on text p. 1271.) The configuration that is naturally occurring in proteins is assumed.

+
0 HN H
I
“0—P—O0 C
o
H CHs

L-phosphothreonine

26.35  Although the sulfur has two unshared pairs, the nitrogen of the thiazole is like the nitrogen of pyridine or imidazole
and is the most basic site on the ring; hence, it is likely to be the hydrogen-bond acceptor. An amide backbone
N—H is the only hydrogen bond donor site on a peptide backbone.
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6

Ph
0 '
| H :
N N~ €~ N c” N \/\l/\
2 >
CH: O 2
S 3 Ph/ N —— hydrogen bond acceptor
|
Norvi '
o H hydrogen bond donor
N

-

/

peptide backbone of the enzyme
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Solutions to Additional Problems

26.37  The results for proline:
(a) (b) (©) (d)
0] 0 0] 0]
| | | |
+ C—OEt C—O HNEt, + C—OH C—0O Na
N _ N N N
H, HSO, | H, _ H
C Cl
07~ Ph
(e) (H
| ﬁ
C—0 Na' C—OH
| \
|
H—C—Ph C
| CH,0” 0
C=N
Fmoc-Pro
(2 (h)
] ] ] ]
| @ |
C
CH,0” 0

\//\ C
—CH,07 N0

Fmoc-Pro-Gly zert-butyl ester Fmoc-Pro-Gly

+ tert-butyl trifluoroacetate

()
i i
Q—C—OH + HyN—CH,—C— OH
H, CI~

CI~

(@)

] ]
+ O—C—NH—CHZ—C—O_

: N
CH, H
HN+ )
Pro-Gly

(reacts further (piperidinium salt)
with piperidine)

proline hydrochloride glycine hydrochloride

26.38 (b)  The most basic amino acid is arginine. It has the highest isoelectric point.
(d)  Glycine is not chiral and therefore it cannot be optically active.

26.39 (b)  Fmoc-Leu, once attached to the resin, must be deprotected before the subsequent coupling reaction can be
expected to succeed. Polly forgot the deprotection step with 20% piperidine, which is essential for removing
the Fmoc group.

26.41 Cysteic acid is essentially an aspartic acid in which the side-chain carboxy group has been substituted with a

sulfonic acid group. Because sulfonic acids are more acidic than carboxylic acids, cysteic acid is expected to be
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26.43

26.45

26.47

26.49

(and is) more acidic than aspartic acid. Thus, the correct answer is (1): cysteic acid has a lower isoelectric point than
aspartic acid.

The amino-terminal residue of the peptide P is valine. Because dansyl-valine is obtained, the a-amino group of
valine must have been free in the peptide, and hence, valine must have been the amino-terminal residue. The
sequence of the other residues cannot be determined from the data given.

>

“Dansylation” is a method for determining the amino-terminal residue of a peptide.

(a)  Trypsin should catalyze the cleavage of glucagon at Lys and Arg residues. The following five fragments are
expected. (Remember that, by convention, peptides written in this way have their amino ends on the left.)
We assume that all cleavages proceed to completion, although in practice intermediate cleavage fragments
might be formed as well.

(1)  His-Ser-GIn-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys
(2)  Tyr-Leu-Asp-Ser-Arg

(3) Arg

(4)  Ala-GIn-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr

(5)  Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr

If cleavage occurs after the first Arg in the Arg-Arg sequence of glucagon, then the peptide (5) is formed, and
the second Arg becomes the amino terminus of this peptide. Cleavage does not occur at the peptide bond of
this Arg because trypsin is an endopeptidase. (Eq. 26.36b, text p. 1296.) If cleavage of glucagon occurs after
the second Arg, then Tyr-Leu-Asp-Ser-Arg-Arg is formed. Subsequent cleavage of this peptide at the Arg-
Arg bond gives (2) and (3).

(b)  The products of this Edman cleavage would be the PTH derivative of histidine along with a new peptide,
which is glucagon without its amino-terminal residue.

o
H
Ph - / N
N + =
L CH, T +  Ser-GIn-Gly- --- (remainder of glucagon sequence)
Z N NN
S H
H

PTH derivative of histidine

The presence of two amino-terminal residues suggests that either (a) insulin is an approximately equimolar mixture
of two proteins, or (b) it is a single protein containing two peptide chains. In fact, the latter is correct; insulin is two
polypeptide chains connected by disulfide bonds. Glycine is the amino-terminal residue of one chain, and
phenylalanine is the amino-terminal residue of the other.

This amino acid is really a substituted malonic acid. When heated in acid, it, like most malonic acid derivatives,
decarboxylates. In this case, the product is glutamic acid. (See Eq. 20.40, text p. 977.)

+ H ;O+, heat +
;N — C|?H —CO,H — H,N —C‘IH —CO.H + CO,
CH, (‘:H2

CH. . CH,
{HO,CT  TCO.H ; |-
. CO,H

Gla Glu

malonic acid
unit
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26.51

26.53

26.55

26.58

26.61

26.63

The principle is that a peptide with a given charge migrates to the electrode of opposite charge; a peptide with zero
charge does not migrate. Because Gly-Lys is a basic peptide, it has a net positive charge at pH 6, and it therefore
migrates to the cathode, the negatively charged electrode. Because Gly-Asp is an acidic peptide, it has a net
negative charge at pH 6, and it migrates to the anode, the positively charged electrode. Gly-Ala is a neutral peptide;
it has net zero charge at pH 6, and therefore it does not migrate.

Such a resin should be less effective in partitioning the amino acids with hydrocarbon side chains, because they will
be “less soluble” in the resin phase. In effect, there are fewer —CH,— groups on the resin to provide favorable
interactions with the amino acid side chains. Furthermore, the amino acid side-chains would be forced to be closer
to the more polar and hydrophilic resin surface, with which they might not interact as favorably. The separation
should be less effective. The separation should be less effective with he C8-silica.

(b)  Hydrogen peroxide oxidizes the disulfide bonds to sulfenic acids, then to sulfinic acids, and finally to sulfonic
acids (see Fig. 10.3, text p. 472).

The mechanism of cleavage in trifluoroacetic acid involves a benzylic carbocation intermediate. This carbocation is
resonance-stabilized not only by the para-oxygen, but also by the ortho-oxygen as well. (Draw the resonance
structures.) Because the carbocation intermediate is more stable, the cleavage reaction is faster. Hence, milder
conditions (lower acid concentration) can be used for the cleavage.

i
“0—CCF
(\)/ H 3
PepN —NH *(‘3H —C=0 +CH2 resonance stabilized
by the ortho- and para-oxygens
R OCH, Y p Xyg
reactive intermediate

in peptide cleavage

0
from the resin by TFA ]

OCH,C — 0—%

(b)  The side-chain amino group of lysine serves as a nucleophile to open the anhydride. The resulting carboxy
group is ionized at the pH of the reaction.
O
PepN — NHCHEI— PepC
(CIIH3)4 0
ILH—C— (tHzcsz—Qt—o

|
0

(d)  The carbodiimide promotes a condensation between the side-chain carboxy group of aspartic acid and the
amino group of the glycine ester.

0 0
I : I /N -
PepN — NHCHC— PepC + NH — C—NHCH,CH,— N 0 cl
| N/

CH, H;C

|
_C
0 NHCH,CO,>CHy

Every synthesis has the same final steps:
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26.64

26.65

N
0 1) NaOFEt, EtOH o 1) H;0 . H5O, heat
| 2) RBr | 2) NaOH (dilute) + B
CH;3;CNHCH(CO,ED); ———— 3= CH;C \H(“(( 0,ED), > H_;N%‘,HCOE
R R

The challenge in each case is to prepare the alkyl halide R—Br from the given starting material.

(a)

) . DBr, peroxides .

2-methylpropene

(isobutylene)

Alternatively, the same alkene could be hydroborated with BDj, the resulting organoborane oxidized to the
primary alcohol by alkaline H,0O,, and the alcohol converted into the alkyl bromide with concentrated HBr

and H,SOy catalyst.
(b)
1) LIAID,
pheci—0 2HO o picHn—on B e prCHD—Br
benzaldehyde
(c)

()

1) (1((H% AlCI3

0 0
2)H;0" I Br»/HBr |
CH;0 —————————»CH;0 CCHy; — % CH30 CCH,Br

anisole

Alkylate the acetamidomalonate ion with this halide. Then, in the final hydrolysis step, use concentrated
HBr, which will also cleave the methyl ether. Recall that a-bromo carbonyl compounds are very reactive in
S\2 reactions (Sec. 22.3, text p. 1042).

In the first step, the amine adds to the Edman reagent; for the mechanism of this reaction, see the solution to
Problem 26.27(a) on p. 5 of this chapter. The sulfur of the thiourea then serves as a nucleophile to close a six-
membered ring and cleave the peptide. The mechanism below begins with the product of the reaction between the
Edman reagent and the peptide, which is protonated on the carbonyl oxygen by the catalyzing acid.

+
CC‘)‘H PepN —NH ~ OH PepN —NH COH
PepN —NHCHC —NHPepC NHPepC \}HoPep
\ 3 . > - =
| /4 N _/ (proton N
NH —C H \ transfer) H \\
NHPh IEHPll NPh
PepN —NH *? —H  HyNPepC PepN —NH //0
+
S - > S+ H3NPepC
N N %
H \ H o\
NPh NPh

compound X

This reaction is an intramolecular ester aminolysis. The mechanism below begins with the conjugate base of the
peptide formed by loss of a proton from the terminal amino group.
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26.67

26.69

, H H
OCH, . s ‘
0,CCHy. A2 ] “0,CCH, n Cocny
- - b cC=0 + ¥
— o >
= =
07 N CH,Ph 0~ N CH,Ph
H - H
H\J\/Hf_/ OCH)’ H
~0,CCH N o} “0,CC N e}
2CCH, Ner 2CCH, =
—_— + H—OCH;
s =
o) N CH,Ph o) N CH,Ph
H H
I

You may have noticed that diet soft drinks that go on sale in the supermarket are not quite as
E} sweet as really fresh ones. This is because some of the sweetener has degraded by the

mechanism just depicted.

The chemistry is very similar to that of Problem 26.66(i), text p. 1330. Compound 4 is the hydrazide; compound B
is the acyl azide; compound C is the conjugate acid of an N-(1-aminoalkyl)amide, which is a nitrogen analog of a
hemiacetal. This hydrolyzes in base to the aldehyde shown, ammonia, and acetamide D. (If the conditions were
harsh enough, acetamide D would be converted into acetate ion and ammonia. If you postulated that compound D is
acetate ion, your answer is equally satisfactory.)

0 0 0 0 0
I Il NaNO,/HCl Il Il HCI/H,0 Il + H,0, OH
CH3;CNHCHCNHNH, —— == CH3;CNHCHCN; ——— = CH3;CNHCHNH; ——=
- [ = - | E heat - | E heat
CH(CH3), CH(CH3)y CH(CH3)»
A B C

i
CH3CNH, + NH3 + (CH3),CHCH=0
D
Peptide / results from intramolecular nucleophilic reaction with the conjugate-base anion of the neighboring amide

bond. This occurs mostly at Asn-Gly because glycine has no carbon side chain; in residues other than glycine, the
carbon side chains can cause rate-retarding van der Waals repulsions in the ring-closure step.

O He«—— OH 0
12 N :
PepNNHC‘fH —C— NCH:ﬁ?PepC Pep! NHC‘iH —C— I:IHCHzﬁfPepC
C (e
2 —
0~ TNH, 0~ TNH,
H
0 0
PepNI\'H / / PepNNH / /
NCH,CPepC ——>» NCH,CPep® + "NH,
l)‘ \\ |(|) reacts with
(j NH» water to give
0 o _
OH and NH;
; :

Derivative / is an imide, which is the nitrogen analog of an anhydride. Hydroxide can react with either carbonyl
carbon of the imide ring to open the ring, thus generating either peptide J or peptide K. The mechanism for the
formation of peptide K is as follows:
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i Do

PepNNH (\_/ OH PepNNH
NCH:ﬁPepC — C»NCHZﬁPepC —
A \No©
o o
I
0 o
W W\

cC—0O

PepNNH Cc—oH PepNNH
Li‘(?HwCPepC — LNHCHQCPepC
(proton I

Bl
\\ o transfer) \\ 0
O

O
K

The structure of peptide J is as follows; you should show the mechanism for its formation.

o}
PepNNH
NHCHzﬁPepC
c—©° °
I
o}

26.71 (a) Inthe Z conformation, the two large groups Pep™ and the N-alkyl group PepC are trans, and thus van der
Waals repulsions between these groups cannot occur. In the E conformation, these two groups are close
enough that van der Waals repulsions can result. These raise the energy of the peptide; hence, the Z
conformation is energetically preferred.

0 O
I c [l
e Pepl C H
Pep‘ -~ \:T -~ PepN PN ITT -~
. PepC
Z conformation E conformation
large groups are trans large groups are cis

(b)  The proline nitrogen bears two N-alkyl groups, whereas the peptide-bond nitrogens of other residues have
only one. Thus, in either the E or the Z conformation, an alkyl group is cis to the Pep™ group. Although the
group that is cis to Pep" in the E configuration is larger, there is a much smaller difference in energy between
E and Z conformations for proline residues than there is for other residues. Hence, E conformations in
peptide bonds are sometimes found at proline residues in proteins and peptides.

T 7%
) H T X o C
PepN —C N Pep! —C " NHPepC
H L H
—C H
N <
NHPepC proline residue

proline residue in a Z conformation

in an E conformation
Notice that the £ conformation of proline in a peptide forms a turn or bend in the peptide chain.
Proline residues with E conformations are often found within turns in the three-dimensional
structures of proteins.

V]
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26.73  The formula of compound 4 is the same as that of N-acetylaspartic acid minus the elements of water. Since
treatment of a dicarboxylic acid with acetic anhydride is a good way to prepare a cyclic anhydride (see Eq. 20.31,
text p. 973), it is reasonable to suppose that compound 4 is the cyclic anhydride of aspartic acid. When this
anhydride is treated with L-alanine, the amino group of alanine can react with either of the two carbonyl groups to
give either of the two isomeric peptides B and C. Both would hydrolyze to give alanine and aspartic acid (as well as
acetic acid).

I P
CH}CNH //
+ —
\CO + H3N—(‘3H—C03 —_—
! cry
O alanine
N-acetylaspartic
anhydride
(compound A)
o 0 o] 0
Il Il /
CH;CNH NH—CH—CO,H CH;CNH ol
| 2
\\ \ NH f(‘“H —CO-H
0 0 CH;
B C

26.74 (b)  (See the enzyme mechanism on p. 720 of the Study Guide and Solutions Manual.) The lysozyme reaction
with triethyloxonium fluoroborate, Et;O" “BF,, results in the formation of the ethyl ester of the carboxylate
of Asps,. As shown in Sec. 11.6A on text p. 508, oxonium salts are powerful alkylating agents.

0] (0]
| 7N y _ I _
ASp52_C—O CH3CH2_O(CH2CH3)2 BF4 —> ASp52_C_O_ CH20H3 + O(CH2CH3)2 + BF4

triethyloxonium
fluoroborate

The obliteration of enzyme activity could be due to either one or both of the following reasons. First, the ethyl
group of the ethyl ester may block the active site between the Asps, and Gluss residues and thus prevent the
substrate from binding. Second, the mechanism shows that the negatively charged Asps, residue plays a key
role in stabilizing the cationic intermediates, possibly by nucleophilic involvement. Formation of the ethyl
ester eliminates the nucleophilic capability of the carboxylate group.
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Chapter 27
Pericyclic Reactions

Solutions to In-Text Problems

27.1 (b)  This is a sigmatropic reaction; two electrons are involved.

CH; CH;
+ \
HyC—CH—C—CH; — H,C—CH,—C—CHj;

'\7_/‘ +
H

(d)  This is a sigmatropic reaction; six electrons are involved.

- CH;3
~ . ,: > [ 7\ O\ /Ph
- / = N=C
H S t;h +\ / \\; \
C o H
|
Ph

273 Because there are ten 7 electrons, there are five occupied MOs in this alkene, each containing two electrons. The
MOs alternate in symmetry; the odd-numbered ones are symmetric, and the even-numbered ones are antisymmetric.
Hence, w’g is antisymmetric (A); it is antibonding; and it is the LUMO and is thus one of the frontier orbitals.

27.5 (a)  The resonance structures of the allyl radical show that the unpaired electron is shared between the terminal
carbons:

O/ :
[H:C‘CH —CH, =<—» H,C—CH— (‘HJ
(b)  Figure 27.4, text p. 1341, shows that the unpaired electron of the allyl radical resides in the nonbonding MO,
which has a node at the central carbon. The unpaired electron density therefore exists only at the carbons on

either side of a node, that is, at the terminal carbons, as the resonance structures show.

27.7 The two different conrotatory processes are as follows: (The curved arrows indicate atomic motion, not electron

flow.)
-
TN N ™ VY e N
H.C e jIS—C oy e H
R ~ - 3 H;C . [ > CHj,
u\ H H H H /I
- \ 4/ &~



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 27 2

27.9

27.11

27.13

They are equally likely because they are enantiomeric; enantiomers have equal energies, and enantiomeric pathways
have identical energies at all points and therefore identical rates (Sec. 7.8A, text p. 301).

The opening of the cyclobutene is conrotatory and therefore gives (1£,32)-cyclodecadiene. The trans double bond
does not introduce as much strain into the large ring as was present in the starting cyclobutene.

//77-7_7
/
A

\

H/_\\/ Z)-cyclodecadiene

H

Here is one way to use models to visualize this transformation. To avoid having to build two
::} models, construct a cyclodecane (the cyclic alkane with a ten-membered ring); don’t worry
about the missing double bond. Now connect two carbons to make a cis-fused four-membered
ring. Identify the “up” hydrogens on these two carbons. Using a pencil, draw a single line
across the bond that is a double bond in the starting material (even though it is a single bond in
your model). Now draw two lines across each of the bonds that will become double bonds as a
result of the reaction. Now break the cyclobutane ring and turn the carbons bearing the “up”
hydrogens in a conrotatory manner. Examine the stereochemistry at the bonds marked with
two lines; one should have an E configuration and the other a Z configuration. Voila!

Use the HOMO of the 47r-electron component and the LUMO of the 2 7-electron component. The [4a + 2s] process
would involve the overlap shown in (a) below. The [4s + 2a] process would involve the overlap shown in (b). In
both cases an out-of-phase overlap between the 7-electron systems is required at one end. Consequently, these
processes are not allowed.

HOMO of 4-electron component HOMO of 4m-electron component
out-of-phase out-of-phase
overlap overlap
LUMO of 27r-electron component LUMO of 27-electron component
(a) (b)
[4a + 2s] [4s + 2a]

The four products are the diastereomeric 1,2,3,4-tetramethylcyclobutanes. Each of the pure alkene stereoisomers
can undergo an allowed photochemical [2s + 2s] cycloaddition in two distinguishable ways. Cis-2-butene reacts to
give compounds A and B; trans-2-butene reacts to give compounds B and C; and the mixture of cis- and trans-2-
butene can give these three compounds plus a fourth, compound D, that results from the [2s + 2s] cycloaddition of
cis-2-butene to trans-2-butene.
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H‘lu(‘_:(mllH H}C (Hﬁ HIII‘C:C‘HIH H3( (H},
Hy,c” NcH, H,c” NcH,
+ P + r >
Hiyr—eeonH H:C.\ o~ ICH
Cc=cC ; . ric=c, 3 s
chf \(‘Hj 7 H\g( | (‘HS Hr \H H}(. 5 (.H},
cis + cis ’ cis + cis
H‘Iucj:C.MCH‘g H,C CH; H-u\‘(‘:(‘.MICH_% H;C CH;
HyC” “H N HyC” “H
+ o + I
Hu -~ iCH s HyC o~ nH
c=cC 3 . = “ie=¢ ] .
Hg,C’ Ng / H;C i CH; a” ‘CHS ] H;C . CH;,
trans + trans trans + trans
H‘”'C:C;“CHf’ H;C \GCH—%
Hy” H S
+ —
H“‘I ~_ —-..HH
c=cC . .
H,e” ey | HyC CHy
trans + cis D

27.14 (b)  Two other starting materials that would give the same product as in part (a):

CH, CH,
/\L} Ak>
ST or ST

Hh I~ —H  Ho_ p

D 7 T 7

/ J
\_ o
- .

27.15 (c) Thisis a[5,5] sigmatropic rearrangement.

This bond migrates
from carbons 1 and 1*
to carbons 5 and 5%,
respectively.

27.17  If the migration were antarafacial, the opposite stereochemical result would have been observed; that is, the 3£
stereoisomer of the product would have the S configuration at the asymmetric carbon stereocenter, and the 37
stereoisomer of the product would have the R configuration at the asymmetric carbon stereocenter. This is the result
that is not observed.

27.18 (a)  Think of the five-carbon m-electron system as a 2,4-pentadienyl cation, whose MOs are shown in Fig. 27.5,
text p. 1342, and think of the migrating group as a carbon anion in which the unshared electron pair resides in
a 2p orbital. The orbitals involved in the rearrangement are the LUMO of the pentadienyl system and the
HOMO of the carbon anion. The LUMO of the pentadienyl system, as shown by Fig. 27.5, is symmetric; that
is, at each end of the system, the LUMO has the same phase on a given face. The HOMO of the carbon anion
is simply the filled 2p orbital. The migration is allowed only if the carbon anion migrates suprafacially such
that each end of the pentadienyl LUMO interacts with the same lobe of the carbon anion 2p orbital.
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HOMO of migrating carbon anion

Migration occurs suprafacially on
both systems (and thus with

retention of configuration
at the migrating carbon)

LUMO of 2.4-pentadieny! cation

Alternatively, you can think of this problem in terms of the 2,4-pentadienyl anion and a methyl
\::} cation. The orbitals involved are now the HOMO of the anion and the LUMO of the cation.
But these are the same orbitals used in the foregoing solution (only their occupancies are
different); hence, the stereochemical result is the same.

2719 (b)  The “hydrogen walk” on 2,3-dimethyl-1,3-cyclopentadiene should proceed as shown in the following
equation. Although a hydrogen that starts out on carbon-1 could migrate to four other carbons, only two of
the possible products are unique. It can be argued that compounds 4 and B should be the predominant
alkenes at equilibrium, and that compound C should be present in least amount. (Why? See Sec. 4.5B, text
p. 144.) Remember that the selection rules have nothing to say about which compound is favored at
equilibrium, only whether the equilibrium can be attained at a reasonable rate.)

H;C CH; HyC CH, H3C. CH,
v —( —
J/AN < . > / I\

P \v
2,3-dimethyl- 1,2-dimethyl- 1,5-dimethyl-
1,3-cyclopentadiene 1.3-cyclopentadiene L.3-cyclopentadiene

A B C

2720 (b)  Deduce the starting material by drawing the curved arrows for the reverse of a Claisen rearrangement:

O—CH
| \\
TN A TR N
[ = 1]
| 6] ~_"~_" 0 N N
D4 i /
CH, ™ CH CH,—CH

2721  See Fig. 27.4, text p. 1341, for the relevant orbital diagram. The SOMOs of the two allylic radicals (r,) interact
because it is these molecular orbitals that contain the unpaired electrons. Since the two orbitals are the same, they
have the same symmetry, and therefore interact suprafacially on both components with positive overlap.

2722 (b)
yZ OH H O
KH =
7 THF
heat
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2724 (a) The obond that “moves” is indicated with an asterisk (*). It moves suprafacially on both 7 systems; [3,3]
sigmatropic rearrangements are thermally allowed processes.

2726  Heating should promote a disrotatory reaction; that is, the reaction should have a stereochemical course which is
opposite to that of the photochemical reaction.

™
o~ -

N Vel

4. R
CHs . ) .
PN /g — \\\“f}'[ H;C —< \>HHI H_;C%
Jj \\/ T~ g \_'

-
SN
/Jj f H lheat ihear

.

. i D (H; CH?
])I‘P\’ltﬂll]ll] 2 ,/\\[ )

-

Hg( S H,c H_
e / ///\\;‘ /r\\\/ /?-
H
HO” “\/ N A
A B

27.28 A [1,7] thermal sigmatropic hydrogen shift should be antarafacial. That is, a hydrogen from the methyl group
migrates from a conformation in which it is “up” to the lower face of the ring, or a hydrogen from the methyl group
migrates from a conformation in which it is “down” to the upper face of the ring, or both.

Problem 27.51 (text p. 1373) describes an effort to elucidate the stereochemistry of the

:> previtamin D rearrangement.
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27.29

27.30

27.31

27.32

27.34

(b)

Solutions to Additional Problems

Think of the Diels—Alder reaction as a prototype for an allowed thermal cycloaddition. If 4n + 2 electrons are
involved, a cycloaddition is allowed thermally. If 4n electrons are involved, then the thermal cycloaddition is
forbidden and the photochemical cycloaddition is allowed. Therefore, a photochemical [8s + 4s] process (12
electrons) is allowed.

The pericyclic selection rules say absolutely nothing about the position of equilibrium in each case. These rules
refer to rates of reactions, not to equilibrium constants. Other considerations must be used to decide on the position
of equilibrium. The point of the problem is for you to use what you have learned about the relative energies of
molecules; the molecule of lower energy is favored in each equilibrium.

(b)
(d)

(b)

(b)

(a)

(b)

The left side of the equation is favored at equilibrium because the double bonds have more alkyl branches.
(Alkyl substitution stabilizes a double bond.)

The right side of the equation is favored at equilibrium because one product is aromatic and therefore
particularly stable, and the other product is volatile (ethylene is a gas).

The stereoisomer of compound 4 that also gives compound C on heating is the one in which both of the
terminal double bonds have the Z configuration.

= )

Because a thermal suprafacial [1,9] or [1,13] methyl migration must occur with retention of configuration at
the migrating carbon, the methyl group that migrates, when isotopically substituted, must have the S
configuration in both starting material and product.

The structure of the ozonolysis product C shows that compound B is a cyclobutene, which must be formed in
a disrotatory photochemical electrocyclic reaction. This defines the stereochemistry of B, which, in turn,
defines the stereochemistry of C:

0O O
N < - /Y \\
~_ 2 AN — —
< ozonolysis / \ N\
< T e (\ /)
T / '
" ~ N H H\_/
H H
B C

Compound D is the trans-fused stereoisomer of the cyclobutene derivative, which undergoes conrotatory
opening upon heating to give compound 4.

N—= heat SN N

j \ea (\ / /\\ />

D N 7\
H H A

D

The reason that compound B is inert under the same conditions is that conrotatory ring opening of B would
give a stereoisomer of 4 in which one of the cyclohexene rings would contain a trans double bond within a
six-membered ring. This introduces so much strain that the reaction does not occur, even though it is allowed
by the selection rules.



INSTRUCTOR SUPPLEMENTAL SOLUTIONS TO PROBLEMS « CHAPTER 27 7

“trans” (twisted) double bond

heat
T _ >
(’()Ill‘()f(ll‘())t\' H
H_. H
27.36  This cycloaddition reaction involves sixteen electrons; hence, it must be suprafacial on one component and
antarafacial on the other. Thus, it must be a [14s + 2a] or a [14a + 25] cycloaddition. The heptafulvene molecule is
large enough that its 7-electron system can twist without introducing too much strain or without losing too much -
electron overlap; hence, the cycloaddition is a [14a + 2s] process. In either case, the product has the following
stereochemistry:
2N [N
\\'\ f’ff
N ) / \ /
\ /o=
H T AH
NC ' | CN
NC CN

2737 (a) Toluene has added stability associated with aromaticity; compound 4, although conjugated, is not aromatic.
Because any equilibrium favors the more stable compound, the added stability of toluene causes it to be
strongly favored in the equilibrium.

2738 (b)  This reaction superficially appears to involve internal rotation about both double bonds, a process that is
virtually impossible. However, a more reasonable pericyclic mechanism is available: a sequence of two
conrotatory electrocyclic reactions, the first one a ring closing, and the second one a ring opening. (The
curved arrows refer to the clockwise rotations of groups and not to electron flow.)

Ph_ .Ph Ph Ph Ph_ _Ph
Yy Ph —, LN
f — — A — .
Ph 4 / CD; < . \M{ ¥ - H;C ﬂcm
-D: ) N : :
CH; Pl ‘ / \ Ph D;C
Hy Phn Sl C D R s
-’
27.41  These transformations are very much like the last two in the solution to Problem 27.40, text p. 1370. A Diels—Alder

reaction is followed by a reverse Diels—Alder reaction. The driving force for the reverse Diels—Alder is the
formation of a product that is stabilized by aromaticity.

HiC o
- 1 E0,C—C=C—CO,El _
S - Diels-Alder

T

EtO5C /\
N Al EtO,C ~
H3C—p EtO,C ) -
= - | T E— + CH
I /Y
( EtO,C CH;  CH,

~

compound A
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2743 (c)  The intermediate trapped by maleic anhydride is the tetraene Z formed by a [1,9] (presumably suprafacial)
sigmatropic hydrogen migration.

H
N A trapped by
B ~ — S .
j />,/ 1,9] suprafacial > { }(H maleic anhydride
~ in a Diels-Alder
(\ o e g inal
Y S reaction

2744 Compound 4 is a secondary alcohol, and the aldehyde B is formed from an enol intermediate (shown in parentheses)

that results from a [3,3] sigmatropic (oxyCope) rearrangement.

0
I 1) HyC —CH —CH,MgCl

CH  2)H;0" &S, heat o
- —> —
| N y
2-methyl-2-propenal A an enol
A O O
N I
g = HyC=CHCH,CH,CHCH
~F CH;

~

B

Evidently in this case the Grignard reagent undergoes mostly 1,2-addition to the «,[B-unsat-
E:} urated aldehyde; none of the 1,4-addition product is formed. (See Sec. 22.10A, textp. 1101.)

2746 (b) A key step in this synthesis is a Claisen rearrangement of the starting material, which is prepared in the
solution to part (a)

OH OCH,
_._ _CH,CH—CH, 1)NaOH _~__CH)CH—CH, 1) BHy/THF
r J 2) CH,I = 2) H,0,/NaOH
3y Y2 )
\\“i/’ \\‘:l//
prepared in part (a)
OCH; OCH3
. _CH,CH,CH,OH 1)KMnO,, OH . _CH,CH,CO,H
~ 2 H O P |\/
\\Q.// \\%//

2747 (b)  Two successive photochemical disrotatory electrocyclic reactions account for the products.

. -0
///’; g . .
‘\:\ light light PPN
\.\,\*‘ fs) disrotatory disrotatory 2
NS
N
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The product, the very unstable antiaromatic cyclic diene 1,3-cyclobutadiene (see text p. 729),
:::} was generated in 1972 by this sequence of reactions carried out at a temperature of 8 K in the
laboratory of Professor Orville L. Chapman (1932-2004), then at Iowa State University, and
later at the University of California, Los Angeles. This technique allowed the observation and
characterization of 1,3-cyclobutadiene by infrared spectroscopy.

2748 (b)  Given that germacrone assumes a chairlike conformation in its transition state when it reacts to give
B-elemenone, deduce the structure of germacrone by mentally reversing the Cope rearrangement.

) CH;
0 CH;y i e
” '».;_7__,,/—-""7,/ / T "-‘,,_,:::f;i./;:::Tk-;-‘r7""7.;_,,VV"'77'-7;/
/S = S A/
N g

s H I

-elemenone J ermacrone
g

Now re-examine (or work) Problem 27.42, text p. 1370, to see why the product in that problem
|:> has E stereochemistry.

27.50 (b) Oxidation of the secondary alcohol and cleavage of the ether gives estrone:

Pec HIheat

estrone

27.51 This is a [1,7] sigmatropic rearrangement, which, according to the selection rules, should be antarafacial. (See
Problem 27.28, text p. 1367, and its solution on p. 5 of this chapter.) Migration of hydrogen gives B and migration
of deuterium gives C. (Presumably, the predominance of B is due in part to a primary isotope effect, which should
favor more rapid migration of hydrogen, all things being equal.) If the rearrangements are indeed antarafacial, the
stereochemistry of the products should be as follows:
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cH, ysH17 cH, ysH17
N o N _—
E P E\\ e
\ \
|oo» .
CH
| H - 3
Hﬂc}\; OH \ - OH
% ‘\, . 7 \\,
\\\ // \‘\//
B e

This was indeed the stereochemistry observed.

This work was carried out to adduce evidence for the stereochemistry of the previtamin D
\:":} rearrangement to vitamin D (Eq. 27.39, text p. 1366). Compound A was constructed to be a
“model” for previtamin D. As noted in Problem 27.28, the structure of the previtamin itself
does not reveal the stereochemistry of the rearrangement.

27.54 (a) Ifthe formation of benzene were concerted, it would have to be a thermal disrotatory electrocyclic ring-
opening reaction involving four electrons.
(b)  The reaction that gives benzene is not allowed by the selection rules; therefore, it does not occur. In spite of
the high degree of strain of Dewar benzene, and in spite of the great stability of benzene, Dewar benzene is
effectively constrained to exist by the selection rules!

Prismane, or Ladenburg benzene, which is discussed on text p. 718 and 1348, is another very
\:":} unstable constitutional isomer of benzene that is effectively trapped into existence because its
concerted conversion into benzene would violate the selection rules for pericyclic reactions.
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