Chapter 1

1.1
Carbon: * C- Hydrogen: H -

The bond formed between two atoms, by sharing a pair of electrons, is called a “covalent
bond”.

A covalent bond is represented as a line joining the two atoms.
As discussed in sections 1.4 and 1.5, each carbon atom has four valence electrons, therefore is
able to form four covalent bonds; whereas, each atom of hydrogen with only one valence
electron can only form one covalent bond.
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1.2
Carbon: —T— Oxygen: /0\ Hydrogen: H—

The “octet rule” is a rule that states that 2" row atoms tend to combine in such a way that each
have eight electrons in their valence shells, thus giving them the same electronic configuration as
the nearest noble gas.



Carbon (C) and oxygen (O) belong to the second row .They tend to give the same
configuration as Ne (8 valence electrons). Whereas, each hydrogen atom (first row element)
obeys the equivalent of the “octet rule” and tends to give the electronic configuration of helium

( 2He; 2 valence electrons).

1.3

Look ahead to sections 1.4 and 1.5 in answering this problem.

Oxygen §O: 1s2s®2p*| * O -

Carbon (C: 1s%2s*2p?| ° C-

Hydrogen H: 1s' H:

- Each oxygen atom has six valence electrons. Two are used in forming two covalent bonds,
leaving two lone pairs (non-bonding electrons) that are not shown in Fig.1.1.

- Every carbon atom has four valence electrons available that can form four valence bonds (as

shown in problem 1.1).

- Each hydrogen atom has only one electron available for bonding, which is used in forming

one single covalent bond.

1.4
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a and B-D-glucose differ only in one —OH group, which is pointing downward in a-D-glucose

and upward in B-D-glucose
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The difference between amylose and cellulose resembles the difference between a and B-D-
glucose.

1.5
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The two glucose structures differ only in shape and the difference between a- and B-glucose
resembles that between amylose and cellulose. This difference is found in only one atom of
oxygen, which is pointing downward in a-D- glucose and amylase; and upward in -D-glucose
and cellulose.

1.6

According to the chemical structures reported in "answer P 1.1 ", the two forms of glucose
have six carbon atom, six Oxygen atom and twelve hydrogen atoms, which correspond to the
same formula C¢H1,0¢ or ( C¢(H20)g.

The molecular weight is: MW(a)) = MW(B)= 6x12+ 12x1 + 6x16 = 180g.mol™’

1.7
Each unit of the two polymers (amylose and cellulose) as shown in Fig 1.1 is a combination of
3 molecules of glucose less 3 molecules of water.

MW( polymer) = [3x180 — 3x18 ].n =486 n

1.8

Stereoisomers have the same formula and only differ in their shapes, therefore they must have
the same molecular weight. i.e.. MW (a-glucose) = MW(B-glucose).
a- and B-glucose are stereoisomers.



1.9

Stereoisomers only differ in their three—dimensional structures; therefore, they most have the
identical connections between the atoms.

1.10

The stereoisomers we have seen so far are molecules with different three—dimensional shapes.
However, as we shall see in section 1.6, there are stereoisomers with identical shapes.

1.11
Each carbon atom can form four covalent bonds, whereas, each Hydrogen atom can only form
one single bond. As a result in all structures, corresponding to the formula CsH;s every hydrogen

atom is connected to a carbon and carbon atoms should be connected to each other and to
hydrogen atoms.
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Here are eight — can you imagine others?



Are (A) and (B) stereoisomers? No. Because they have different atom-to-atom connections.
Are (C) and (D) stereoisomers? No. Because they have different atom-to-atom connections.

A pair of structures that are different but are not stereoisomers are named “structural isomers”
e.g. (A, B), (C, D), etc.

1.12

Isolated carbon atom T T

TJ, 2 Px 2 Py 2 Pz

1s

Isolated oxygen atom

N T T
N 2p, 2py 2p,

N 2

1s

Isolated hydrogen atom

T

1s

According to the electron configuration, the arrangements of electrons in the valence shell
orbitals of the isolated atoms allow oxygen and carbon to be divalent because there are two
unpaired electrons and hydrogen to be monovalent with one unshared electron.

This state of the carbon atom does not explain the tetravalent nature of carbon which is
observed experimentally.

1.13
a) In a tetracoordinate carbon, one s orbital (2s) and three p orbitals (2py, 2py, 2p,) are
mixed to make four new identical orbitals that are suitable for bonding. These new
identical orbitals are called: “hybridized orbitals sp™”.
1(2s) + 3(2p) = 4(sp’) = sp = 1/4 (2s) + 3/4 (2p); each hybridized orbital sp’ contains
25% s and 75% p.



b) Because the three p orbitals that make up part of each of the four hybridized orbitals, sp’,
are arrayed along the x,y,z directions,the hybridized orbitals must exist in all three of
these dimensions.

c) Each of the four bonds surrounding the central carbon atom contains two electrons. The
bonds,with their negative charges,repel each other. Arraying the four bonds to the corners
of a tetrahedron maximizes the distance between the bonds, therefore minimizing the
electron repulsions.

1.14

Q. O
O,

105°

e 9

Oxygen atom has six valence electrons in orbitals 2s and 2p. One “s” orbital (2s) and 3 “p
orbitals are mixed together to give four orbitals, each sp’. Of the four hybridized orbitals, two
form covalent bonds with the s orbitals of hydrogen atoms. The remaining two hybridized
orbitals are occupied by two lone pair electrons. According to the VSPER theory, lone pair —
lone pair repulsion > lone pair — covalent bond > covalent bond — covalent bond repulsion. As a
result, H,O is a distorted tetrahedron with the angle between the two O-H covalent bonds (105°)
smaller than that of the regular tetrahedron (109.47 °).

1.15

H o
HO

HO H

a-D-glucose

If the six-membered ring were planar, one would expect the bond angles to be 120° around all
six atoms in the ring, as in a hexagon. Since, the six atoms in the ring have an approximate
tetrahedral geometry, the bond angles should be close to those of a tetrahedron, therefore
preventing the ring from being planar. Chapter 3 goes further into this.



1.16

(a) (b)

- Carbon (4,C): 6 protons (positive charges)

Accounting: 1 electron from each bond =4
2 electrons in 1s orbital =2
Total =6

No formal charge

- Oxygen (gO): 8 protons (positive charges)

Accounting: 1 electron from each bond =2

a-D-glucose 2 electrons in 1s orbital =2
4 non-bonding electrons =4
Total =8

No formal charge

1.17

The formal charge of an atom, if any, in a bonded state is the difference between the number
of protons in the nucleus of that atom and the number of surrounding electrons.

1.18

In a tetracoordinate carbon, the two inner 1s electrons are always uninvolved in bonding and
therefore countering the positive charge of two of the nuclear protons. Half of the eight bonding
electrons surrounding the carbon atom count toward neutralizing the remaining four proton
charges in the nucleus.

1.19
PN

In a divalent oxygen atom, the two inner electrons in the 1s orbital are uninvolved on bonding
therefore countering the positive charge of two of the eight nuclear protons. Half of the four
electrons involved in the two bonds counters the positive charge of two of the six remaining



protons and the four non bonding (lone pair) electrons count toward neutralizing the remaining
four nuclear proton charges.

1.20
’ - Nitrogen (;N): 7 protons (positive charges)
| + Accounting: 1 electron from each bond = 4
H—N—H 2 electrons in 1s orbital =2
|L Total =6

The formal charge is +1

The two electrons in the 1s orbital are uninvolved in bonding therefore countering the positive
charge of two of the seven nuclear protons. Half of the eight bonding electrons count toward
neutralizing four positive charges. The remaining positive charge (one) is responsible for the
formal charge.

1.21
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- Presence of many formal charges:
- Several violations of the octet rule



1.22

Nitrogen -N: 1s22s22p,‘12py12pll

—N— : F—B—F:
Boron sB: 1s2s*2p,! H N H - -

H :F.

Fluorine ¢F: 1s2 2s22p,‘22py22pz1 (Lewis structures)

NH; : In the nitrogen atom, one s orbital (2s) and three p orbitals (2py, 2py, 2p,) are mixed to give
four equivalent hybridized orbitals, sp’. Three of the four sp® orbitals with one electron each
form single covalent bonds with 1s orbital of each hydrogen atom. The fourth sp’ orbital contains
two non-bonding electrons.

According to the VSEPR theory, lone pair — covalent bond > covalent-covalent bond repulsions ,
therefore the geometry of NHj is pyramidal.

H/N'II[II,H

\

H

BHj3 : one s orbital (2s) and two p orbitals (2py, 2py) of boron atom give upon hybridization, three
equivalent hybridized orbitals, sp® with one electron each, which form a covalent bond with the
2p, orbital of each fluorine atom.

According to the VSEPR theory,the three angles are equivalent (120°). The resulting geometry
is planar trigonal for the three covalent bonds to be maximally spaced.



1.23

X The geometry is tetrahedral (AX,), where "A" is the central
| atom and "X" is the surrounding atom.
o e.g. CHy
x” \ X
X
X
J“ The geometry is planar trigonal (AX3)
X/ \X c.g. HzC:CHz; BF3
X A—X The geometry is linear (AX,)

¢g H c—=C H

1.24
@ larger than the tetrahedral angle.
H / N 'II//II H
/ H \ this angle (107 °) is smaller than the tetrahedral angle
107° because the lone pair of electrons is more repulsive
than the electrons in a covalent bond.
1.25
@ Two lone pairs of electrons are highly
_~o repulsive requiring a larger angle,
H / \H therefore diminuishing the H-O-H angle.

105 °

10



1.26

\ Q @ Although the two lone pairs repulsion\'Q similar
(o) to that in H,O, the larger size of the—C &OUP
—Cc \H requires more space therefore opening/the C-O-H
/ / angle to more than 105° but still less than the
>105° tetrahedral angle.
1.27
sp: 2; sp2: 3; sp3 4
1.28
oL T
H—C—H—C—H—C—C—C—C—C—C—H
A R |
H H H H H H
CgHg: number of electrons = 8x4 =32 (Cy)
18x1=18 (H;g)
Total =50
Formal charges are shown.
1.29

The equivalent of the octet rule for first row elements, is two electrons. The (*) H atoms in
answer to problem 1.28 disobey this equivalent of the octet rule. The octet rule is not obeyed by
the two carbon atoms with formal charges.

1.30
The ability to bisect an object by a mirror plane, so that one half of the object is reflected
perfectly by the other half demonstrates that the object will be identical to its mirror image.
The two sides of the tea cup have identical images whereas, a- or B-glucose, L or D are not
identical to their mirror images.

11



1.31
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If the arrangement around the central atom was in a single plan, all four molecules should
be identical to their mirror images. In this case, the two slices obtained with a two sided mirror
are identical.

1.32
The mechanisms that sustain life must have a handed quality so as to distinguish mirror image
molecules, just as your right hand can distinguish another person’s right and left hands.

1.33

All asymmetric objects ( or molecules) lack elements of symmetry and therefore are not
superimposable with their mirror images. In addition, slicing an asymmetric molecule by a two
sided mirror leads to images that are not identical.

1.34
Right and left hands are mirror images that are not superimposable. Every molecule which
behaves as the right and left hands is described as a “chiral molecule”.

1.35

The word “chiral” can only be used to describe the properties of a single molecule which is
not identical to its mirror image. The presence or absence of the mirror image has nothing to do
with the designation “chiral”.

1.36
Your left and right hands are mirror image related and can be only distinguished by a probe
(your friend’s right hand) which is itself capable of existing in mirror image forms. Following

12



the same principle, enzymes which are chiral are able to distinguish one mirror image from
another and to choose specifically one of the mirror images of glucose. However, does this fact
about shaking hands predicts that D-glucose but not L-glucose is used rather than L-glucose but
not D-glucose?

No: as your friend’s right hand fit better your right hand so would your friend’s left hand fit in
the same identical way your left hand. It all depends on the chirality of the enzymes.

1.37

Since most enzymes are specific and can only catalyze reactions involving one enantiomer
(‘e.g. D-glucose) to the absolute exclusion of the other (e.g. L-glucose), it can be expected
experiments to show that the helical regions of the structure of the enzymes have only one
handedness.

1.38
All aspects of stereoisomerism involve pairwise relationships just as mirror images can only
involve comparisons of a pair.

1.39

Two molecules that are enantiomers are identical in all aspects except in an environment that
is chiral. Therefore enantiomers must have identical solubilities in water. Two diastereomers
have different physical and chemical properties and therefore may have differing solubilities in
water.

1.40

o—D—glucose a-L-glucose (a-D, a-L)

D
chiral probe
/ a—L—glucose ( P ) / (a-L, a-L)

Enantiomers

Diastereomers

a-D-glucose and a-L-glucose are related as mirror images and therefore are enantiomers.
Their interactions with one molecule of a-L-glucose leads to formation of two new molecules:
(a-D, a-L) and (a-L, a-L). The two pairs are stereoisomers, which are not mirror images and
therefore are diastereomers.Therefore, the two bonded pairs (a-D, a-L) and (a-L, a-L) will have
different properties.

1.41

The atoms in the four isomers are connected together identically. Therefore,there is no pair of
constitutional (structural) isomers.

A pair of molecules with the same formula are constitutional isomers if the atoms in each
isomer are connected together in different ways.

1.42
a-D/a-L-glucose and B-D/ B-L-glucose are pairs of enantiomers and are expected to have
identical properties. This prediction is an agreement with the experimental data reported in

13



Fig.1.7. Pairs of enantiomers have identical melting temperatures and [a]p values of opposite
sign .

Pairs of diastereoisomers (a-D/B-D; a-D/B-L; a-L/B-D; a-L/B-L) have different melting
temperatures and different [o]p values.
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1.44

- Al/A2; B1/B2/B3; CI1/C2/C3/C4/C5; D1/D2/D3/D4/D4/D5/D6/D7/D8 are groups

of constitutional (structural))isomers. They have identical formulas but differ by the
ways that atoms are connected together.

For each pair of constitutional isomers, the physical properties such as boiling point or
melting point, could be different.
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- DI1/D’1, D5/D’5 and D8/D’8 are pairs of enantiomers (R/S).
For each pair of enantiomers, the physical properties must be identical.

Al/A2,B1/B2, B1/B3, B2/B3, C1/C2, C1/C3, C1/C4, etc., D1/D2, D2/D3, etc. are pairs of
constitutional isomers and may therefore have different physical properties.

1.45
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chiral chiral

- F1/F2, F1/(F3or F4orF5), F1/F6, F1/F7, F1/(F80rF9), etc. are pairs of constitutional
isomers.

- F4/F5 and F8/F9 are pairs of enantiomers.
- F3/F4, F3/F5 are pairs of diastereomers.
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A/B, A/C, A/D, A/E, B/C, B/D, B/E; C/D; C/E; D/E are pairs of constitutional isomers.

1.46
No answer required.
1.47
atom geometry hybridization
H\ C planar sp?
C=—0:
H/ ) O planar sp?
H Cl planar sp?
\C :O..
! 01 planar sp?
H—Cy— q C2 tetrahedral sp°
[

HoH 02 tetrahedral sp>
Hic 20 Cl I 2

C,~ = planar sp
| . 2

H—C,—Q o1 planar sp

| .H C2,C3 tetrahedral sp’
H—C3-0 3

AT 02,03 tetrahedral sp

H
1.48

- Formaldehyde has a plane of symmetry

rotation of 180° around

the plane of the paper
Hy, rotation of 180° Hy, H
! C=—Q -------cmmcmmeeeeaa- » = —0C
H/ around C=0 bond H/ \H

- Hydroxyacetaldehyde is not chiral
16



C rotation C
| Lo -
H/C"’/OH HoW'C~ in the plane of the paper H/C"'/OH
H H H
(A) (A)
- Glyceraldehyde is chiral (no element of symmetry is present)
H A° NP H. O
N C rotation ~c7
| Lo -
_C 1] CH,OH HOH,CWO~,, 1N the plane of the paper /C""/CHZOH
H\ ” HO™
OH H
(A) (B)

(A) and (B) are not superimposable. They are enantiomers

1.49
An achiral probe interacts equally with each of the two enantiomers giving products with the
same chirality .

D Achiral-D
Achiral probe

v
/ L / Achiral-L

Enantiomers

Enantiomers

A chiral probe (L) interacts with two enantiomers L/D, giving two diastereoisomers (L,L) and
(L.D)

D (L,D)
Chiral probe (L)

/ L / (L.L)

Enantiomers

Diastereomers

1.50

All processes that separate enantiomers are based on interaction of a mixture of the two
enantiomers with a chiral probe, therefore, converting them into two diastereomers which have
different physical properties and can be separated.

17



1.51
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B and B' are enantiomers C and C' are diastercomers

1.52
a) P-D-glucose and B-L-glucose are related as mirror images, just as the mirror image

crystals that Pasteur encountered in his laboratory. Just as he could distinguish the
crystals, your hands can distinguish the enantiomeric models.

b) Achiral molecules such as CHy4, C,Hg, CsHg, etc. will give identical interaction with the
two enantiomers of B-glucose; whereas interaction of chiral molecules such as Ca, D4, 14 (
see answer to problem 1.43) with B—D and B-L-glucose will result in two different three-
dimensional structures (diastereomers) with different properties.

This experiment is in perfect agreement with the results presented in Fig.1.8.

1.53
The two helices are not superimposable and each one is a representation of the left and right

handed circularly polarized light. The vector sum of these circular polarizations (left and right
helix) is in the identical plane as the incoming light. Upon interaction with one of the glucose
enantiomer, the vector sum will be rotated by an angle to the right or the left of the original

18



position therefore generating optical activity. You can observe that the wire helices you made
interact differently with one of the glucose enantiomers.

1.54

A racemic mixture contains equal amounts of two enantiomers. Whatever effect one of the
enantiomers had on the light, the other enantiomer would have the opposite effect and these
effects would cancel each other.

Although the experimental observation for a solution of an achiral molecule is the same as that
for the racemic mixture, the reasons behind these results are different. In the case of an achiral
molecule,the left and right handed circular polarized light would pass unchanged through the
solution so that the plane of the polarized light would be unchanged from the original angle.
Whereas in the presence of a racemic mixture, there are two opposite effects which cancel each
other.

1.55

The terms “dextrorotatory” and “levoratatory” are related only to the direction in change of the
plane of polarization from its original position. Therefore, Pasteur would have reached the same
conclusion with inversion of assignments.

1.56

[a]p =+100%1=1dm; C = 1g/100 mL = 1g/100cm’

ag =[a]p1C/100=(+100).1.1/100 =+1°

for the enantiomer ([a]p = -100°) therefore, oy = (-100).1.1/100 = -1°

1.57

No: D or L correspond to information used to represent molecular structure whereas,
dextrorotatory (d) and levorotatory (1) are optical activity properties.

A molecular structure designated as D may exhibit d or | optical activity.

1.58

Interaction of a racemic mixture with a left handed circular polarized light would give two
different effects which do not cancel each other. Therefore, it might be possible to use a left
handed circularly polarized light as a chiral exciting agent do induce a chemical or physical
change for separating a mixture of enantiomers.

1.59

Carbon bonding to four different entities is not sufficient to account for the phenomenon of
mirror image isomerism when elements of symmetry are present.

Four different groups bond to carbon could be possible without mirror image isomerism if
there is a plane of symmetry ( e.g. meso-tartaric acid).
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1.60
a) Thalidomide has the following structure:

o o
NH
N— o
H
o)

since it has a stereogenic carbon atom(*), it exists as two enantiomers:

O o)
o) o NH
NH R
N — o
NS o i
H o)
o)

(R)-thalidomide
(S)-thalidomide

(R)- thalidomide is effective against morning sickness whereas the (S)-enantiomer is
teratogenic.

b) Carvone has the following structure:

O,
H
It exists in two enantiomeric forms:
(o] (o]
n, S
(R)-carvone (S)-carvone

The fact that the two enantiomers of carvone or thalidomide respond differently means that
our body contains chiral receptors, which interact with the two enantiomers allowing them to
give differing responses.

Note that interaction of the two enantiomers with a chiral probe converts them to a
diastereoisomeric relationship.
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1.61

If specific interactions with cellulose occur, the two enantiomers of thalidomide dissolved in a
solvent will pass along the tube filled with cellulose (chiral molecule) at different rates, and
therefore appear at the end of the tube at different times. If there is no interaction, the two

enantiomers would elute at the same rate.

The following experiment can be performed:

(a) Elute a solution of each enantiomer along the tube, filled with cellulose, and connected to
a detector which allows measuring the elution time of each pure enantiomer (tr, ts).

(b) Elute the racemic mixture along the tube, and measure the elution times (two peaks are
observed ) and make the assignment based on the information from (a).

1.62
1. False: the designation D has no relationship to d, I, R or S.
2.
refraction with circularly polarized light.
3. True.
4. True.
5. True
6. True
1.63

.. H :OH
HOG iH
- 5 O\
o OH
:OH 0.

/7
H histidine

serine

malic acid

False: the determination that a chiral molecule is d or I depends on the index of

lactic acid
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1.64

HO O
).,
HaC™ "NH,
alanine NH -
arginine
HN=" g
NH,
0 HO (0]
S
N'H S v H
NHa NH;
NH,
glutamic acid glutamine
HO._O HO -0
S OhiH
NH, NH,
$
CH
H,N 8
lysine methionine
HO (0]
S
\XW'H
NH,
OH
. H
threonine tryptophan

1.65

HO (6]

S,
Sy
NH,

O

HoN
asparagine

/
H histidine isoleucine
HO (e}
HO (e}
()
wiH
NH, Sy
NH
proline

phenylalanine

HO (0]
Sy
NH,
OH i
tyrosine vaiine

HO O

Sy

NH,
SH

cysteine

HO O

S
Sy

NH,

leucine

HO O

S)
;CH
NH,

OH

serine

NH,

glycine (achiral)

a) Although this molecule has two carbon atoms for which the assignments (R) and (S)
could be made, the presence of a plane of symmetry forces it to be superimposable to its
mirror image. As a result, the molecule is achiral.

“meso” 1s used to name molecules, in wich there are more than one carbon with the same four
different groups, and with planes of symmetry.

H H H, H
= = W, R
oS 4" HsC ‘ CH
3 3
HSC/(R) (S cH,

meso-butane-1,2-diol meso-1,2-dimethylcyclopropane

b) “meso” molecules are achiral and would not show any optical activity. As for other
achiral molecules in which it is not possible to assign (R) or (S), meso molecules are
optically inactive.
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1.66

H— & oH
H—R0H
- HO—&—H
H— B 0H
H R o
a-D-glucose :
(S, R, S, R, R)-glucose CH,OH

HO— R H

H—A%—oH
S

- Ho—{&—H
H—%=0H

H—l R

B-D-glucose H
(R, R, S, R, R)-glucose CH,OH

Fischer's projection

Each D-glucose unit in both polymers (starch and cellulose ) keep the same R,S- nomenclature
as in single monomers.

1.67

H,
H H
<o T (_2:::3 N o @CHHS

CH
H
CHs

H H H CH,
Q ————— > CH; =——
H ™y H H
CHj; (B) CHs3

Conformers of 2-methylpropane

Further rotation of (B) gives (A). Then, only two conformations are possible.
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H,C CHs HsC
CH H
’ H CHs
H H<—— ~—H CHs
H H H H H H
H C
) ®) ©

CHs HiC\, CHs
CH H<~——
H H H H H H
H (E) CHs;
¥ (D)
(B, F) and (C, E) are pairs of enantiomers; others are diastereomers.
1.68
HO OH HO H HO H
Q ----- - ) (R) (S) (R)_0OH ) (R)
: o,H COH H' “coum H OO Son
COzH 2 2 COZH COZH
I — —
I ~
HO,, OH HO,
g H /@OH
H CO,H CO,H OH
H COHH H CO,H i 4 lcozH
COyH _
[3] achiral chiral chiral
HO HO HO CO,H HO HO,C
(S) RL-CO,H (S) (R) (S) (R)_H
H H™ \\HO HH
CO,H H CO,H
2 CO,H M
| — I =
I E—
oH OH
HOco,H
HOQ;ZCOZH )@ COH H
HO H
H COH H CO.H H CO,H
H OH
[7] chiral [5] chiral chiral

[3] is identical to its mirror image due to the presence of a plane of symmetry. Except [3], all
othe conformational isomers do not have an identical mirror image.

1.69
Only rotational motions about bonds are necessary to interconvert conformational isomers.
Therefore, no change in absolute configurations (R/S) is expected (see answer to problem 1.68).
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Chapter 2

2.1
The bottom spectrum is identical to the IR-spectrum of L-tartaric acid shown in the text.
Therefore, it must be D-tartaric acid.

COOH
HO—C—H

H—C—OH
COOH

The top spectrum is similar to the IR-spectrum of 1-hexanol reported in the text and it could
therefore be an isomer of 1-hexanol such as 2- or 3-hexanol.

OH
W o /W
OH
2-hexanol 3-hexanol

2.2

Since isomers of the same molecule should have the same molecular weight, D- and meso-
tartaric acid would give identical spectra to the spectrum of L-tartaric acid. Analogously, L-
glucose would have identical spectrum to that of D-glucose.

2.3
o A H HO K
HoN .
SN
H H H O:
-0 H
N .
N
H
‘< / \>>H
N
—N
HoN;:
24

The NMR spectrum reported is characteristic of a molecule with only two different carbon
atoms (two signals only). Molecules shown in this chapter that fit this requirement are isomers of
tartaric acid. Therefore, the spectrum shown should be that of one isomer of tartaric acid.
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OH

HoOC._ , |
1 2 COOH

OH

2.5
e Above 3000 cm-1 corresponds to the band of H-bonded to the oxygen atom (O-H);
e From 2800-3000 cm-1 corresponds to C-H;
e About 1000 cm-1 corresponds to C-O-C

2.6

According to the fact that each different carbon atom should give only on line in the carbon
NMR spectrum, the following number of lines could be predicted for the isomers of CsHs.

2 4 6
/Y\S/\7
8 .
(8 lines)
1 7
)2\/\4\/6
1 3 5
(7 lines)

1 1
2 2
1 3 1
4

(4 lines)

' 1!
2 1
M 2
1 3 5 1
1 M

(2 lines)

~

(6 lines) (5 lines)

Estimation of § (13C):

O (ppm): (higher field) CH3- <RCH,-; R,CH-; R3C- (lower field)
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2.7

23
29
29
/\/\/
14ppm 32 23 29 36 23 42 14

2.8

Chemical shifts arise because the magnetic field, B, actually experienced by a nucleus (C or
H) differs slightly from the external field By. In an atom, B is slightly smaller than B, because
the external field (By) causes the electrons to circulate within their orbitals; this induced motion,
much like an electric current passing through a coil of a wire, generates a small magnetic field B
in the opposite direction to By. The nucleus is thus shielded from the external field by its
surrounding electrons (B = By-Be)

Be = By.0; this leads to B = By(1- 0)

Where o is called shielding constant and depends on the local electron density.
As a result of the shielding effect, the resonance of the nucleus (C or H) occurs at the following
frequency:
&y
e [ ] o -—
v (L-¢) &« (1—a)
The chemical shift (6) is defined as the difference between the nucleus of interest frequency
(v) and the frequency (vrf) of a reference nucleus.

="
g gelf et o 10%(Gper — @)

Veer

6 is proportional to (o.-0). A decrease of o (greater deshielding) leads to a decrease of
magnetic field B, and to an increase of the chemical shift &.
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2.9

b @D
(a) (©) (©

CHj (a): 3 lines
CH, (b): 4x3 = 12 lines
CH, (¢): 3x3 =9 lines

CHj; (a): 1 line
CH, (b): 4 lines
CH; (c): 3 lines

CHj (a): 2 lines

CH (b): 7x3 =21 lines
CH, (c): 3x2 =6 lines
CH, (d): 4x3 = 12 lines
CHj (e): 3 lines

The lower field signal between 1.48 and 1.60 ppm corresponds to CH- proton which is
connected to two CH3 and one CH; groups. Actually, if the resolution were high enough and
assuming that J(CH-CH3) is higher than J(CH-CH,), the signal for this hydrogen atom (CH)
would be first split into 7 lines by the 6H atoms of 2CHj3. Each of these lines would be further
split into 3 lines by the 2H atoms of CH, group, giving a total of 21 lines.

But under certain conditions, J(CH-CH3) #* J(CH-CH,), therefore, the 6H atoms of the two
CHj; groups and the 2H atoms of the CH, group may act as one type of proton, leading to a signal

with 9 lines.
2.10

S Ho

HBLLL LT T
WN

Wl NN
Ny I
M
WAt

1:4:6:4:1

M MTHp
M

NAT
wrr
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2.11

a)
5 3 |
2
6 4
OH

2-hexanol is expected to give a ">C spectrum with 6 lines. Therefore, its spectrum
should be (a). The five lines within 40 ppm correspond to C1, C3-C6 and the low field
signal at around 68 ppm corresponds to the more deshielded carbon C2.

The signals could be assigned as follows:

23 40
68 23 ppm

15 28
OH

b)

The spectrum of dipropyl ether is expected to have 3 lines and should be (b). The
deshielded carbon atom (C1) corresponds to the signal at around 72 ppm; C2 and C3 are
at ~ 24 and ~ 10 ppm, respectively.

OH

HoOC ., ~
1 COOH

OH

The spectrum of any tartaric acid is expected to have 2 lines and should therefore be
(c) with C1 (the more deshielded) at ~ 175 ppm and C2 at ~ 72 ppm.

d) The remaining spectrum (d) must be assigned to glucose. D-glucose spectrum is expected
to have 6 lines. However, there are apparently too many lines. An explanation is that
glucose in H,O undergoes isomerization and is therefore present as a mixture of
diastereomers (a and ). This process is known as mutarotation as discussed in chapter 3.
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OH OH
o
HO ™ HO °
HO 1 -~
OH HO OH
OH1
OH

a-D-glucose B-D-glucose

The two low field signals at around 96 and 92 ppm correspond to C1 of the two
diastereomers.

2.12

a) The NMR spectrum 1 is composed of five groups of proton signals in the following ratio
1:1:6:3:3 with a total of 14 protons, Therefore, it could be 2-hexanol.

Assignment of proton signals (approximate)

0.90 ppm (triplet, 3 protons, H-6)
H, H, 1

6 Co 4 _C CHs 1.18 ppm (doublet, 3 protons, H-1)
ch/ 5Ng3 \z(HI/ 1.40 ppm (multiplet, 6 protons, H-3,4.5)
H, | 1.90 ppm (singlet, 1 proton, OH)
OH

3.80 ppm (multiplet, 1 proton, H-2

b) Spectrum 2 has three groups of signals in the ratio 4:4:6 (14 protons) and could be

dipropyl ether.
Assignment of proton signals (approximate)
H, Ha 0.90 ppm (triplet, 6 protons, H-3)
H 3 /%\1 /O\ 1 /g\CH 1.60 ppm (multiplet, 4 protons, H-2)
3C |(_|:2 (H:2 7 3.33 ppm (triplet, 4 protons, H-1

¢) Spectrum 3 shows two signals: one corresponds to HDO and the other with two protons.
This could be tartaric acid.

exchange
with deuterium

\ Assignment of proton signals (approximate)
OH

4.74 ppm (singlet, 2 protons, H-2)
a \é:OOH 4.90 ppm (singlet, HDO from rapid
ZCI”_| /l exchange of COOH and OH with D,0O)

exchange
with deuterium
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O—, + O—
H b

Exchange process: -~

d) Spectra 4 and 5 are similar and differ only in the ratio of intensities (see low field
signals). They must be assigned to varying proportions of a and pB-glucose (Fig. 3.11 in
chapter 3).

Assignment of proton signals (approximate)

- the doublets at 4.50 ppm and 5 ppm
correspond to the anomeric proton H-1
of both diastereomers (a, ).

- 4.70 ppm (singlet, HDO from rapid
exchange of OH groups with D,0O)

- all other protons that do not exchange
with D,O (H-2,3,4,5,6), give a complex
multiplet below 4 ppm.

a-D- B-D-glucose

glucose
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Chapter 3

3.1
- no formal charge
- no violation of the
octet rule
lactose |
H
3.2

D-glucose and D-galactose have the same formula (C¢H;,0¢), the same connection through
atoms but differ only by their shapes (three-dimensional structures). Therefore, they are
Stereoisomers.

They differ only by the orientation of the ~OH in C4, which is upward in D-galactose and
downward in D-glucose. Therefore, they are not enantiomers, which means they are
diastereomers.

33
Even if D-glucose and D-galactose were enantiomers, they will still be different in vivo
because biological processes are stereospecific and are able to distinguish enantiomers.

3.4
The differing chiral carbon atom is C4. Its configuration is (R) for D-glucose (see answer to
problem 1.66). Therefore, it will be assigned the (S) configuration for D-galactose.

3.5

D-glucose has five chiral carbon atoms. By excluding the anomeric carbon C1, which should
have the same configuration for all B-isomers, the number of B-isomers should be: 2* = 16
(number of isomers = 2", n = number of chiral carbon atoms). There should be 8 diastereomers,
each with a non-identical mirror image.
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3.6
Because the interior angle of a pentagon (five-membered ring) is 108° which is close to the
tetrahedral angle (~ 109°).

3.7
The flat cyclohexane ring is represented as follows:
H,C CH;
A4
HQC—CQ2 CHLH:2
H,C CH, ——
N\ / H H
< T hawec—c., H H
4 b "H
H H

eclipsed cyclohexane

In eclipsed cyclohexane, the electron pairs in the eclipsed bonds repel each other, therefore
generating a torsional strain in the ring. Only on set of eclipsed pairs is shown above.

3.8

Two types of strains generally account for the stability of alkanes and related compounds: the
torsional strain and the steric strain.

In ethane (C,Hp), the differing stability between eclipsed and gauche conformations is only
due to torsional strain (no steric strain). In higher alkanes such as butane, steric strain is
superimposed on the torsional strain.

- ethane
H
H
H H<~—
H \H H H H

torsional strain

- n-butane

steric strain

/

H-C CHs CH
¥ CH, ’
H CHs I H
—_—
H H<—""—"+ -~
H H H H H H
‘\ H CH3
torsional strain
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3.9

Ha
Ha Ha e
Hb Ha
- 00 @ o= _— =
oo =),
Hb Hc Hb Hc Hb He
(A) He (A)
B)
Ha
Hch
Hc Hb
e Ha Ho=——
Hb Hc Hb Hc
(A) Ha

®)

Newman projections show that ethane exists momentarily in alternated repeating
conformations with torsional strain (eclipsed) and without torsional strain (gauche).

3.10
The chair form of cyclohexane is represented as follows:

Looking through C2-C3 and C6-C5 bonds gives the following Newman projections:

!‘ e [
/ |||

(gauche) (eclipsed)
low torsional strain high torsional straln (boat form)

3.11
Since conformational isomers differ in stability, it could be possible to separate them using
low temperature experiments.



For example, conformational isomers (see above) of n-butane have energy in the following
order: Eo <Eg << Ec¢ <Ep.

CHs CHs

R - -

CHs H H H H H
(A) (B) (©) (D)

A and B are the most stable. If the temperature is low enough, the time to interconvert A and B
could be long enough to separate them from each other. The rate of interconversion could be
kept under control following Arhenius equation (k = Ae ™", see section 6.11 in chapter 6) if
one knows the activation energy (energy of to the barrier). However, such an experiment could
not separate B and its enantiomer, which must be present in equal amounts.

Eclipsed conformers such as C and D are highly unstable and could not be separated using the
above experiment.

3.12
H
3.13
H CHs,
[T =y
— axial-methylcyclohexane
1 HXCAL A (gauche)
H H
CH
H3C CH 3
N1 2o H Hs3C H
H“‘yc_c/ fr— n-butane
h
9y \H H H (gauche)
H

The two CHj3 groups of n-butane in gauche conformation find parallel in the axial-CH; and CH,
in the 4-position of methylcyclohexane. The same parallel occurs between axial-CHs and CH; in
the 6-position.
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3.14

axial-CHj equatorial-CHj

Steric strain would be observed between axial-CHj; and the two CH; groups in the 4- and 6-
positions of the cyclohexane ring. This effect is removed when the CH3 group has an equatorial
orientation, which the anti conformation of n-butane has parallels to.

3.15
Yes. There are two other conformational isomers of n-butane non shown in the text: one is
eclipsed and another is gauche which is present as a pair of enantiomers.

CHs
HsC
HsC H H
H H H4 ;CHs
H H H
(enantiomer of the gauche (eclipsed)

form shown in the text)

In the eclipsed conformation, the electron pairs in the eclipsed bonds repel each other giving
rise to a torsional strain. Therefore its energy is higher than that of the gauche conformations.

3.16
6 CHj 4
5

1 2

Carbon atom C2 is equidistant from both C4 and C6. Therefore, C4 and C6 have the same
relationship to the axial-CHj3 in the 2-position, although it is not clear from the Newman
projection.

3.17
H3C HsC
¥H 3¥CH,
H@CH;; H@H
H H H H
(A) (B)
chiral achiral
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Of the two eclipsed conformers of n-butane, only (A) is chiral (no element of symmetry). (B)
is superimposable to its mirror image due to the presence of a plane of symmetry.

3.18
The rapid exchange between mirror images of the gauche conformation of n-butane occurs
through the following mechanism:

CH CH3
’ HaC CH
ch H - . CH3 o H 3
- -
H H H H
H y H . i T
(G1) (E) (G2)

(racemic mixture)

The intermediate (E) which is achiral, is highly unstable. This explains the rapid exchange
between (G;) and (G2)

In the case of the eclipsed forms, the exchange mechanism takes place as follows:

CH
HsC ’ HaC
H CHs R
H H HsC @;H
H H CHs H H
(ET) (A) (E2)

The intermediate (A) which is achiral, exists in a minimal energy state.
3.19

a) Ring flipping converts all substituents in equatorial positions to axial positions and vice
versa. Therefore, a- and B-D-glucose are not interconvertible

OH O on
OH
o -0
HO _—
HO OH =———
OH OH OH

B-D-glucose
OH
OH OH
O —_— ~0 OH
HO -
HO
OH OH OH
OH
o-D-glucose
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b) Same reason as above

OH _OH OH OH
o OH
—————> HO O
HO OH <=—
OH OH

B-D-galactose

c) The two diastereomers of methylcyclohexane differ only in the CH; group orientation,
which switches from axial to equatorial, thus interconverting the two isomers.

CHs
- = %
H3C

methylcyclohexane

3.20

D-glucose and D-galactose differ only in the configuration of one carbon atom (C4) and
tortional motions cannot interconvert them, then they are configurational diastereomers. The
same answer applies to a- and B-D-glucose.
Torsinal motions can interconvert isomers of methylcyclohexane. Therefore, they are
conformational diastereomers.

3.21
Examples of configurational diastereomers:

H C-C bond

CH,
Him o

H///,,<R> RO

breaking
EEEA—— .
HsC CH; «— = HC H
H H n—bond
>_< breaking H CHs
—_—
- -

H3C CH3 H3C H

cis-trans isomerization
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Examples of conformational diastereomers:

CH,
H3CCH3 torsional N H
motion
H H H H
H H CHs
torsional  CHs
motion
equatorial-CH; axial-CHj

3.22
By applying the strain necessary, one should go through different conformations of
cyclohexane ring:

T W e O

chair boat half-chair twist

(strain free) (torsional strain) (torsional and (steric strain)
angle strains)

3.23

CH,
0\ — LY
CH;

methylcyclohexane

Only one group (CHj3) switches from equatorial to axial (lower energy barrier).

OH OH " on
OH
0 ~0
HO —
HO OH =<~———
OH OH OH

B-D-glucose

Five groups switch from equatorial to axial. This process requires a higher energy barrier.
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3.24

Two of the three are in cis while the third is in trans with others. They are not pointing in the
same direction. By switching the CHj; in the 1-position from equatorial to axial, all CH; groups
would be in cis.

H CH,

H' CH,

3.25

In the all cis-conformation, flipping of 1,3,5-trimethylcyclohexane ring converts all CH;
groups from equatorial (the most stable) to axial (the less stable). Whereas, flipping of the 1,2,4-
ring converts two CH3 groups from equatorial to axial and the third from axial to equatorial, thus
requiring less of an energy barrier.

all cis
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3.26

H _OH
HO ® R Ho H OH no formal charge
“HO HC” o M olat
- Yy -OH fR) 7 HOSAR no violation of the octet rule
HE ™ 8 N\ ..
' ®) ®) H2C~0oH
‘OH H °
sucrose

The (R)/(S) assignments could be made following the CIP rule (see section 1.12 in chapter 1).

3.27
Here are some examples of isomers corresponding to the formula C¢H;,0¢:

OH OH

OH

HO
o 0 HO 0 oH O OH
HO \
HO o] Ho OH  HO OH
OH OH OH OH

(chiral) (chiral) (chiral) (achiral)

to be rejected
and there are others.

3.28
O o) o
y: Il Il
~““H /C\OH /C\N— -NH2
H
aldehyde carboxylic acid amide amine
I | I
—C—0—C— —?—o—clz-OH OH
| |
ether hemiacetal hydroxyl
(in glucose)
and others...
3.29

When one diastereomer a or B of D-glucose is dissolved in water, the six-membered ring
undergoes opening and closing, a process by which a or B-glucose interconvert with each other
until an equilibrium state is reached: this process is called mutarotation.
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OH OH OH
o) )
HO OH » HO
OH OH 5
)

H
B-D-glucose opened form o-D-glucose
[a]p=+18.7° [a]p =+112°
x% y%
x.[odp? +y.[adp® = [op™™re = +52.7°
X =64%
x+y =100 y =36%

3.30

In the process of mutarotation as shown in answer to problem 3.29, the diastereomeric change
takes place through breaking of a C-O bond. This explains why a and B are configurational
diastereomers.

3.31
Each cyclic form would exist in two possible configurational diastereomers a and  as seen in
answer to problem 3.29. Therefore, a total of 32 stereoisomers would be possible.

3.32
H
\IC _—o0
H 2C OH Glucose in the opened form, has four chiral
carbon atoms (C2, C3, C4, C5): n=4.
HO——C——H . . .
3 The number of possible isomers is:
H—C——OH r=2'=16
4
H—SC—OH
6 CH,OH
(D-glucose)
COOH o
5 In tartaric acid, n = 2. However, due to
H—C—OH symmetry, C2 and C3 are identical,
3 leading to a meso form. Therefore, there
H—=C—OH Comq A
are: 2"-1 =3 isomers.
COOH
(meso-tartaric acid)
3.33

There are 8§ diastereomers each present as a pair of enantiomers. Therefore, there are a total of
8 pairs of enantiomers designated (D, L).
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3.34
Let do it for D-glucose. The same principle should work for other isomers.

CHO
H————ZE‘R) 1oH
HO-—Sé(i-H
H ‘R’ OH
CH,OH

3.35

Because in a Fisher projection, all horizontal bonds project toward the viewer and vertical
bonds project away from the viewer, by definition. Therefore, a Fisher projection cannot be
rotated by 90° in the plane of the page, as the orientation of bonds relative to one another can
change converting a molecule to its enantiomer.

CHO CHO H H
=R 90° | Z(S)
H»~C<w0OH = H—C—OH —® R—C—CHO = R»C-aCHO
= | =
R R OH OH

3.36

There are a total of eight pairs of enantiomers. Since enatiomers have identical physical
properties such as melting point, only eight parameters would be found experimentally, one for
each pair of enantiomers.

3.37

Because glucose’s conformation is the most stable since it has all pendant groups in equatorial
positions.
This statement is true for either D or L-glucose, therefore, choice of D-isomer over L-isomer
remains a mystery.

3.38

The protocol used by Fisher could be found in many places, therefore will not be discussed in
details here. The general idea was to take advantage of the differing symmetry properties of the
possible stereoisomers.

For example, oxidation of each of the eight D-sugars by nitric acid would give the so-called
“aldaric acids” by converting —CHO and —CH,OH groups to -COOH. The vials with optically
inactive products could only be derived by oxidation of D-allose or D-galactose.

3.39
D-glucose and D-gulose differ only in the absolute configurations of C3 and C4 carbon atoms.
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OH
OH ~OH
% o/
—>Ho
-
H
on ©H " on

D-gulose

In both flipped conformations, two pendant groups are axial.

3.40

OH configurational OoH
OH
/ diastereomers %
HO ©
HO
OH ional
conformational T l conf\guratr:\ers conformatlonal
d|astereomers d\astereo CHO diastereomers
OH _OH OH
H——OH oA o /\
H——OH —
H
OH 1T OH
OH
H p) —on () OH
\ / CHZOH
structural l
isomers
CH,OH
/ o
HO o H——OH
—_—
<« HO——H
HO OH H——OH
OH OH CH,OH
341

Ring flipping would increase the stability of a given diastereomer if most pendant groups

switch from axial to equatorial during this process.

Idose would benefit most because it has the highest number (3) of axial pendant groups.

OH

H
OH

OH, o OH
—» HO OH
-

H HO
OH

D-idose

342

Yes. Because L-glucose would still have the same stability as D-glucose (all pendant
groups in equatorial).
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OH

o) HO
- OH
\§ H HO
OH OH (stable form)

L-glucose

3.43
Mothers’milk (lactose) is a dimer of D-glucose and D-galactose.

HO OH
OH

0
H o)

/ OH OH\

galactose unit glucose unit

Due to its continuous bioavailability, it would have been better if evolution had contructed
mothers’milk entirely from D-glucose.

The advantage of using D-galactose might be found in its ability to form a more favored
opened form, which is the starting material for acetal formation (connection between the two
sugars).

OH _OH

OH
H favored opened form

HO
OH

0]
D-galactose

3.44

A ring form of a sugar is more favored than the opened form if the majority of the pendant
groups occupy an equatorial position. In some cases, both flipped rings are more unstable
than the opened form (e.g. D-gulose)

OH OH
(0]
OH
H?E§§§£:;l¥wo -~ HO/S;§:;\TrH
H HO
OH
OH
D-glucose )
OH _-OH OH _OH
0 OH
—_—
H —-— H
oH ©" on ©OH
D-gulose o
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3.45
We will do it for glucose and idose.

&Y

steric strain

H & COH HO
Jd s HEw \ o (s> - one steric strain
HO 2\ .' " caused by the two OH
Q _____ > HO-\2 T H (more stable)
HH OH!
D-glucose
steric strain
OHe-OH
A s
. - H H\_L X = - two steric strains
< H O OH T H caused by the two OH
OH (less stable)
D-idose
steric strain
3.46

nti-bond

empty p,

T
B—F

g0

“c——O0

>0_0™

Analogy: both entities are planar (sp> hybridization)

KOOk
H.,

Difference: BF; has an empty p, orbital, while in aldehyde, p, orbitals of the oxygen and
the carbon atoms are occupied by one single electron each, which overlap to form a n-bond.

3.47

In BF3, p, is empty and is not included in the hybridized orbitals. Therefore, the molecule

exists in the (x,y) plane.

In aldehyde, the p, orbitals are occupied each by one electron. These two orbitals can
overlap in a direction parallel to the (x,y) plane to form the n-bond, allowing therefore the
molecule to exist in the (x,y) plane.
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3.48

n-bond
(weak overlap)

~

P o-bond (strong)

@ @ (maximal ovelap)

/“c — 6 /C@Q’:

<~

The o-bond results from overlap between two orbitals along the same axis (strong overlap)
whereas, the m-bond is formed in a direction perpendicular to that of the original atomic
orbitals p, (weak overlap).

Similarity to ethylene C,H,4

n-bond

PSS
H @ @ - Hybridization: sp?
%, \/c-bon \H

, O\ - one o-bond and one nt-bond
C .
- ®‘H

H O O (similarity to C=0)
~—
3.49
\&" & _
=0 \6 —0 \c:c/
7 an
more reactive with electron-rich no electronegativity
entities (nucleophiles) difference

Oxygen has a large electronegativity compared to carbon and would attract the pair of
electrons forming the m-bond. This leaves the carbon atom with less electron density.

3.50
cl
— | T CCly is a regular tetrahedron. Therefore, bond dipoles
CI“‘?CQ%I cancel out.
cl " bond dipole
cl
| In CH;Cl, the bond dipole does not cancel out.
\\'C
H\“/ ~4
H
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3.51

R R,
c=—o —c—08
120° , H—C—Q crowded
H [+ 109°
‘Nu
(nucleophile)
R. R,
C:O |_;' L -.:_
120(?/ R—C—®0 more crowded
R [+ 109°
‘Nu Groups (R, R', Nu) pushed closer
(nucleophile) together generating more crowding

3.52

Because in an alkene such as CH,=CH,, there is no electronegativity difference in contrast
to the case of a carbonyl group (C=0), where the electronegativity is the driving force for the
reactivity of the carbon atom, which is electrophilic.

3.53

13AL 15%2522p%3s23p!

3.54

Accounting: 1 electron from each bond =4
10 internal electrons (1s, 2s, 2p) =10
Total =14

The atomic number (number of positive charges)
is 13. Therefore, there is one negative charge on Al

Accounting: 1 electron from each bond =4
10 internal electrons (1s, 2s, 2p) =10
Total =14

The atomic number (number of positive charges)
is 14. Therefore, there is no formal charge.

The intermediates have the structures similar to that reported in answer to problem 3.51 for

aldehyde (Nu = -OH or —-NH,).

OH ~OH
OH \+/H
HO N—
OH I ~H
o)

48



3.55

There is no structrure possible
N—O: inthe nitro functional group

o V4 " without a charge separation,

T e that is, without a formal charge.

~
~

N:Q:

Charge separation is a destabilizing effect and might be the source of connection between
formal charge and explosive power for nitro groups.

3.56

The region around 1700 cm™ corresponds to C=0 stretching frequency. In glucose, this
band is almost absent because the ring conformation is the most favored, while galactose
which has a significant proportion of opened form, would give a stronger band in the 1700
cm’' region.

3.57

OH
OH OH OH ‘NU
0 OHK .}
HO OH HO H N

OH OH in vivo
O nucleophiles
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Chapter 4

4.1
See answer to problem 3.53.
4.2
15P: 1s225%2p%3s%3p°
Accounting: 1 electron from each bond =4
O/ 10 internal electrons (1s, 2s, 2p) =10
\ | Total =14
+
O—P— O\
(|) The atomic number (number of positive charges)
e is 15. Therefore, the formal charge is +1.
sB: 1s%2s22p!
Accounting: 1 electron from each bond = 4
O/ 2 internal electrons (1s) =2
\ | Total =6
O—B— o\
(|) The atomic number (number of positive charges)
e is 5. Therefore, the formal charge is -1.
4.3
:C=—0: :c—0: Inboth structures, carbon
- B violates the octet rule.
D B S SN SN
obeys the j
octet rule violates the
octet rule
4.4

N

C

/

There are three covalent bonds surrounding a carbocation, accounting for a total of six
electrons, therefore the number of bonding electrons belonging to carbocation is three. Of the
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four protons in the nucleus available for the valence electrons in a carbon atom, only three
compensate the three bonding electrons, leading to a positive charge.

This positive charge and the formal charge are the same. Furthermore, carbocations do not
obey the octet rule.

4.5

n -bond

Py Aldehyde carbon
- 2 .
@c bon@ sp> three sp” orbitals

- one p, orbital with one electron

sz% O Qsz which overlaps with py of O to give
sz <___> the mt-bond.
- planar geometry

Carbocation
@ - three sp? orbitals
C@ sp? - one py orbital (empty)

sp2@ O - planar geometry

sz

The aldehyde group carbon atom and the carbocation have the same type of hybridization
(sp?), then the same geometry (planar), but differ on the character of py orbitals.

4.6
Py
. @ In a carbocation, the p, orbital is empty and
"c,C+ is left out of the hybridization. Therefore,
/ the carbocation exists in the xz plane
O (sp? hybridization ).
4.7
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W (a) X\\\\ _Z (a)
|) X///’I, + Y
X\\\\‘C_Z —_— » /C_Z B n

Y Y X

‘ (b) "
.. T_Z (b)

w
w

(racemic mixture)

The intermediate carbocation is planar, allowing the lost group(W) to attack at both faces,
therefore yielding racemization.

4.8

Isoborneol (alcohol) and camphene (alkene) have different formulas. Therefore, they are
not 1Isomers.

Tetrahydrodicyclopentadiene and adamantane are structrural isomers (same formula but
different connections through atoms).

4.9
CH /l_|
CH 3 H—
HaC __CHs g7 H S H
H /C\ CH H \ /CH3 \ \C/ CH
\C /H C\/ ’H3_ H\C, ’C\C/OH H* H\C, - \C\/ 3
\C—/-C__=H_, N — H_ /_c ./ cH,
H”C—C H N\ /_aCa H - H0 cC—/
/N \oH £/ SH R S
H W H H H H H e
isoborneol camphene
H\ /H H
—c- v~ / : ~ H
H—C C—¢ strongacid  H{-|-c—H |
H ~ —_— >
H/ H /C\ |-I\C//C/\C—H
H H H H H
tetrahydrodicyclopentadiene adamantane

Removal of one molecule of water from isoborneol gives the following compound, which
is a structural isomer of camphene:
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H
4.10
. 4
=5 OH 6
4 1 2
1 2
3
boat conformation (C1-C6) boat conformation

8
7 10
6 4

1

2 3

- chair conformations
(C1-C6) and (C1, C2, C9, C8, C7, Cb)

boat conformation

- six membered ring
(C4, C5, C6, C7, C8, C10)

The boat conformations suffer torsional strains.

4.11
Yes. Adamantane

4.12
Not within the rings. However, all the CH3 groups can undergo conformational motion and
also the OH group.

4.13

-OH c—=cC
N
hydroxyl alkene
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4.14

The only atom in the first row of the periodic table, in organic structures is hydrogen,
which obeys the equivalent of the octet rule. It combines with other atoms in such a way that
each H atom has two electrons in its valence shell, giving the same electron configuration as
»He (2 valence electons).

_Cc—H N—H O0—H
4.15
Py
p CH Py Py
CH Y 3
O e H CH, H H
2 C—ConmH = . .
H\n"“
7N Hy H H H H H
H H
H CHs
eclipsed gauche anti
4.16

The eclipsed conformation will suffer torsional strain not present in the gauche and anti
conformations.

R Opv r()™ R By R
Q- |
e G ——C sonn, - .
i =,

Py
eclipsed gauche anti

4.17

In the eclipsed form, R and py are in a favorable position to allow the 1,2-shift of the R
groups, which is unlikely in the anti or the gauche orientation.

4.18
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Yes. More branched structures for CoHyg could be:

Lk AL

We will draw n-nonane and a few branched structures of formula CoH»g

n-nonane 2-methyloctane 2,6-dimethylheptane

S A Ak

2,3-dimethylheptane  2,3,4-trimethylhextane ~2,2,4,4-tetramethylpentane
The isomers with the highest “octane number” should be the most branched ones.

Therefore, 2,2,4,4-tetramethylpentane has the highest “octane number” and n-nonane
(linear), the lowest “octane number”.

4.20

55



OH
/\/\/\/OH )\/\/\ /\/\/\
OH

n-heptanol 5-methylhexanol 2-heptanol
OH OH
/\)\/\ )\/K/ OH )\)\
4-heptanol 2,4-dimethylpentanol 3 4-dimethyl-2-pentanol

Highest "octane number": 3,4-dimethyl-2-pentanol
Lowest "octane number": n-heptanol

4.21

H: 1s2 %"»

H™ has two electrons in 1s orbital and acquires therefore the electron configuration of the
nearest noble gas (He).

4.22
Ol L
H NN - 0\/\
, + Ao
n-pentane \
+
(CH;),C-CH-CH; = )N/ OJ\/
~— +
H
4.23

Let do it for a terminal carbocation in n-octane
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n-octane 2-methylheptane 2-methylheptane 2-methylheptane

CeHy7-H (R-H)

(R-H) (R-H) (R-H)
 —
—_— ) —F H +'/_\
H
+
+ H + +
+
R—H‘2_< .
- +
- + -~ -
2,3 4-trimethylpentane H ‘%Hr/i
(R-H) (R-H) (R-H)

2,3-dimethylhexane 2 3.dimethylhexane  2,3-dimethylhexane

4.24

The intramolecular 1,2-shift moves the positive charge from one position to another within
the same molecule, while the intermolecular shift transfers the charge from one molecule to
another. The two processes would greatly differ in the entropy change since one involves one
molecule and the other two molecules (see section 9.5 in chapter 9).

4.25
Br
N
secondary Br-
carbocation
(b)
H N H @
Br ~ CHy* , ~Chs Br CHs
-Br J (a)
(b) Br-
primary tertiary
carbocation carbocation
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Loss of Br’ leads to a primary carbocation (less stable), which can undergo 1,2-shift of H"
to give a tertiary carbocation (more stable) or a 1,2-shift of a bond of the 4-membered ring
leading to cyclopentyl cation (less strained).

4.26

H
[ i <
Br -
- CH
%\/ = %QC He' %\ ’

Br-
Br

The opening of the ring is less likely because of the lack of strain in the six membered
ring.

4.27

1)

7&/ Br -Br~ ’ 1,2-shift Br~
G \/ * '

Br
primary tertiary
carbocation carbocation

Loss of Br’ leads to a primary carbocation (unstable), which undergoes 1,2-shift of a CH;
group to give the more stable (tertiary) carbocation.

2)
%\’2 r = %\/ Br %\(Br

tertiary
carbocation

Loss of Br” leads to a tertiary carbocation. Shift of a CH; group would lead to the same
carbocation. Therefore, the final and the starting molecules are identical. Rearragement
would not be detected.

4.28

58



secondary
) carbocation
-Br + 1,2-shift
L Br
+
H

H
primary 1,2-shift
carbocation
— Br )«\/
CH3-CH2-C(CH3)2BT = 4\/
B tertiary
r carbocation

The data in Fig.4.9 show that tertiary carbocation is the most stable, followed by the
secondary, then by the primary one. This explains the formation of the more branched
bromide.

The roles of 1,2-shifts are to convert the less stable (primary) carbocation to the most
stable (tertiary) one. All 1,2-shifts, in this case, involve only hydrogen atoms.

4.29
Y 6
H
3 7
1
4 5 5 1
4.30
v HaC HsC
/C_Cy H+ N+ 3 AN +
HsC C—CH, + CH—CH
H5;C ) CH, H,C \CH
te{)uary‘ secondary °
carbocation carbocation

(the most stable)
w\ ?r
HsC—C—CH,
| \
CH;, CH;

The addition of an electrophile (H") to an alkene leads to the most stable carbocation
(tertiary in this case).
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4.31

Diesel fuel Gasoline
- linear hydrocarbons - branched hydrocarbons
(low octane number) (high octane number)
- requires a compressive force to ignite -  requires a spark
the fuel (high compression ratio) (low compression ratio)
- no pre-ignition problem - pre-ignition when low octane number

hydrocarbons are present
- no knocking problem - knocking due to internal combustion
- lack of tetraethyl lead (C,Hs),Pb - contains (C,Hs)4Pb to reduce knocking

which is ignition from the kind of
compression occurring in a Diesel engine

- less energy is required to break C-H - requires higher energy to break C-H bonds

bonds (fewer CHj; groups) in CHj groups, therefore spark is necessary

4.32
K
+ -
H-CEN + H0 HO + fcaN k= equilibrium
constant
_ [H30*J[CNT] _ o 109 . . = = =
K[H,0] = HONT Ka= 107"; @#®= +9; [H,0] = 56 M (1L H,0O =1000g/18 = 55.55 mol)
1077 ~11

K=—=1810

56

K<<1, therefore, HCN is a weak acid in water.

4.33

HCl + H0 = H;0" + CI” Ka =10

CH;COOH + H0 = H,0" 4 cH,c00™  Ka=108

pKa (HCI) = -7 <0 < pKa (CH;COOH) =4.8.
HCl is a strong acid while CH;COOH is a weak acid.
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4.34
Yes. Because the weaker the base, the stronger must be the acid to be able to donate a

proton to this base. Therefore, the strength of an acid depends on the base it reacts with. For
example, hydrochloric acid is a stronger acid in ammonia than in water.

HC1 + HO H3O+ + Cl™  variation in pKa =+5
acid base acid base

pKa=-7 pKa=-2
HCl + NH; NH; + CI7  variation in pKa=+16
acid base acid base

pKa=-7 pKa=+9

pKa values are solvent dependent and the values reported here refer to acqueous solutions

only.

4.35
H,O + CH;COO~ (possible)

pKa=15.7

CH;COOH + OH™
pKa=4.8
CH;COOH + €I ——— HCl + CH3COO™  (impossible)
pKa=4.38 pKa=-7
Every acid would be able to donate a proton only to conjugate bases of acids with higher

pKa values.
4.36

The left-half of the molecule is in the (x,z) plane, while the right-half is in the (x,y) plane
Therefore, the two double bonds of an allene belong to two perpendicular planes.

4.37
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sp orbital

H-C=C-H H-C=N:

- hybridization: sp
- geometry: linear

4.38
g H
2 H H H
e=c" \c =
nd \H g \H
x (xz) plane (xy) plane
Z

4.39

The reactivity of aldehydes arises from the weakness of the m-bond in combination with
the electronegativity difference. In the case of alkens, although there is no electronegativity
difference effect, the C=C bond can easily form a dipole when brought in proximity to an
electrophile (electron deficient entity), therefore causing the breaking of the rt-bond.

8" ¢ &
\C—_ICHZ \
~mn ! /
. E

o
C——CH,
\

The pair of electrons forming the nt-bond is
attracted by the electrophile (dipole induction)

4.40

According to Markovnikov’s rule, in the addition of an entity (HX) to an asymmetric
alkene, the electrophile (H") would bind the less branched double bonded carbon atom,
therefore leading to the most stable carbocation.
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Hs;C HsC CH,4

+

Na N |
/C—CHZ + H—CI Y —CH3; H3;C—C—CHj3;
H3C HsC (|:;|

:Cl:
Addition Markovnikov
(non symmetric alkenes)

H,C—=CH, + H—Cl ———  H,C-CH,CI

H
CHyCH;—C—CH

H,C—C=—C—CH H—Cl
¥ H H 3t &

In symmetric alkenes, addition of HCI would not reveal if the addition follows
Markovnikov’s rule.

441
Step 1
H3C\ H* HsC
/C —CH, \CH —EHz Initiation
H;C HsC
. . less stable
anti-Markovnikov's rule carbocation
Step 2
HsC HsC CHs,

+ .
/CH—CH2 - - \CH-CH2— CID—C+:H2 Propagation

HsC HaC (LH \
3

H3C\ less stable
C=—CH, carbocation
Hs;C
Step 3
H3C cl:HS . H3C\ $H3
/CH'CHz—f— Hy ——— CH-CH,—C—CHj
HsC CH3 H3C CH3
he H (2,2,4-trimethylpentane)
3 .
C—CH, HC
HsC C—ChHg
H3C
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4.42

i
H3C—(|)—(|3:CH2
CH; H
HaC HsC
N H' - HY N
CH—G=CH, HsC—C—C—CHjs3 =G CH,
H3C (l;H3 |l| H3C
3-methyl-1-butene 2-methyl-2-butene

The Markovnikov’s rule allows the formation of the more stable (secondary) carbocation.
Subsequent loss of a proton from the adjacent more substituted carbon atom leads to a more
substituted alkene (thermodynamically favorable).

Hs;C H
3 H MO T,
CH-CHyCH=CH, — CH-CH-CH-CH,
HaC e
4-methyl-1-pentene 3 Uit
,2-shift
H
HSC\ H NH T
C=IC_|)—CH2CH3 HSC_$_9_CHZCH3 — H3C_C_|C-|;:CHCH3
H302 CHs (|3H
-methyl-2-pentene 3

The higher the substitution around the double bond, the higher would be the stability.
Therefore, substituted alkenes are more stable than terminal alkenes.

4.43
H3C\ C|;H3 CI:H3
C=CH, + H—Br HsC—C—CH; +  HsC-CH-CHaBr
H;C l!%r
isobutylene

tert-butyl bromide  isobutyl bromide
(Markovnikov)  (anti-Markovnikov)
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Free radical mechanism:

1) R+ H-Br RH + Br Initiation
H;C H;C
AN N :
2) C==CH, + Br’ C—CH,Br  Propagation
HsC H;C tertiary radical
(stable)
H3C\ c
) H . .
3) S + H- s 3 + Br Propagation
T OB T B HaC—CH-CH,Br pas
HsC
H3C\ CH
4) L + R 8 Termination
/C CH,Br + Br H3C—CIZ-CHZBr
HsC Br

4.44

a) True. Acoording to either Lewis’s concept (receipt of an electron) or Brgnsted-
Lowry’s concept (loss of a proton).

b) True. HCI has no empty orbital to accommodate a lone pair of electrons, it is a
Brgnsted-Lowry acid.

c) False. H+ has an empty s orbital and can therefore share a pair of electrons with a
donor base.

d) True.

e) True. HBr is able to donate a proton to a host base

f) False. pKa values is related to the strength of an acid and has nothing to do with the
basicity of a given molecule. However, the conjugate base of an acid with a large
pKa is a strong base, e.g. :CHj".

g) True. The smaller is the pKa of an acid, the weaker will be the conjugate base.

h) True. A negative number for strong acids and a large positive number for very weak
acids.

1) True. It can share a pair of m-electrons with a given Lewis acid to give a carbocation.

j) False. Because the transformations of hydrocarbons in zeolite cavities proceed
through carbocations formation (carbocations are Lewis acids).

k) False. They are stable, which accounts for the low pKa of the acid from which they
are formed.

Ho LgmFe
1) False. = ol el

m) True. pKa (weaker acid) > pKa (stronger acid).

pKa < 0 corresponds to high K values.
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4.45

Fig. 4.13
CH,
1) :< H* (if from H,SO,) 2) g\ HyC <
base acid acid base C:s
(Lewis/Bronsted) (Lewis) (Bronsted) (Lewis/Bronsted) acid
(Lewis)
HsC CH
H CH3 H C/\C +, 3
H,C 3
3) HiC—X H3C/ chy
base CHs acid
(Lewis) (Lewis)
Fig. 4.14
a) BF3 :NH3 b) H ! :NH3
acid 'base acid base
(Lewis)  (Lewis/Bronsted) (Lewis) (Lewis/Bronsted)
AICI :6I: !
X 3 = HsC—C. H,0"
/C\ d) 3 \ 2
acid HiC' “CH,  “CH, )
(Lewis) base acid Lewi ?ge )
i ewis/Bronste
(Lewis/Bronsted) (Lewis)

4.46
Yes. The carbocation is the acid (Lewis acid) and the carbon next to the carbocation, which is
the source of the pair of electrons donated to the carbocation, is the base.

Lewis acid
/ +
/-'-Q/\/\/ )\/\/\

/

Lewis base

4.47
Here are some examples in which multiple representations are reasonable.
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1) ‘0=C=—0:

2) H—C=N:<~—— H—C+:N7:

R
N .
3 —Q: \+_ .
) =R AR
H H
4) >N+: \N+_:é:_
o) .o{/ .
5) \C:.Q c—o:
o/ Vel

Some molecules where only one representation is reasonable are reported below.

H
H—(‘:—H /T\H /'.0.'\
lL H H H H

4.48

Yes. Because the positive charge is not concentrated to the tertiary carbon atom. Part of it is
distributed between the three equivalent CH3 groups.

5* | H*
H3C\ 5T &t H—C H,C
C——CH [ N
/ 3 H /C—CH3 -~ C—CH,
H3Ca+ H,C H,C
The major density . .
of charge is here Hyperconjugation or no-bond resonance

4.49

No. Because benzene has to be described by necessary resonance structures, by moving the m-
electrons in different positions keeping the atoms unchanged.

H H
H H H H
H H H H
H H
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The true structure is a hybrid of the resonance structures shown above and could be
represented as follows:
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Chapter 5

5.1
hydroxyl
hydroxyl (Primary)
hydroxyl (secondary)
(secondary)
.. OH
HQ{..
160 ”
HO =
. N | |
- ) H cholesterol glveero
/4 estradiol
alkene
phenol hydroxyl o:
CHy "OH
CH;(')'Iil_l stearic acid

W

carboxylic acid

-0,
i \ testosterone allcene
T alkene
ketone 5
—_ oA
conjugated oleic acid
enone
- No formal charge
- No violation of the octet rule
0: O:
.. ‘' <«—— hydroxyl
. ) H
Q . H3C i
amine
thioester amidé 3 o /
gl
:O{ o NH,
diphosphate $ o Fl’:O' N - adenine
T : </ | N (nucleobase, not

.0" N N/) a functional group)

acetyl coenzyme A

phosphate

ether - Formal charge of -1 for some

hydroxyl . .
- No violation of the octet rule

oxygen atoms in phosphate groups



5.2

CHj3
CHj,
cholestanol
53
HsC CHs
HsC | g none
= WH
72
t hemist HaC
no stereochemistry CH5\ O . 0
none
cis/trans CH; H
diastereomers
ony, . (R)/(S) enantiomers
s CH
CHi/ H,C 3
CHs;
0 CH, CHs3 CHs3
OH
enantiomers  H3C . all double bonds
/ (R)/(S) enantiomers are cis/trans
none only cis
5.4

Let’s do it for five of the structures.
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5.5

They are both C,3 fatty acids. Stearic acid is saturated while oleic acid is unsaturated (alkene
functional group). Therefore can be made by the same biological source.
No. they can not be synthesized biologically by mechanism which create terpenes because they
don’t obey the “terpene rule”.

5.6
No. Although its biological source is isopentyl diphosphate, (which obeys the terpene rule),
there have been several rearrangements during the synthesis of cholesterol.

5.7
+AH
Elements in their standard states
-0-0- (-35 kcal/mol, average)
Br-Br (-46, specific) H;C-H CH3 + H-
AH = +103 kcal/mol
-C-C- (-83, average)
-C-H (-99 average)
H-H (-104, specific) H;C-CH; CH;y + CHy
-O-H (-111, average) AH = +88 kcal/mol
-AH
5.8

Because leaving groups are conjugate bases of Bronsted-Lowry acids.

e T

conjugate base of HCI

The breaking of the bond between a leaving group and a carbon atom does not necessarily lead
to a carbocation. It depends on the nature of the carbon atom, it is bonded to (see for example
Figures 11.13 and 11.14 in chapter 11).
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CH,

heterolytic CH,
M C-Cl breaking + cl
H3C Cl )\/ + .
/ HaC leaving group
J (conjugate base
weak bond of HCI, strong acid)
(high energy bond) /

resonance CHs

He =
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5.10

L +

O=P—0: + H0

=P—OH + H,0

OH

-',QT—F|>:o
OH
The conjugate base is stabilized by resonance

so that the equilibrium is shifted to the right.

i i
0=$=0 + HO o=s=0 + H;0"
OH (|)H
0 o
0=5—0" -'.QT—?:O
OH OH

The conjugate base is stabilized by resonance
so that the equilibrium is shifted to the right.
H,SO, is therefore a strong acid.

5.11

R-OH  +  H)0 R-O: + H;0
alcohol »\
negative charge constrained
only to the oxygen atom
(no resonance)

O
7 P
_ 7
R=C + HO0 R—C, +  HO°
OH 20:7
carboxylic acid
.d:_
/
R—C
N\
o

The conjugate base (caboxylate)is stabilized by resonance.
Therefore, carboxylic acids are stronger than alcohols.



5.12

polar solvent
- o+ C
\ .
good leaving group
o, —— &
OH

(conjugate base of a strong acid)

poor leaving group
(conjugate base of H,0, a weak acid)
Then, the reaction does not occur.

PSS San

good leaving group
(conjugate base of H;O", a strong acid)

The Bronsted-Lowry acid (H") converts a poor leaving group (OH") to a good
leaving group (H,0).

//O
>k CH;COOH >‘\ /K + HC—C
e \
\>-
04 |
reasonable leaving group

5.13
There are other structures corresponding to the resonance of the following entities:

- Amide groups (2)
o) 10
\N)]\ D \ﬁ)\
a A
- Phosphate group
\o AN (‘) \c|)
| o—pP—0 0—P—0:




- diphosphate group

(@) .. .
O\P4o \P/.Q" \P/O . >P<O
- 2N\ .
~07 Yo 0 N . . 0O C|) o ?
0_—1:3:0 J0—P=0 0:F|’—-'.b O:F"_O
0
O O O ~

- Adenine residue

2 2

NH NH
N X N /
N N
</ ‘ -~ </ ‘ <. other less stable
N = N X resonance structures
| N \ N
5.14

A resonance structure is reasonable if it contributes to the stabilization of the structure.

)\/ T /k/ However, more substituted

. double bond is more stable
primary tertiary
carbocation carbocation

(more stable)

- Conformational changes
CHj3

CH, CHs

H CH, H H

R ——

- - mCH;;

H H H H
CHs

H

- Chemical reactions

H +
B — O'P206_3 ()-P2O6-3

- Resonance structures
0] o

O,
CH3—C/ CH, C/ 5 © ©
.- N\ T
(0]

This metaphoric view fits the resonance concept because the more the distribution of
electrons, the greater would be the stability of the structures.
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It also fits in that the atoms are in constant motion associated with vibraional motions and bond
angle motions (scissoring)

5.15
Let’s consider:

N N

Hyperconjugation

No. hyperconjugation could not be reasonably applied to uncharged hydrocarbons (no empty
orbital for accommodation of electrons).

5.16

The double bond C=C and —S~ of cysteine residue can be viewed as Lewis bases ( donators of
electrons), while the —O-H group of the glutamic acid residue and the -CH; next to the
carbocation can be considered as Brensted-Lowry acids (donators of protons).

5.17
Yes. In step 1, the leaving group is the glutamate residue (the conjugate base of glutamic acid
residue), while in step 2, the leaving group is dimethylallyl diphosphate:

\K\/O-onb:3

Note that leaving groups are generally weak bases, the conjugate bases of strong acids.

5.18
WO-PZOG_S Y\‘F + P207_4
no resonance
Enzyme (unstable)
A~ _(op,04° % + P07

carbocation stabilized by resonance and therefore more easily formed allowing
reaction by loss of the P,O,™ group.
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5.19

/ O- P206'3 (o)
N 0-P,0478 I

C
+ — -
O — ’1{ \O
(72/}';\ glutamate
OH B residue
glutamic acid ?
residue «.‘,2/ C N
0]
5.20
Yes.
+ H
H
/ O-P206-3

The hyperconjugation would facilitate the departure of the proton in the presence of base.
5.21

»CHs
CH

4 oy pro<(S) 2§t .

H OH 3H\\\)\1 prO-( )

3
I-!\ / 4 OH

priority to this priority to this
hydrogen atom hydrogen atom

The two hydrogen atoms are enantiotopic.

5.22
S X
&S identical
> SN
N & A
& s @) ne S
& ¢ HOHZC\(CHZOH
H H
!

(b) The two hydrogen atoms on the central
carbon atom are identical.

identical

(c) The two Hs on CH,OH are enatiotopic
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Since enzymatic reactions are stereospecific, the enzyme would be able to distinguish between
the two enantiotopic protons of the CH,OH group. But, it could not distinguish between the two
CH,OH groups because they are identical.

5.23
HsC, Yeast reduction CHs The product is optically active because
”'C=O - , the faces of the carbonyl group are
7 dat ''H enantiotopic and the enzyme would prefer
D oxidation D™ Ny tiotop t yme would p

one face over the other.
(chiral)

Enzymes are specific, therefore in the oxidative process, the enzyme will catalyze only the C-H
breaking, the reverse of the reduction step.

5.24
(IDH
Citric acid: HOZC—CHz—(ID—CHz-COZH Q\Q .Q\Q
COH N &°
& 0@
& &
N ¥
—h— —
OH
H \H H \H
Q, WY N <
S, (HO,C-H,C" )\ *
%\ HO,CH,C oM HOC COH
En HO T CO.H
O,
'% prochiral
The Hs are related as diastereomers because
the central carbon atom is prochiral.
5.25

One example is given by the answer to problem 5.24, where the two Hs of CH, groups of citric
acid are diastereotopic. Other examples could be the protons on the B-CH; group of amino acids.

Chiral center: (R) or (S)

The chiral center causes
y| them to be diastereotopic

5.26
Both chemical processes involve Lewis acid-base reactions in which the carbocation
intermediate (acid) adds to a double bond C=C (base)
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W/\/xﬁ/\/ O'PZOS_B WOJDZOS%
+  +
W ><\+’/

top

5.27

HsC, N
‘%, . o

H

H3C } CH2

bottom”™Y"

The faces above and below the plane of the C=C double bond are enantiotopic. Therefore, the
enzyme would prefer one face over the other. As a result, only one enantiomer is formed.

5.28

The two m-electrons are distributed

in three p-orbitals. Therefore, the
C=C bond is intermediate between a
C-C single bond and a C=C

double bond

E (C—C) < E(C==C) < E (C=C)

E is the energy of activation (section 6.11) necessary for the rotation

CH, CH,
H+
B —— R —
E CH, CHs
H he HsC

secondary
carbocation

5.29

The carbocation formed from C;-Cg ring closing (Fig 5.13) is tertiary and is therefore more
stable than the carbocation formed by C,;-C; ring closing (secondary carbocation).
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5.30

All electron deficient entities ( carbocations or H") reactions with double bonds (C=C) lead to
the more substituted carbocation, which lead to terpene structures following the rule as seen in
Fig.5.12.

5.31
VI enantiotopic
. rotons
l resonance Markovnikov's rule P
OP,0¢3
W/\/ /2 6 Y\ . P207’4 o
excellent / OP,043
leaving group terpene rule
Lewis acid/base
reaction \
3
AN = OP,047°
]2 4
1
5.32

-3 -3
)\/* s S OP,04 A s S OP,05
2 4

isopentenyl skeleton geranyl diphosphate farnesyl diphosphate

squalene * * 1/2%
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5.33
As seen in Fig.5.18 and 5.19 lanosterol does not obey the terpene rule because of
rearrangements.

5.34
H
H H 2
HA == H H torsional strain
H ‘ H H (eclipsed form)
cyclopropane
W &
@) k The two lone pairs are in eclipsed
H, = ‘. form with the hydrogen atoms. This
ﬂ.% generates a torsional strain.
H
ethylene oxide
5.35

Yes. The bond angle in cyclopropane and ethylene oxide is ~ 60°.which is far from the
tetrahedral angle. This causes the bending of orbitals forming the bonds between atoms in the
ring, leading to “banana-like” shapes.

H Banana bond
(bent bond)
7
H H
H ""

n-bond
(weak overlap)

5.36

o-bond (strong)

(maximal ovelap) @ @

“, W .,
“c>c '‘c——C
7 N\
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The o-bond results from overlap of orbitals in the direction of internuclear axis, while the n-
bond is formed by overlapping two orbitals perpendicular to the internuclear axis. The three
membered ring bonds are intermediate (see direction of bent bonds in 5.35)

5.37

Yes. The large reduction in bond angle in ethylene oxide causes a change in hybridized

orbitals due to increased p-character in the O-C bonds and increased s-character in the lone pairs.

As a result, this would decrease the basicity of the oxygen atom because the lone pairs of
electrons are more strongly related to the nucleus of the oxygen atom and less available to a
proton source.

5.38
| |
o greater than 109.8°
\\\\039.8 H C"\\ul'C\/
Y[ T 2 & H
H C
Hy

Yes. Considering a perfect tetrahedron(109.8°), forcing one angle (C-C-C) to close would
cause another (H-C-H) to open. Therefore H-C-H > 109.8°.

Yes. The small ring angle (60°) leads to an increased p-character in C-C bonds and an
increased s-character in C-H bonds. The C-C bonds have n-character (problem 5.36)

5.39
In forming lanosterol from squalene oxide, carbocations are involved in :

- Addition reactions with double bonds(Fig.5.18)

more substituted carbocation
(Markovnikov's rule)

- 1,2- shifts of H and CHj3 groups (Fig.5.19)
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CHj

+§/ step 1 \//T/H g step 3 \‘\1/’/
7
_~—-H Fig.4.19 AL D Fig.4.19 P

-~

- ~ - ~ - ~ - ~

0 CHs
All carbocations are tertiary (stable)

Except step 4 (Fig.5.18) which follows anti-Markovnikov’s rule, all other reactions take place
in the way of forming the more stable carbocations.

5.40
The addition in step 4 (Fig.5.18) does not obey Markovnikov’s rule since it leads to the less
stable carbocation (secondary).

l l
l , l
(A‘ +
secondary
HO HO carbocation

Although the less stable carbocation is formed, this route is preferred to one extent because the
five membered ring obtained through Markovnikov’s addition would suffer from ring strain
(torsional strains). However, there are other reasons associated with the final structures of the
steroids formed.

541
Because all steps involved in the synthesis of lanosterol from squalene are intramolecular

reactions and squalene is a large flexible molecule with many conformational states of which
only one is chosen for rings closing.

VN
e
o)

HO

542

R-O is the conjugate base
of R-OH, a weak acid.

R-OH is the conjugate base
of R-OH,", a strong acid.
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5.43

Let’s do it for three of them

cholesterol

CH; ",C H

R

H
3 lanosterol

For conversion of lanosterol to estradiol, we need to:
(a) remove four methyl (CH; + CH3) groups from the
rings.

(b) substitute the pendant group attached to the five
membered ring by the -OH group.

(c) convert the first ring to a phenol ring

(d) saturate the double bond in the second ring

For conversion of lanosterol to testosterone,

- follow steps (a) and (b) for estradiol

- oxidize -OH to ketone (C=0)

- move the double bond (=) in order to form an enone
with the ketone

For conversion of lanosterol to cholesterol,
- remove three methyl (CH3) groups

- move the ring double bond (=)

- saturate the linear double bond (=)
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Chapter 6

6.1
OCH,
0
o OCH;
o)
P on
H
HO
AN OCHj
cinnamaldehyde methyl salicylate vanillin
(from cinnamon bark) (from wintergreen) anethol.e (from vanilla)
(from anise)
None obey the isoprene rule.
6.2

Let’s give some examples

NN ONANANNNS ONONANNNS
(CnH2n+2a n= 10) CnH2n CnH2n-2
ONONNANF
ONONNAN
W = CH, .
CnHZn_4 CnH2n—6
o~~~ ==~ === _~
CoHono C.Ho6 CoHono1o
=== e —
Coon 14 CHpq 18

6.3
The formula of a molecule with a triple bond should be: C,Hz,.»

H-C=C-H (acetylene)

- hybridization: sp
- geometry: linear
- one ¢-bond C-C
- two m-bonds




6.4
Formula : C¢Hg (acyclic)

HC=C=C=C—C=CH,  HCZC—C=C—CHyCH,  HC=C=C—C=C—CHy
H,C=CmC—C=C—=CH, HC=C-CH,-C=C-CHj H,G=C=C—CH,-C=CH
H H;C—C=C—C=C—CHj, H
HC—C=C=C=C=CH, HOZC-CH,-Chy C=CH H,C=C—C=C—C=CH

4 double bonds 2 triple bonds H20=ﬁ_CEC_CH3=CH2

2 double bonds + 1 triple bond

extent of unsaturation = 4

For a hydrocarbon CxHy, the extent of unsaturation=n(C) + 1 —n(H)/2=x+1-y/2
which in this case (x =y = 6) is 4.

6.5

Number of carbon atoms = 27

Number of H atoms for saturated structures (expected) = 2x27+2 = 56

4 cycles (less 2H/cycle) =-8
1 double bond (less 2H/double bond) =-2
=46

Total of H atoms

cholesterol

Taking into account the oxygen atom, the expected formula is: C,7H460.
Cholesterol has a total of 46 hydrogen atoms ( counting) which is in agreement with the

calculation.

6.6
HZC:C:CHz
The formula of allene is: C3H4 which is consistent with the structure with two double bonds

and no ring (C,Hzp2; n=3).

6.7
Yes.

F X - formula: Cy,

- number of insaturations = 11
AN = (2 cycles, 1 double bond, 4 triple bonds

- no hydrogen atom
(ChHap00, n=10) varoe

However, triple bonds are linear. Therefore the structure shown would be impossible.
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6.8
Let’s do it for few of those structures.

5 3
*P "’ sp’ (tet SE dral)
li lanar etrahedra
(1rIear) ® l ) (tetrahedral) l\
‘% _H s < N ONONANAN
c=c=cC NN Z )
7 \ e
H \ / H / sz
sp’ sp? (planar)
s
(planar) (planar) (linear)
o
NS =N ==
z ) / N ¢ >
all sp~ (planar) sp sp> all sp (linear)
(linear) (tetrahedral)

6.9

SERS

There should be two different possibilities since C=C and C-C bonds would be different.
Therefore, they would be structural isomers.

6.10
1) Addition of X-Y

Breaking of the -bond and change of hybridization of the atoms involved from sp* to sp”.

2) Substitution of H by X

c=c~
AN / AN
sz sz

H Xsource \ X

No breaking of the m-bond and no change in the hybridization of the atoms connected by the
double bond.

86



6.11
Because in realty there are no double bonds in the structure of benzene. Two reasonance
structures with double bonds represent a structure in which the 6 © electrons are delocalized as :

© @ The actual carbon-carbon bonds are

intermediate between pure single bond
and pure double bond.

& -0

The delocalization of the m-electrons in benzene gives the molecule a special stability,
aromaticity, which causes a higher energetic price to break the n-delocalized system, which
would happen by substitution.

6.12

1,2,3,5 is preferable because according to IUPAC convention, the sum of the numbers used to
name a compound must be the smallest possible.
1+2+3+5=11 while 1+3+4+5=13.

6.13
Because in disubstituted benzenes, one substituent can be only in 2-position(ortho), 3-position
(meta) or 4-position (para) in reference to another.

6.14
If the positions of double bonds are fixed, we expect to have three double bonds and three

single bonds in the benzene ring. Therefore, there would be two possible isomers for 1,2,3,4-

tetrachlorobenzene

cl Cl

cl cl c “

cl Cl

For the other two structural isomers, the double bond positions would make no difference.

6.15

If the structure of benzene was composed of alternate fixed double bonds and single bonds,
one would expect a distorted hexagon (the double bond and the single bond have different
lengths ). However, the experimental evidence shows that benzene ring is a perfect hexagon
demonstrating that all six carbon-carbon bonds are identical.
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6.16

Considering each carbon atom is sp” hybridized, all three bond angles around each carbon
atom should be identical(120°). As a result, all internal angles of the hexagon should be equal,
leading to a perfect hexagon with all C-C bonds being of the same length.

If the ring plane is (xz) perpendicular to the page, s, px, p- orbitals would participate in the
hybridization and py orbitals belonging to the plane of the page would form n-bonds.

Py Py

y axis

Py Py

6.17

Not quite. The energy released does not arise only from breaking of n-bonds but rather from
the balance between the bonds made (C-H) in such a reaction and the bonds broken (H-H and rt-
bonds). The negative energy evolved means that the bonds made are stronger than the bonds
broken.

6.18
Hydrogenation of the three alkenes leads to the same product( n-butane). Therefore, the
difference in AH is only associated with the variation in their structures.

E
kcal/mol
I-butene
cis-2-butene
trans-2-butene 303

Reaction coordinate
The following order of stability can be made:
(least stable) 1-butene, cis-2-butene, trans-2-butene (most stable)

6.19

The conclusion to be drawn from these facts is that in 1,3-cyclohexadiene, the two double
bonds should be considered as normal double bonds in cis-conformation (-AH =2x28.6 = 57.2
kcal/mol). While in benzene the energy released is smaller than three times the energy of the cis-
double bond because of the stabilization of the structure by resonance(AH;esonance = 36 kcal/mol).

6.20
The free energy of the reaction is: AG= AH —TAS
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AS is the entropy cost arising from combining two molecules, benzene and hydrogen, to form
one molecule and should therefore be negative. Increasing T, the unfavorable term -TAS should
become more positive. As a result, the free energy term (AG) which is negative from the large
negative AH term will become less negative (the equilibrium constant decreases) and the
equilibrium is therefore shifted to the left, toward the reactants.

6.21
By hydrogenation:
OH OH

catalyst
+  3H,

Because both benzene and cyclohexane are six membered rings and under certain conditions,
the hydrogenation of benzene can be carried out with the appropriate catalyst.

6.22
Cyclooctatetraene does not obey Hiickel’s (4n+2) rule (8-m electrons) and is therefore not
aromatic. The four double bonds can be viewed as isolated double bonds in cis-conformations.

X
H, + /ﬁ . "~  -AH=28.6 kcal/mol

4H, + © —_— O -AH = 4x28.6 = 114.4 kcal/mol

6.23

[10Jannulene [12]annulene [14Jannulene
(4n+2 =18, n=4) (4n = 12m-electrons) (4n+2=14,n=3)
would be aromatic but not aromatic and also steric aromatic and planar
not planar because of strain by H atoms shown. although flexible.

steric strain of hydrogen
atoms shown.

[18]annulene

[16]annulene (4n+2 =18, n=4)
(4n = 16m-electrons) aromatic and planar
not aromatic on average.
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[14] and [18]annulenes are aromatic and will therefore undergo substitution rather than
addition.

6.24

Benzene’s structure has no formal charge with the number of n-electrons, 6, equal to the
number of non-hybridized p orbitals. Furthermore, it is a perfect hexagon with internal angle of
120° (no angle strain is present). Most important it has completely filled bonding orbitals, an
equivalent of the completely filled atoms orbitals of a noble gas.

6.25
A perfect pentagon should have an internal angle of 108° which causes some angle strain.
However, the main deviation from the “perfection” of benzene is the necessary negative charge.

6.26
Because the carbocation formed is aromatic with 6 m-electrons, and is therefore highly
stabilized by resonance.

H Br
O=0 O-0O-0O
6.27

The carbocation (C5H5+) obtained by breaking the C-Br bond is not aromatic, 4 n-electrons
(does not obey the (4n+2) rule), therefore, it would be difficult to form.

H Br
i \
6.28

Because the conjugate base of cyclopentadiene (cyclopentadiene anion) is aromatic and is
therefore highly stabilized, while the cycloheptatriene anion is not aromatic.

lack of aromaticity
(4 m-electrons)

9

cyclopentadiene anion cycloheptatriene anion
aromatic not aromatic
(4n+2=6,n=1) (8n-electrons)
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6.29

Cyclopropene cation( reaction 1), cyclopentadiene anion(reaction 3) and cyclooctatetraene
anion(reaction 5) obey the (4n+2) rule and are therefore aromatic, while cyclopropene
anion(reaction 4) and cyclopentadiene cation (reaction 2) are not aromatic. Therefore, they are
less easily formed.

6.30

cyclobutadiene
‘ ’ not aromatic
(4 m-electrons)

Symmetrical cyclobutadiene has 4 m-electrons and is therefore not aromatic. Furthermore, the
four membered ring suffers from angle strain (internal angle = 90°). This makes it less stable and
therefore difficult to synthesize. The two double bonds would act as isolated double bonds and
would therefore be shorter than the single bonds. Cyclobutadiene has been synthesized by
extraordinary methods and the bond lengths measured. The molecule is a rectangle with sides:
1.567 A and 1.346 A.

6.31

The numbers given for “y” obey the (4n+2) rule and therefore represent the number of =-
electrons required for aromatic character.

These “y” electrons would be filled only in molecular orbitals with positive (bonding) or zero
(non-bonding) level coefficients, which are the only ones responsible for the aromatic character.

6.32

The (+) signs designate that the corresponding molecular orbitals are more stable than the
original atomic orbitals, while the (-) sign means that the corresponding molecular orbitals have
energy greater than that of the atomic orbitals. Only the electrons filled in orbitals with positive
(bonding) and zero (non-bonding) signs contribute to the aromatic character of a molecule.
Molecular orbitals with negative signs (anti-bonding) act to disrupt the potential aromatic
character.

6.33
Let’s ignore the sugar phosphate units.

NH .
2 does not contribute
to the aromaticity HaC

Ny

contributes to
the aromaticity

O O.

| y | contributes to
contributes to T .
©) the aromaticity (M) the aromaticity )
aromatic . .
- _ aromatic aromatic
(4n+2=6,n=1) (4n+2=6,n=1) (dnt2=6,n=1)
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contributes to /

the aromaticity NH;
| NF2 N
(A) contributes to contributes to N
the aromaticity the aromaticity |
other lone pairs do not contribute other lone pairs do not contribute aromatic
to the aromaticity. to the aromaticity. (4n+t2=6,n=1)
aromatic aromatic
(4n+t2=10,n=2) (4n+2=10,n=2)
only one lone pair of
electrons contributes
to the aromaticity A N X N
:S:
/ CHs
aromatic aromatic .
(4n+t2=6,n=1) dnt2 =6.n=1 aromatlc
( ’ ) (4nt2=6,n=1)

Lone pairs of electrons in sp’ orbitals contribute to the aromaticity while the ones in sp
orbitals do not affect the aromatic character.

6.34

Fig. 6.13 Fig. 6.14

Base/nucleophile Acid/electrophile Base/nucleophile Acid/electrophile

+ e
H™ (HCD) :Cl: AICl,

H* (HCI) \ "

H* (HCI) :

H* (HCI)

7D

H* (HCI)

Yes. Bases are always nucleophilic and acids are always electrophilic.
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6.35

Reactions of the two diastereomers (trans-and cis-2-butene) with the proton leads to the same
cabocation intermediate:

+ + H* N
cis
trans
and would therefore give the same product by subsequent addition of CI'.

Cr
Both faces of the carbocation are enantiotopic
H3C,"'+ and addition would lead to formation of a
racemic mixture (equal amount of the two
H T enantiomers of 2-chlorobutane).
Cr
6.36
A
~ e > /H
; G 7
CHz;—CH=CH, CH3—CH—CHj _.C. -C.
, _ H™ >C” H
propene isopropyl cation |l| benzene
CH, CH
CH SNey— ~Ms
3\CH/CH3 (l:H CH, /CH3
[ H G H CH CHs
H. .C. .H NOlol ! /
~C I I H. .C._._-CH
i .C._C. c e
n-C~c*Cyy H* >C” "H & ¢ oM
; 2 g
CHy~  CHs H
cumene para-diisopropylbenzene  ortho-diisopropylbenzene

d—0—0
i3
S S

93



The proton lost in the last step should be the proton on the carbon atom adjacent to the
carbocation so as to restore the aromaticity of the system.

H H
H
HC1 H - HCl
— > —> etc.
-H* for other double bonds
(di- and trichloroproducts)

step 1 )\ step 2 %\
/\ + H* Addition

6.37

6.38

nucleophlle

electrophlle

step 3 \© step 4 @ Substitution
+ +

a) Step I versus step 3
Alkenes are good nucleophiles ( isolated double bond) while benzene is a poor nucleophile
due to the resistance to interrupt the 6 n-electrons aromaticity. As a result, step [ is faster than
step 3 (higher energy of activation)

b) Step 2 versus step 4
Isopropyl cation is highly reactive (electron deficient) while phenyl cation is stabilized by
resonance and would therefore become less reactive. However step 4 is driven by the returning

aromatic character so that both 2 and 4 could be fast.

6.39

(a)

Y

1,2,4-triisopropylbenzene

O equivalent

Para-diisopropylbenzene is symmetrical and the four available substitution sites are
equivalents. Therefore, the attack of a third isopropyl group would lead to a unique product:
1,2,4-triisopropylbenzene.
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(b)

1,2,4-triisopropylbenzene
*
*

O equivalent
% equivalent

Although ortho-diisopropylbenzene has two different positions available for electrophilic
attack, mostly 1,2,4-triisopropyl derivative would be obtained. The other product (1,2,3-
triisopropylbenzene) is less likely to form due to steric strains generated by three isopropyl
groups in close proximity.

steric strains

1,2,3-triisopropylbenzene

6.40

1)

Reactionl: k; = AeFRT,
Reaction 2: k, = Ae TR, T,=T, + 10
Let’s assume : E, = 20 kcal/mole; T; = 298K ; R = 1.984 cal/mole.K
ko/ky = BRI =VT) = Bxp [-20000 (1/308 — 1 /298)/1.984 1=2.999
ky/k=3
Increasing the temperature by 10°C, the rate constant increases by a factor of 3.

2)
Reactionl: k; = Ae™, /RT

Reaction 2: K, = Ae ™%,/ RT

Ea; =20 kcal/mole; Ea,= 25 kcal/mole; T =298K
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ki/ky = e F)RT = Exp [-(20000-25000) / 1.984 x 298) ] =4707.52
kik,=4707

Increasing the energy of activation by 5 kcal/mole, the rate constant decreases by a factor of
around 4700.

6.41

The limiting step (rate determining step) is the interaction between benzene or deuterated
benzene and the isopropyl cation. Since this step does not involve the C-D or C-H bonds, it
would have similar energies of activation for both substrates. The next step, which involves
breaking of the C-H or C-D bond is so much faster than the first step that the rate is not affected
by the Eact difference for C-H versus C-D.

6.42
1)
Cl .
/\ + AlCl;, — "~ %t AICl, Only one carbocation
is formed
AT 5
N
2)

_ more stable
AICl,

* 4 1,2-shift
"¢ + AClp ———> : N

+

/\/ ——
4O O
(1-methylpropyl)benzene

n-butylbenzene .
(major product)

Two butyl carbocations are present (1,2-shift) and would lead to two butylbenzene derivatives.

6.43

The acylium ion is stabilized by resonance and no rearrangement occur because there is no
open p orbital on carbon. The resonance structure with the positive charge on oxygen (reaction 1
below) is important (see the answer to problem 6.44).
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@q q ©)k/\ @)k/\
Q)V [Ha] N
reduction reductlon

n-butylbenzene

There are other methods for the reactions in 3).

6.44
n-bond
Py p? py sp?
H @ @ py is partially occupied due
H,C—O=—0" to resonance stabilization,
% therefore preventing 1,2-shift.
[ O W
py py
) U
H —C.. ok 1,2-shift ~ H, In a carbocation, the p, orbital
HyC g he” C—CHs 5 completely empty and could
O\ sp? : 6 accomodate a pair of electrons.
6.45

In multialkylation of benzene, the major products obtained are the ones from the most stable
intermediate carbocations. For example in the reaction of isopropyl cation with cumene, the
ortho- and para- derivatives are the major products due to the higher stability of one of the
resonance structures of the carbocation.

H
H
tertiary carbocations

They give the major contribution on the resonance structures.
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Meta-substitution constrains the positive charge only to secondary carbon sites. As a result,
the energy of activation would be greater than that of ortho and para.

+ +
- -
H H T H

All carbocation are secondary

6.46

N+
N=—0

/
o
-NO; is an electron withdrawing group (positive charge on the nitrogen atom)

1) Para derivative

0 0%

highly unstable
(charge-charge repulsion)

- O4+\

2) Ortho derivative

o ) o
T 0 H
+ N\\ H / N\\
O «=—>» N «—» (@]
N\
(@]
e

highly unstable

3) Meta derivative

ﬁ 61 %H\
N/O ) ¥ N/O ) N+/O _
It It Il

o) o) o

No charge-charge repulsion



Stability of the meta intermediate is greater than that of the ortho and para intermediates.
Therefore, the major nitroproduct is meta-nitrocumene if the synthesis is carried out from
nitrobenzene.

Nitration of cumene, on the other hand, would yield ortho- and para-nitrocumene as predicted
by the resonance structures of the intermediates:

NO,

H
NO,

6.47
The rate of a chemical reaction is proportional to the concentration of the reaching molecules

(section 6.11) as:

g el Qi dtid i

Griesis

FFFRATATD] oc [

iz

For reaction with cumene, k is larger than for reaction with benzene. However, if the benzene
concentration is made large enough it can overcome the larger k for cumene, which would have
caused more multialkylation.

6.48

escape from
zeolite
trapped in the zeolite with

high concentration of H*
A

N

In zeolite

I

in and out of
the zeolite
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6.49

major contribution due to stabilizing
effect of the isopropyl group

G G
S SR S
S & A

ortho

NO,
major contribution

éH

The carbocation intermediate is more stable in ortho / para addition than in meta due to the
large contribution of the tertiary carbocation. Therefore, ortho / para substitution is favored.

meta

1y
highly unstable due to withdrawing effect of
the NO,, (charge-charge repulsion)

O.+_ 0O
SN NO, NO,
ortho NO, NO, NO,
H «—» H <-—> H
+ +
NO, NO, NO, NO,
+ N02+_para © - > ;j - » @
+ +
H H H
NOZ N02 N02
highly unstable
NO, NO,
+
f "NO,

KH

less destabilizing effect of NO, on the positive
charge. Therefore, meta substitution is favored.

NO,
meta
I - + -
+ 4 NGz NO
H
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2) Same as reaction 1.

3)

CCl,

highly unstable due to
withdrawing effect of the CCl;
1
s oY 3
Cl Cl
5t CC|3 CC|3
ortho NO, NO, NO,
+ +
CCly CCl, CCl,
NO,* —| para @ Q @
+ +
H H H
N02 N02 N02
highly unstable
CCl,

|

CC|3 CC|3
meta +
> + -
+ N02 H N/OZ

KH 1 No,
N

less destabilizing effect of CCl; on the positive
charge. Therefore, meta substitution is favored.

4) Same as in reaction 2

Note: Another way to solve this problem is to look at the electron density at the ortho, para
and meta-positions of the starting aromatic compound instead of looking at the stability of the

0\6/

H
NO,

carbocation intermediate.

For example:

are particularly unstable. Therefore, meta is favored.
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\+/o Ot /o \*/0

5-5-6-0

The resonance effect only decreases the electron density at the ortho- and para-positions.
Hence these sites are less nucleophilic and so the system tends to react with electrophiles at the
meta-position.

6.50
Isopropyl group is larger than methyl group and would generate steric strains with the ortho-
substituents.

6.51

Isopropyl substituted cyclohexane favors the equatorial position more strongly in order to
reduce the steric strains which strongly destabilize the axial-orientation. This is consistent with
the experimental fact discussed in answer to problem 6.50.

6.52

NO,, CCl3, CO,H (deactivating groups) are electron withdrawing groups and would therefore
decrease the electron density on the ring through resonance or inductive withdrawing effects;
while ortho/para-directing substituents such as -CHjs,-isopropyl, -NH,, -OH are electron
donating groups and would therefore increase the electron density on the ring ( activating effect).

H, ?C \ N (o]
activating effect  deactivating effect deactivating effect
6.53
NO,
CH;
O,N NO,
TNT
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Trinitrotoluene (TNT) cannot be synthesized from nitrobenzene because -NO; is a meta-
directing group. It can indeed be made from toluene.

CH3 CH3 % CH3
*
s N NO,
+
NO, \*
2 |NO," 2 INO,*

CH3
- % o CH;
N
N Oz 2 0N NO,
+
\ NO,

% cooperating effects because CHj is orto/para-directing and NO, is meta-directing.

& A

3,5-dinitrotoluene
® favored by CH; and highly disfavored by NO,
@ disfavored by CH; and highly favored by NO,

P4

9
6 —
o

CH3 Cl ----- AlCl,

X

conf hctmg effects

Insertion of the third -NO; group is extremely difficult due to the large electron withdrawing
effects of the two -NO, which strongly decrease the electron density at 2-, 4- and 6-positions.
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6.54

Sp?>
2\\ 8+ 6,
Sp H3

;’ 8"0CH,
5 ortho 5" ortho Sj) ortho
(higher electron ~~ (lower electron v (lower electron
density) density) density)
para . para ) para
(lower electron density) (higher electron density) (higher electron density)

F and O are more electronegative than C, while sp’® hybridized carbon(CHs) is less
electronegative than ring sp> C (carbon atoms with larger proportion of s character are more
electronegative because the s orbital is closer to the positively charged nucleus). As a result,-
OCHj3 and -F are electron withdrawing groups via an inductive effect, while -CH; can be an
electron donating group. Since inductive effects depend on the distance, the effect would be
stronger in the ortho than in the para position. Therefore, toluene has more electron density at
the ortho position than fluorobenzene and anisole.

The overall ortho/para directing effect of fluorobenzene and anisole arises from the
importance of the following resonance structures:

.o LX) . CH3 CH
1 F: TF: ‘o7 e
i i |
H H H H
N02 Noz N02 N02

The inductive and resonance effects of F and OCHj; groups act in opposite directions.
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Chapter 7

7.1
The biological reason is that cell membranes composed of increasing proportion of
unsaturated fatty acids remain fluid and can therefore act as gateways at lower temperatures than

membranes composed of higher proportion of saturated fatty acids. Animals and plants operating

at lower temperatures therefore require higher proportions of unsaturated fatty acids.

7.2
Yes. In most cases reported in Fig. 7.3, the proportions of unsaturated fatty acids are higher
than those of saturated fatty acids for vegetables and fish compared to warm blooded animals.

7.3
Let’s do it for three of the structures:
2 CH %%
sp 3 oL (blang
(planar) CHz (|:Hz ")
l CH, Y _H
CH, _H sp?
CH, _CH, CH, o, ¢ Il @
CH 2 lanar C—
CH3/ “CH, [2 \<|:H2 CHs \/CH2 [ \\ @) sp? (planar) 5 H
CH, CH, CH CH CH, c%, (planar) (Z) CH,
—~CHp 2 -~ H X
AN ch cn—;z ch C/Hz e : cle
_CHp .. CH, _ / _CHy
CH2 / CH, CH, sp? CH; sp
(planar) (planar) / (planar)
CH / AN CH CHz
2\C ,OH CH2/ 2 CH2
' sp? \ OH
palmitic acid planar)\‘ CHe— o
(C16:0) Ho, (|)| :
(2)-oleic acid (Z,Z)-Iinoleié acid
(c18:1) (€18:2)
7.4
Fatty acid N° Carbon N° double
atoms (n) bonds (m)
Palmitic acid 16 0
Stearic acid 18 0
Oleic acid 18 1
Linoleic acid 18 2
Lauric acid 12 0
Myristic acid 14 0

The general “structure code” of fatty acids is: Cn:m

C = carbon atom; n= number of carbon atoms; m= number of double bonds
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o]

)\\R

H O
N/
.C

e
OYO OTR'
R" o)
triglyceride
ester of glycerol

R, R', R" can be identical or different

The numbers in the table (Fig. 7.3) leave much unknown because these ratios of fatty acids
may not correspond to single triglycerides but are averages of all triglyceride molecules.
Therefore one is not able to predict the precise fatty acids in any one triglyceride molecule.
Moreover, for some structures, enantiomers are possible, which would arise from substitution of
different fatty acid ester groups at the two —CH,OH groups in glycerol.

7.5
The two protons of CH, groups are diastereotopic and the two CH,OH groups are

enantiotopic.

pro-(R) pro-(S)

\‘\H
~~H

OH OH
pro-(S) \ / pro-(R)

enantiotopic

diastereotopic

7.6
H cis H H trans R
/ p—
c=—c¢ /C C
\ H
R R R

As will be discussed in section 11.3, while trans double bonds allow close packing, a cis
double bond causes a chain shape that disrupt packing of the chains.

m more space means

/\/\ lower density and
/\/\/ /\—/\// or m therefore more fluid
/\/\/ and lower melting

trans packing cis packing points.
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7.7

There are three -OH groups and four fatty acids. Taking into account the fact that glycerol has
two equivalent -CH,OH groups, there are 40 possible combinations not counting enantiomers.

Total of combinations if all -OH different
Two equivalent -OH (e.g. PSO = POS, see below)

7.8
o Py
rR—c” R— C\/
\OH OR'
carboxylic acid ester
6]
Y
R—c” R-OH
\SR' alcohol
hydroxyl
thioester (hy yb
0 /_/R‘
/N .
epoxide alkene
7.9
_o_ O Re)
‘E‘LL NN ?4 |
& ‘o fC\”
no formal charge }L R
o
T ~ H H\é/

formal charge (FC) = -1

palmitic

"

N /CHZ-stearic

CH,-oleic

(PSO)

Total

palmitic

=4 =64
= -6x4 =-24
=40

N CH,-oleic
HC|:/

CH,-stearic

(POS)

These two triglyceride molecules are equivalent

no formal charge

no formal charge

O 0 o)
Y Y
R—C rR—c’ R—C
\ \ \
H R’ NHR'
aldehyde ketone amide
OH
R-O-R' R_é_OR. RNH,, RNHR', RN(R')R"
ether |L amines
hemiacetal
-PO4%, 2073 R-NO,
———R' .
phosphate nitro
a]kyne arene
FC = +1
FC=-
+ H FC=4 R~c?
/ FC=0 \?: / é
"Gr \ S W
‘07 \ 0
}L R no formal charge
H o =
N R—o?O™ FC=0
‘0.

:(’); <« FC=-1
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7.10
Because of the lack of amphiphilic character, which blocks the micelle formation necessary to
form a soap.

7.11
@)
1] // /O
R—C + ROH R— C\/ © 1o
OH 0—R
carboxylic alcohol ester
acid
FC=-1
o- o - O-.‘/
[ // . + o s (54 FC - +1
R - C - [ 4 - Rl_ C
N R e
O—R L0—R O—R
- no formal charge lation of
- no violation of . no violation o
the octet rule violates the the octet rule
octet rule

There is only one structure without formal charge which obeys the octet rule.

7.12
O 0]
o} 7 y o
R—c” R'—C\/ R'—C\/ R—¢”
. . \-.
O0—R primary *NH2 HN—R N—R
ester amide secondary R
amide tertiary
e amide
0
R'—C
N\
NH,

- octet rule obeyed
- two formal charges
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7.13

oxygen atom that was oxygen atom
Ofigiryw part of glycerol returned to glycerol
X . S *. ° /d:'
‘}{‘,\C(/:O; ’é\?) R\céo" \‘..* R\(,:/
- +
l — c.l- ','O.* + | > L,LS:OH HeH
. R - Aoy - :OH -
-0 0"\ -
“ H IR
H
from glycerol
Ko 0:
,:"i (::Q\ £o: ﬁ{ 5H R—c?™" oxygen atom
Another path is (SNp): ./_\CHZ (|3 —_— cH,” " + _,(’): .~ from glycerol
'O'\ R * -
N4
Less likely SN reaction ( section 10.6)
7.14
R'\ .
SIN AT -0 . . . .
R c OH" I Analogy in glucose, ring closing (section 3.14):
L Gmgh
R HO™ \ -~
ester R OH_. ,H
o
YH = HOZ s
iz R'OH T o e
- . ~
||? H\(S/C\”' 0 D-glucose
aldehyde |1| R

These are nucleophilic addition reactions to an electrophilic carbon atom of a carbonyl group

7.15
/—\*H . _H }
S H
}S\..O' tO ~S_ to 0
N N (DR S
- /C""'O — > /C..,',:—\‘-_
. R o\ - -~ o”\ O:
0. 2 R 4 | R "
oSy H
6|5
H
“{é . H
- O- -
- R—n?" o) .
(l: R R\c/o:
o T M)
R R>H 6
H™ " H H/
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7.16

\5 + H
S . "0 . .
O | ~~—__ good leaving group (conjugate
| ~ _C e base of R-OH," a strong acid).
/C""ld'. O \ ..:
HO™ \ -+ | R

H
R i)
poor leaving group (conjugate
base of H,0O, a weak acid).

Reaction 2 is unlikely to occur while reaction 5 is more likely to occur. Reaction 3 sets up the
leaving group necessary for reaction 5.

7.17
Reaction 7 is an acid-base reaction between a carboxylic acid (weak acid) and hydroxide
anion (OH), a strong base.

Ke
o e //O _ q //O
\ + OH - R’—C\ ~ + HO
OH o)
pKa=4 pKa=15

Keq ~10% 10"° = 10" >> 1. Therefore, The equilibrium is shifted to the product.

7.18
bond dipole
R R R R
T
W Cor = R Co: = C\‘Y.C.SE_
aldehyde H ketone R

Ketones suffer from more steric strain than aldehydes due to interaction of the two alkyl
groups (R, R’) after reaction with a nucleophile. In addition, the carbonyl group in a ketone is
less reactive because of the stabilization by the two electron donating -R groups.

CHs CH,
CHs CHs OH ™ ™\] 2 |
oH- | 1 | CHj CQh . ——> Conr o5
C .- Co: PG O:
CHy CH,” QO: G s HO
3CH; ). HO CHs  “CH, C(CHs)3
methyl ethyl ketone CHzCH,
yl ethy methyl t-butyl ketone

larger steric strain

The bulky tertiary butyl (-C(CH3)3) group causes a steric strain larger than that of ethyl group.
Therefore, reaction 2 is slower than reaction 1.
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7.19

poor leaving group (prevent
the reversibility of the reaction)

.. /—\‘?Cb CClg \ <|JCls
H/O\H . — | .~ ——— > HO—C—OH
H H
chloral hydrate

\J_-€  Partial positive charge repulsion from electronegativity differences
leads to instability, which is relieved on reaction with water.

-CCl; is a strong electron withdrawing group and would therefore greatly increase the
reactivity of the carbonyl group or put in another way, the carbonyl group is less stable because

of dipole repulsion between electrophilic carbonyl carbon and electrophilic carbon bearing three
chlorine atoms.

7.20
o]
//o OH" //O _ /
Ce—C  ——= H—C\ + ClC: ——> H—C\ +  HCCl,
H OH / o
Cl
_ : AN
possible leaving group stabilized anion Cle=C:
cl ,/< ------ bond dipole
o) .
/ OH / _
HaC—C\ —— CH?,—C\ +  HsC: Does not occur
Jooow, ) o /
_ (H)
poor leaving group highly unstable
7.21
bond dipoles
of -~

@)

DU Ny .

F4C CFy, - \ ﬂ\

F
F F

The high electronegativity of fluorine causes a dipole repulsion that destabilizes the ketone
group, causing increased reactivity with a nucleophile such as H,O to yield a hydrate.
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H ~ —_— c_ - —— HO—C—OH
cr” €0 H—0~ \ & |
}4 CFs CF,
hydrate
7.22
o) o)

% 4

HsC—C HyC—C
\ \
o) O—CHs

poor leaving group
(CH;0  is the conjugate base
of CH;0H, a weak acid)

good leaving group
(PhO is the conjugate base
of PhOH, a moderate acid)

As a result the phenyl ester is more reactive than the methyl ester towards nucleophilic
reactions.

(@)

- o HaC —_ <. ) 0:
(N2 7o M cHy— 20 CHo—~c” oH
f“| o I),\_ — » °TcC 0. — » [+ cH ™
o CHy O/C\""'Q} - -éH + CHjz o
T TH | cHs pKa = 16
H pKa =48
o .. . e i
. . . B O: :
@ N @,?) @ CH— O % CHe—c? o
f‘l —_— NS L» c + —_— . ' +
d CH e o/ ”"9: - éH c.)—
T H | CH, _
pKa=4.8 pKa =10
(i1) is faster than (i)
7.23
H
N H
O/
OH
C-C bond -
breaking o: H
HO .. Does not occur
— X HO -
H OH O

conjugate base of
a very weak acid
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7.24

no (R)/(S) configuration
"achiral"

Except the glycine residue, which is not chiral, all other amino acids at the ends of lipase chain
are of (S) configuration.

7.25
The two mechanisms differ in leaving group control.

Saponification (Fig.7.4) Enzymatic process ( Fig.7.10 and 7.11)
Step1: Nucleophilic attack by OH Step1: Acid-base reaction

(reversible) (within enzyme residues)
Step3:Acid-base reaction (reversible) Step2: Nucleophilic attack
StepS:Elimination reaction (reversible) Step3:transesterification

Step7:Acid-base reaction (irreversible) Step4: Nucleophilic attack by H,O
StepS:elimination(release of the fatty acid)

In step5 (enzymatic process), if the hydrogen bound to nitrogen in histidine were able to reach
the OH group, the hydrolysis of the ester bond would be reversed.

N 7N T ™

JETI o o T 0
N H\" \'’ 4 ._
Oy oo \=N

7.26

Reactions 1,3,4 and 5 justify this statement. In all these reactions, histidine is able to donate a
proton to a glutamate unit (reactions 1 and 4) or to serine-triglyceride intermediate (reaction 3) or
to serine-fatty acid intermediate (reaction 5); it also acts as a base by receiving a proton from
serine (reaction 1), from glutamic acid (reactions 3 and 5) and from H,O (reaction 4).
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TN

™

CH, CH, CH, CH,
I,
% 07 "0: H 7N
’N Nﬁ

H aspartate (base)

histidine (acid/base) reactions 1 and 4

reactions 1 and 4

serine (acid)
reaction 1

histidine (acid/base)
reactions 3 and 5

4\

CH,
_H
O o

aspartic acid (acid)
reactions 3 and 5

CH, ™ 5 R ™ L |
. CH, %"T CH, k A
o . . :0: pon
s, ./k .Q._ 0 o R H P
SR o i H \5%'12
- 0 (Lewis base) (Lewis acid) 0 = -0
reaction 2 reaction 2 (Lewis acid) . (acid/base)
(base) > (base) ;
reaction 3 reaction 4 reaction 5 reaction 4
7.28
does not contribute .
. does not contribute
to the aromaticity to th ticit
o the aromatici
N: \ *N—H
. N
. aromatic
aromatic
-(4n+2=6,n=2) '(‘IHJFZ‘@H‘Z)
- planar - planat
6 ©t electrons (two double bonds and one lone pair of electrons
7.29
Let’s do it for glycine, lysine and glutamic acid.
a) glycine
H H H
Y pH increasing . H pH increasing IH
+H3N H3N H2N
CO,H COy COy
low pH high pH
b) lysine
_NHg" _NHg" NH2
(CHz)4 _ _ (CHy)4 _ _ (CHa)s
IH pH increasing I pH increasing IH
“HaN “HN HoN ]
CO.H CO, CO,
low pH high pH
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¢) glutamic acid

COy
H C/C()zH /Coz_ H2C/ 2
2 . . H,C . .
" pH increasing pH increasing A1IH
HN ITH . &IIH HoN )
CO,H HaN : CO,
low pH high pH

7.30
Phosphoric acid is a stronger acid than ethyl mercaptan(CH3;CH,SH). Therefore the conjugate
base of phosphoric acid is a weaker base than that of ethyl mercaptan (CH3CH,S"). As a result,

the phosphate is the better leaving group, and therefore the thioester is formed as shown in Fig
7.17.

7.31
0 o
e} 7 /O Y
R—c” R C\ o R—C\/ R_C\
Mo o—<R cl OPOz>
carboxylic acid carboxylic anhydride  acyl chloride acyl phosphate
o
o} o 0o Vi
% R—C</ R—c” R—C
\OCH3 OCqgHs NHR' _ SR
methyl ester phenyl ester amide thioester
s leaving group
0
8 - A )
R—=C~ — = R—C./,) R—C  + Z
\ \ 4 A
) Z OH OH
o
The reactivity of the intermediate strongly depends on the nature of the leaving group (Z):
- PO, and CI are excellent leaving groups (they are conjugate bases of very strong acids)
- RCOQO' is a good leaving group (conjugate base of RCOOH, a moderate acid, pKa = 4-5)
- RS and C4HsO" are moderate leaving groups (RSH pKa =~ 9-10, C¢HsOH pKa =~ 10)
- CH30O and R’NH’ are poor leaving groups (conjugate bases of very weak acids)
7.32
0
o) |
wed HO—F|’—OH
C—
“oH OH
pKa=35 pKa =2

Phosphoric acid is a stronger acid than acetic acid. Therefore the conjugate base of phosphoric
acid is a better leaving group than acetate ion (conjugate base of CH;COOH). Therefore the
latter can displace the former in a nucleophilic substitution at the carbonyl group as in step2 of
Fig. 7.16.
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7.33

good leaving

group poor leaving
\ group

o D / -

7.34

o
\ L+ HiC o

cannot be broken down further
o
)KO,

breaking this bond not possible because would
require oxidation of the aromatic ring carbon.

o-

o 4+ HC

Therefore biological mechanism must be B-cleavage c—c as shown.

7.35
No answer required

7.36

JA
HsC N
mij — KIL* R
HsC N
FA They are all reasonable resonance structures

o + O (e}
(e] X
AR 7 N WNHQ -~ mNHZ
o+ - . | -~ V\TV V\Tw
N
e

NAD™*
They are all reasonable resonance structures

0]

7N O NH,

HaC N ."]%—‘40.'-'
\N/-\ N j@i ~ N\ violation of the octet rule
o violation of the octet rule HaC N H

(o]
not a reasonable structure not a reasonable structure
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7.37

does not contribute

HsC  HsC /to the aromaticity
S, O NH, .
3 LT .. does not contribute
:OH 0O—P—0—P=0: </N | X N-<" to the aromaticity
SR
:N :N -0 . g
| 0 .0 P

does not contribute / \ S . . e o N N . does not contribute
to the aromaticity O N H'O‘ ,O'H . to the aromaticity

/N—<
H O g 0 :QH :QH Y———
: oes not contribute _ _
to the aromaticity (4n+2=10.n=2)
L J - 4 double bonds
A - 1 lone pair of electrons

(4n+2 =14,n=3)

- 5 double bonds
- 2 lone pairs of electrons

7.38

a) Because this would result in an empty p-orbital on the carbon atom of the carbonyl group,

which is conjugated to the m-system.

Aromatic number 4n+2 = 14 n-electrons, n = 3
but for aromatic stabilization (ring current), it is
necessary to empty the p orbitals making the
two carbonyl groups as shown.

b) Yes

16 m-electrons - not aromatic
but can be broken down into
two aromatic regions as shown
(dashed circles)

. .

.. .

6 m-electrons

(aromatic) 10 n-electrons

(aromatic)
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7.39
H

~ oxidation
R=¢-0 ——— "~g0
R' reduction R'/ [H2]
alcohol carbonyl compound
H Do
oxidation
Sa— N A
H reduction
saturated alkene
hydrocarbon

[H;] is not meant to be an actual reactant or product but rather a representation of the
oxidation/reduction change.

7.40
In Figures 4.8 and 7.22, there is no “free” hydride ion. The hydrogen atom with two electrons
is transferred from one bond to another.

7.41
They come from one of the two hydrogen atoms in the a-position to the carbonyl group.
n-electrons source

Hy o H
SCoA

o}
7.42

enantiotopic
hydrogen atoms

—
Ha Hb

y§><?<:ﬁ,SCoA

Hc Hd O

enantiotopic
hydrogen atoms

All possible enantiotopic choices are: (Ha, Hc), (Ha, Hd), (Hb, Hc), (Hb, Hd)

7.43

SCoA

J4*"><"S‘/SCOA
H "H O

f§\4/A\W/SCoA
0]

Both steps require stabilization

ﬁf\/\(
© b
y:
g(\r/X\W/SCoA e
OH ©

0]
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7.44
The following reactions involve stereochemical choices:

1- Mechanism of the transformation of isopentenyl! diphosphate to dimethylallyl diphosphate
(Fig.5.9): the two Hs on the carbon atom adjacent to the double bond in isopentenyl
diphosphate, are enantiotopic. But this stereochemistry is lost in the subsequent reaction.

2- Mechanism of the transformation of dimethylallyl diphosphate to geranyl diphosphate,
then to farnesyl diphosphate (Fig. 5.12): there are two hydrogen atoms in an enantiotopic
relation which is lost in the subsequent elimination.

3- Saponification (Fig.7.4): both faces of a carbonyl group are enantiotopic. Therefore the
intermediates (i) and (ii) are obtained as mixture of two stereoisomers (enantiomers).
This stereochemistry is subsequently lost in reaction 5.

4-  Mechanism of enzymatic hydrolysis of triglycerides (Fig.7.10 and Fig.7.11): both faces
of the carbonyl group in steps 2 and 4, are enantiotopic (stereochemical choices). The
stereochemistry is lost in steps 3 and 5

5- Synthesis of fatty acyl CoA (Fig.7.17): ( Same reason as above)

7.45

Fe — » Fe** + 2¢
Inorganic reaction

Cu*t + 2¢e — Cu

H —_——
“CH,-CH,- CH=CH- + 2H" + 2¢ TOTT L 4oH 2
(a) (b)y  OH ©
FAD + 2H' + 2¢¢ —— FADH, NAD" + H"+ 2¢¢ ——— NADH

Both inorganic and biological examples involve transfer of electrons from the entities to be
oxidized (Fe, -CH,-CH,-, -CH(OH)-) to the oxidizers (Cu**, FAD, NAD"), which are therefore
reduced.

7.46
o}

= ‘ = | NH;,
AN N

N« does not contribute T

to the aromaticity
pyridine (aromatic) NAD" (aromatic) NADH (not aromatic)

-(4n+2=6,n=1) -(4n+2=6,n=1) - the CH, carbon atom and the nitrogen
- planar, sp? - planar, sp> atom are sp> hybridized. Although there are
lone pair of electrons 6 m-electrons (two double bonds and one
in the plane of the ring lone pair), the ring current is blocked by

the sp®> CH, group.
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7.47
Glutamate and histidine units are neither oxidized nor reduced. They are only involved in
Bronsted-Lowry acid-base reactions.

7.48

NH; + HCI NH;" + Cr

CH3COO- + Na+ + H20

NaOH + CH;COOH

No. Because the protons and the electrons involvement occurs without variation of the
oxidation numbers.

7.49
(a) No. Because the enzyme is specific for one configuration.

(b)
(1) The reaction would not occur for the same reason as above.
(i1) The reaction could not be catalyzed by the enantiomeric enzyme.
(ii1) The reaction would occur because all reactants are uniformly enantiomeric.

7.50
NAD" is aromatic but destabilized by the formal charge (Fig.7.24). FAD aromaticity requires
the “disruption of the n-bonds” of the two C=0O bonds (Fig.7.20 resonance structures).
Benzene’s aromatic character does not carry any burden; all elements of the structure are
“perfect”. Therefore benzene loses its aromatic character only with great difficulty.

7.51
Folding of the protein chain is necessary to bring the amino acids, which are not near to each
other along the chain, into the close spatial relationship necessary to catalyse the reaction.

7.52

- Glutamate (Fig. 7.10 —step 1; Fig. 7.11 — step 4; Fig. 7.25): acts as Brensted-Lowry base.

- Histidine (Fig 7.10 — step 1 and 3; Fig. 7.11—steps 4 and 5; Fig. 25): acts as Bronsted-
Lowry acid and base.

- Glutamic acid (Fig. 7.10 — step 3; Fig. 7.11 — step 5): acts as Brensted-Lowry acid

- Serine (Fig. 7.10 — step 1): acts as Bronsted-Lowry acid.

- B-hydroxyl fatty acyl CoA (Fig. 7.25): acts as Bronsted-Lowry acid.

- Enzyme-triglyceride tetracoordinate intermediate (Fig. 7.10 — step 3): acts as Bronsted-
Lowry base.

- Enzyme-fatty acyl tetracoordinate intermediate (Fig. 7.11 — step 5): acts as Bronsted-
Lowry base.

- HyO (Fig. 7.11 — step 4): acts as Bronsted-Lowry acid.
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7.53
Here is the answer for the molecules in Fig.7.27.

5 5 FC-t —=i3: 5 S
= .- CH
.o CH3 4\ )J\../CH3 H C O/ 3
H3c)kc)j\o/ HyC /¢ 0 2 %
H, :0: Ha
\CH
- no formal charge 0B
- no violation of the octet rule

- no violation of the octet rule FC=-
. o
5 :0:
.o FC=-1 )\ CH3
= . /CH -
HsC— O HSC)KQ 3 H,C” O
- no violation of T
the octet rule - no formal charge - no violation of
- no violation of the octet rule the octet rule

7.54

One of the functions of an enzyme is not only to lower the energy activation of a reaction but,

in doing so, to choose one reaction over another when more than one reaction is possible.

The folded state of an enzyme is necessary for its selectivity, which works to block reactions 2
and 3 in Fig.7.26 by denying access to the necessary proton, which would lower the E,. of these

steps.

7.55

The retro-claisen reaction of 1,3-dicarbonyl compounds gives an enolate (conjugate base of a

C-H bond a to a carbonyl group), which is stabilized by resonance.

e) o) QO_ (@] ) (e} o
)‘3 AN R C)KOR HZ'(.SAOR N

R7 ~c” “OR
< H, RO H: I R~ OR
R—O: !
:0:
HZC/J\OR
enolate
If the second carbonyl group were not present then: conjugate base of an

extremely weak acid

o ToH /
)a R%@CH R i ¢
CHR  ——= R CHR ——— I+ CHR

R
R OR

R—O:
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7.56

Carbanions of saturated hydrocarbons are poor leaving groups because they are the conjugate
bases of very weak acids. Enolates are reasonable leaving groups because they are the conjugate
bases of reasonable acids:

0 10F
NN N
| I |
carbanion - no resonance structure enolate
(poor leaving group) (reasonable leaving group)

7.57
The first two steps of the catabolic process of the coenzyme A ester of a fatty acid involves a
carbanion intermediate which can be easily obtained due to the acidity of the a-protons.

pKa=15-20

A H ‘gA
. . OA base 22 _SCoA SCoA
first step: )So( {/Y —

) 10"
enolate

| MSCOA
0
OH ©O

7.58

1) Esterification
H 0

(0]
RQJ\OH+ CH;,OH —/—= R._J_

OCH;

2) Enolate formation

base

0 0
R R
F?g\ocm \-_-)kOCHg, OCHs
H

3) Claisen condensation

& S 203,
R 2:___OCH R H R H
OcH; R™ Y7 %)\Q)J\OCW VK? OCHj,
O
R + R B-chetoester
CH;0"
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7.59

: (0]
* // * // // // * 7
/ / // // / OH
6 5 4 "3 "2/ 1
lauric acid
(0] (0] 3 (0]
M )K @ /’J’\ * )K
HsC SCoA HsC SCoA H3;C SCoA
) (0] 0]
4 (6)
@ /K ©) /’i\ )kk
H3C SCoA H,C SCoA HsC SCoA

7.60
The reaction would have proceed in the direction in which the cysteine unit is eliminated
because thiolate ( R-S:") is a better leaving group than enolate.

H p~— PKa=1520

R—SH pKa=9-10 R

O
The pKa of R-SH is lower ( stronger acid) than the pKa of a C-H bond adjacent to a carbonyl
group. However, the cysteine unit of the enzyme delivers a proton to the carbonyl based leaving
group thereby lowering the energy of activation (E,) for this path.

7.61
In Fig. 7.26, the enzymes play three roles. First, in irreversibly removing the proton from the

cysteine unit of the protein allowing formation of intermediate A. Second and third, by blocking
reactions 2 and 3, as shown in the figure, by not making protons available.

0]
NH U\)\ j) |
NH .« NH_ J\)\
H 'G J\)\ ’é (proton S H
. 1
N (\ source) s:" SCoA
)/\ S cysteine —’
fMSCoA

base: AH H

histidine \ngCOA
o o)

In Fig. 7.28, the enzyme supplies the necessary proton for the retro-Claisen reaction, which
produces C. Here the enzyme does not block reactions but rather lowers the E, of a critical step.
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0]

4 NH(‘\“‘JJ\)\ 125th

Az JJ*
(\H B,125th _shown_

steps not 0

cysteine

cysteine o)
from
Figure 7.26 SCoA O
— N
HsC SCoA
Og,_A H
Z o—;‘ H

/ﬁ/ﬁ H
NH 403rd

NH 403rd

.}"’ SCoA

¢ cysteine < :5. Ccysteine
7.62
. . H" .
C/o reduction Cl) ?H primary alcohol
R?C\ — R_Cl; H R—c—H (two C-H bonds
P n .
L H  oxidation H -H ¥ adjacent to OH)
aldehyde
. +
C/o reduction OI H CIJH secondary alcohol
R—=C ———~ R_cl: R R—C—R' (one C-H bond
' + 1
i H']R oxidation H -H adjacent to OH)
ketone
OH tertiary alcohol (no C-H bond adjacent to OH)
R— ? —R'  Therefore no oxidation occur.
R"
oxidation O oxidation P
R—CH,OH R—C. ——— R—C
primary H OH
alcohol aldehyde carboxylic
acid
oxidation P
R—CHOH R— C\
R R
secondary ketone
alcohol
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Chapter 8
8.1

Let’s do it for some of the structures.

il?:
Hzc—Q—Fl>—§:_ H,C—OH
| . |
c=0::9%" (I;:Q:
R ..
HO-C-H HO=CH
H  H H-C-QH H-C-QH
N/ “ N .
PGP H-C-OH {: H-C—-OH:3:
.. C .o .o
HO [ L T
. HC—0—F-0; HC—G—P=0:
o 1QL
- No formal charge
- No violation of the - Formal charges as shown - Formal charges as shown
octet rule - Violation of the octet rule by the - Resonance structure: no

violation of the octet rule

phosphorus atoms
but a formal @ charge on P

8.2
(0]
H2C—O—||3|—O_ CHO H,C—OH
=0 HEBLoH o
HOS—H HOSI—H HoSL_h
HRL_oH HE—oH HRL—oH
HE—oH O HeE—oH © HB—oH O
H,C—0—P-0"~ Hzc—O—FI’-O' HZC—O—T—O_
é_ O- 0-
fructose-1,6-diphosphate glucose-6-phosphate fructose-6-phosphate
8.3

Nature’s problem with the catabolism of glucose is that the weakened carbon-carbon bond that
would be broken is between C2 and C3, instead of C3 and C4. Therefore, the C2-C3 bond
breaking would lead to formation of one “two carbon” and one “four carbon” molecule, which
greatly complicates the chemistry that nature had to follow because instead of one kind of
breakdown product there would be two to be dealt with. Therefore, it is necessary to isomerize
glucose to fructose in order to accomplish a symmetrical breakdown of the six carbon atoms of
glucose, that is breaking of the bond between C3 and C4.
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H 0 1
Hzc_OH
S

\64?
_2 2—0 . 1 4 (0]
H 3§OH isomerization HO(3— symmetrical H,C—OH H
S H ’/H\ H breakdown
H <Ay - = Hi¥o> ———> 2—OH + H-—OH
H——OH ’ 4
5 H-2—OH 3 H,C—OH
H——OH 6 HO H
HsC—OH H2C—OH
two "three carbon" molecules
glucose fructose
H
H._, OH o
I + H—4—OH
H 2 OH H—:—OH
Hzc_OH
"two carbon" “four carbon"
8.4

to a carbonyl group:

o]

AR

8.5
In both catabolic processes (fatty acid and fructose), the C-C bond to be broken is a-f to a

carbonyl group.
The tetracoordinate intermediate in the catabolism of fatty acid has a thioester group which

could be ejected, which is not possible in the catabolism of fructose.

5
L/kO/R
g

2

SCoA

0
Ascon * RS

0
- > R'J\CHZ

8.6
Because unstable intermediates would form.

The catabolism of a fatty acid and of glucose is driven by the weakness of a carbon-carbon bond a-8
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o L ! i ! I - HC—0—P—0"
2=0 o. H,C—0—P-0"~ H,C—0—P-0 2 |
HO——H 2=0 20 ~l=o o
H OH HO——H ‘:6"3 H 2 unstable
unstable . -«xX— H o H——OH — = *
HZ "B'ﬁ H-5—OH Q O M
H5 ¢ | H,C—0—P-0" HC—0—P-0" Hol—oH
6 4
H,C—O0—P-0"~ o- O- H5—OH |
o- H,C—O0—P-0~
6 l

C-C bond breaking does not occur

8.7
Possible sources of proton are:

1) the —OH group in formation of A in Fig. 8.4
2) ahistidine or aspartic acid residue, as in Fig. 7.10.

8.8
The structure shown for C in figure 8.4 is only one of the resonance structures.
o o]
- o
H,C—0 -0 H,C—O0—P-0
e T fee
HO™ H HO =" H

8.9
A molecule to be able to form an enediol intermediate, should have a hydroxyl group at the

carbon atom [ to a carbonyl group and should be able to form a carbanion at the 3-position.

OH
OH
OH : /™~CH
H 3
OH base  H_ | Ho/~CHy \H\
1) H —=  CH > ~—  OH
CH; o) 0. enediol
0
OH
OH
OH
OH base HC / H H+ Hsc\%\H
H s 3 o H3C - >
2) HyC - - H -=—> ¢ OH )
H 0 0. enediol
0
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8.10

labeled proton
\ labeled proton

s
CQ jH* :OH, \ .

H H‘j 0 0 *H-OH,
(@) &%\ Re —= R % L
OH H Ro IQH”

OH
labeled proton labeled proton
p\ R1\/‘CR2
: \
o H\ “ +
C*H (0] OH *H-OH,
(b) :,QHZ —_— R1 H +
Ro :QH™
o
8.11
H (0]
\Cg H :Base H
- H
H-—oH Ho_ /O oH H,C—OH
‘Base HO H HO H Base-H * O=A Base-H * 0
_—
H——OH P a— oy < HO——H ———» HO——H
H——oH @ o H——OH H——OH
o H——OH o o
H,C—0—P-0 HC—O—b—o- H——OH H——OH |,
S 2 | H,C—O—P-0" H,C—0—P-0
_ o
glucose-6-phosphate O- O -
enediol intermediate fructose-6-phosphate
8.12
(5Base(OH')
OO _
H o 9 o” o OH ©O
HaC 0" >cH SN ~
@ 2, HC 0" "CH, HC Y Y07 CH;  H0  He ¢ ~0" CH,
- —_—
- e a———
Wislicenus enolate
CiBase(OH')
OO _
H o Q o o OH O
HaC 07 > CH, NI ~ A~
(b) 2, HC 0" "CHy HIC XY Y07 CH;  HO  He X ~07 “CH,
P - —_—
O (e} CH PN -~ -—
3 (0] (e} CH3 o) O/\CH3 0 O/\CH3
Claisen
enolate

These reactions can also occur in acidic acqueous solutions.
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8.13
OH

HO
HO

OH
a-D-glucose  :oH HO
OH HO —_ - HO ° OH S
HO N
H (> HO H’O OH ’/;
~57 OH oG
+ OH OH, OH

OH OH

D-fructose

OH
(0]
“%o&ﬁ > oH
(0]

H0 " + OH HO HO O oH H

0 OH "o OH o=

OH o) HO
sucrose OH

Yes. The first step is a nucleophilic attack of one of the OH groups of a-D-glucose at the
ketone carbonyl of D-fructose in presence of H' as catalyst.

8.14
OH .o H OH
:OH OH /+ H,O 0
H\(;)/ HO - > ?‘|O - > HO + H30
¥ OH HO HO OH
OH

OH OH OH
D-fructose

(opened form)

Yes. The first step is an acid-catalyzed intramolecular nucleophilic attack of the OH group at
the ketone carbonyl.

8.1
OH
(R)or (S) @)
~ HOS(R)
HO™ \&®
(R) —OH
OH
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8.16

Tautomeric isomers are structural isomers (interconvertible through bond breaking) and differ
in the point of attachment of a hydrogen atom, while conformational isomers have the same
connection between atoms and are interconvertible only through torsional motions (no bond
breaking).

8.17
OH
S S A Br
HeC™ “CH;  "OCH, = H3CMOCH3 2 HS%j\HO
H H  OCH,

The irreversible step 2 causes, by Lechatelier’s principle, all starting material to form the enol.
8.18
Compared to reaction 1, in reaction 2 the enol form is partially stabilized by H-bonding

between —OH and the nearby carbonyl group
H-bonding

M ~
0 \‘|O
CHG/\K\O/\CHg
H

Reaction 3: the proportion of enol increases (compared to reaction 2) because of conjugation

with the aromatic system.
H. /
/ \O

|
CHy N\ o~ cn

H-bonding
o)

3

Conjugation

Reaction 4: in organic solvents, the enol form is favored due to H-bonding stabilization (see
reaction 2), while water (hydrogen bonding solvent) makes the lone pairs of the carbonyl oxygen
atom less available for intramolecular bonding, shifting the equilibrium to the left.

Reaction 5: phenol (enol form) is more favored than its keto form due to aromatic
stabilization. Note that phenol is aromatic while the keto form is not.

130



8.19
Let’s do it for two of these reactions.

Reaction 1:
H\'c')/H OH
. +
o HzO ™ "y o-H H
H = . -
)k |/'\Q|~\) CHs H30
CH3” CH3 CH; “CHs H
Reaction 5:
H
Ho..,
O \o + H
H H . IONPNE OH
H H30 HAID H H )
H H " - C e
\ H H H H
H
H
8.20

Resonance structures are obtained through electron shifts while isomers differ in the position
of atoms (shift of atoms and electrons).

8.21

SCoA — MSCOA — \éU\ a4 /\

<5
Wlw From Fig. 7.26

SCoA

"

1
H,C—OPO4 H,C— OPO4?
2=0 2—0 1 2- 0
base H,c—OPOs H-4
HO—-3—H HO—H 0:
_— N T 2 - * H OH

H-4—OH 1 H o) 2 3| 6 R
H—2—OH H—>—OH HO™ “H H,C—OPO;

6 6 .

H,C—OPOZ* H,C—OPO4?

From Fig. 8.4

Steps 2 in each mechanism, but not steps 1 have the same driving force.
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8.22

H—_~© 0 tautomerlsm H— 0 oxidaton no_ O
H+——OH ://li —
:Base H.C 19P032- HsC o) HyC o

pyruvic acid

A coenzyme for oxidation (e.g. NAD") is necessary to convert the aldehyde group to a
carboxylic acid.

8.23

O

.(}HZ/K SCoA

o] o)
(@) chy K SCys CH3 SCoA CH3MSCOA
jg CysS n

Claisen condensation SCys

M H' i T i
(b) cH Q SCys CoASM\/“\SCyS

H3C

o Aldol condensation

Claisen condensation is a nucleophilic substitution to an acyl group (ester or thioester), while
Aldol condensation is a nucleophilic addition to a carbonyl group (aldehyde or ketone).

8.24

The Claisen condensation occurs at acyl carbon so that a leaving group can be displaced from
the tetracoordinate intermediate. The Aldol condensation does not have this possibility because
the reaction occurs at aldehyde or ketone carbonyl groups (exception- Fig. 7.28).

8.25

1) enolate formation

o o) o

)K Base )J\ )\
HsC SCoA CH, CH,

SCoA SCoA
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2) Claisen condensation

o)

2 M
9H2 SCoA ;6,_

A <> . @) O @)
IR ¢ -
CHs%(SCVS CH; 271> scon Chy” 321 scon
3 O) CysS +

“SCys
3) Aldol condensation
D9 . o OH O
CHs Q SCye coas™ 5 07/ 21 g0y
> H3C
6QH2\[5(SCOA
o
4) Hydrolysis of and reduction
0 OH 0 hydrolysis o oH o
3 H,O/OH- 3
CoAS™ 5 4 271 SCys o 5 J 4 2 SCys
H;C HsC
reduction
(NADH)
0O OH
3
o s 4 271> on
HsC
5) Phosphorylation followed by decarboxylation
4
0 OH ATP 4 0PO,? CHa
. D -
- 6 2 . INZ] 3
0 5 4 1 OH :.Q\)S 6 4 2 1 OP2063_ 6 . - OPQOB
H,;C HaC isopentenyl diposphate
5 3
+7CO, + POy
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8.26

1) Acidic conditions

* H o]
\ +
HsC
HsC H 3 H
HiC | H 7 O H,0"

Co :
:OH, crotonaldehyde

2) Basic conditions

H (@] _
OH (@] OH
HsC H ch)\/‘\ HoT
H H,0

Com “
OH - crotonaldehyde
8.27
O
,QHz)\SCoA
w H3C\”/\<2C\yns/SCoA . HC SCoA
HsC scys T~ S Y Y Y
Y K 0 :0Y) O O 0 O
Y .
Claisen condensation path using SCys
intermediates in Fig. 8.15.
8.28
as in Fig.7.10/7.11
o) OH 0] a
CoAS SCys OM\/J\SC
HyC (hydrolisis) He ye
! reduction
(NADH)
2-
‘OM\AOPZOS& ATP M\/\OH
HsC 3 O
3 H,C
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8.29

8.30

PO, conjugate base of H;PO,

Fig. 8.17
L 1 . OPO32-
eaving group:
Hzaﬁ\A 0P,0s> (carbanion)
HsC
Fig. 8.18 (reaction 1)
o= . H.; OH H OH
Leaving group: -
o © 0 (I)
HZC—O—Il:l’—O_ HZC_O_||:I>_O_
@)
(carbanion)
Fig. 8.18 (reaction 2) o ;\
Leaving group: H, C_) SCoA H,C SCoA
(carbanion)

No answer required

8.31

Yes. Both reactions involve C-C bond breaking and formation of a carbanion
intermediate which, in Fig. 8.17, is stabilized by the release of PO4”, an excellent leaving
group, while the carbanions formed in Fig. 8.18 are resonance-stabilized by the a-carbonyl

group.

8.32

Steps 1 and 2: Aldol condensation (parallel to steps in Fig. 8.14)

Step3: Addition anti-Markovnikov to an alkene (parallel to step 4 in Fig. 5.18)
Step 4: Oxidation of a secondary alcohol to ketone (parallel to Fig. 7.25)

Step 5: Decarboxylation reaction (parallel to Fig. 8.17)

Step 7: Hydrolysis of a thioester to carboxylate (step 1 in Fig. 8.16)

Step 8: Oxidation of saturated hydrocarbons to an alkene (Fig. 7.22)

Step 9: Addition of H,O to a double bond conjugated with a carbonyl (parallel to
Fig. 7.23)

Step 10: Oxidation of a secondary alcohol to ketone (parallel to Fig. 7.25)
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8.33

:0 O : 0.0 :0  H
~ .‘O: _ . :_
'.Q : . 3 ._O 0 < O.)%(O'
LS T H o H o :Q
oxaloacetate cis-aconitate isocitrate fumarate

- no violation of

- no violation of
the octet rule

- no violation of
the octet rule

- no violation of
the octet rule

the octet rule

8.34
0 0 0
2 O M HON )J\/\)J\
OH HO OH
HO OH
H
Q 0 6 o HO HQ TERANAR
Yoc? . ¢ Ho. ¢l _.C €€ Co
; \ PP N \C/ \C/ \OH HO C C OH
HO  OH HO”™~>c{ “OH N N
H H oy H H HH H
oxalic acid malonic acid succinic acid glutaric acid
o 0 o)
OH L~ N
HO HO OH
0
I Ii
(')'H\/HH\/H 9H\/HH\/H(|?
Ho O e OO .c. ¢ .c_¢
WAy ¢ HO™™>C "¢ N on
ipi i Lo :
adipic acid pimelic acid
8.35
Cq . e) C . e} /O
oxidation -~ oxidation Vi R—c”
R— CH,OH R—C ——— R=C  or %
primary H OH -
alcohol aldehyde carboxylic  carboxylate
acid

“ic” and “ate” refer to carboxylic acids and carboxylates (conjugate bases of carboxylic

acids), respectively.
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Examples:

o o o) o)
o O 0O o O o -0
H and H JI\/U\ and M HO oH and o-
HO - - HO OH o) o~ 0 0

OH (0] e}
oxalic acid oxalate malonic acid malonate succinic acid succinate
(0]
o] o] o o OH P -
w and w - HO ~O >
o oH -0 o and
o 0
glutaric acid glutarate adipic acid adipate
8.36

The conclusion to be drawn about Thumberg’s experiments is that all the carboxylic acids he
tested are converted into the same intermediate (see citric acid cycle).

8.37
e  Stepl: No stereochemistry involved but in enzymatic process the two -CH>CO;" of
citrate are different (enantiotopic)
o  Step 2: Cis (Z)/trans (E)

o)
0 %% o Q OF
_ J_ o
N o o
H H O

e  Step 3: (R)/(S) configurations for the product
0._0O_

0 0
_ H. ls) _
0" 0

H "OH

Step 4: Loss of (R) configuration; (S) configuration is conserved.
Step 5: Loss of stereochemistry

Step 6: no stereochemistry involved

Step 7: no stereochemistry involved

Step §8: Cis/trans
0 Os O~
. @H
H

o  Step 9: (R)/(S) configuration
O OH

(0] H
H (0]
H O H oH _
_ N O _ K O
) (R) Ow
o o}

e  Step 10: Loss of stereochemistry
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8.38

O>: O>:
0] 0] 0
CHz, (\.(—:HZ)J\SC oA CHy CH, \H/SCOA
c=0 * “C
(from top) ~ O
o= o=( “OH
O- O-
0]
—~ 0]
'CHZ)J\SCOA . . )J\
* The incoming -CH,” ~SCoA group would occupy

(from bottom)
o
=0
CHZ'/,,C/OH
© :<o _\E‘:H2 SCoA

i

0]

8.39

enantiotopic positions in citrate product, which
could be revealed by labelling.

empty p-orbital

H coy | H V'
*H + COy H,O H*
(a) >—< ? 2 -0,c_ _H

, H H*

0,C H COy - H ) H O

2 OH
(b) Newman projection
+ H*
] *H* -H* "OC H
0,C H 2
2 HE%COZ- O,C H
H CO2 H CO,
) T empty p-orbital OH
o)
H/..\H
8.40
0
H _ Nap o O
- _ = -
o] _OWO + NADH + H*
O o)
malate oxaloacetate

Malate is a chiral molecule and its biological oxidation by NAD+ is stereospecific although
the final product (oxaloacetate) is achiral.
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8.41

Oy HO
‘OWO'
(0]

8.42

{V/
Loss of either CO, would produce
unstable carbanions.

(@]
-CO, o)
_O)H“‘/\.- _
(@]
But as in Problem 8.41:

K8, = A R

resonance-stabilized
carbanion

8.43

e Step 8 is comparable to the oxidation of fatty acyl CoA in Fig. 7.22
0]

(0]
FAD
WJ\ SCoA Ao N SCoA

e Step 9 is comparable to addition of water to a double bond as shown in Fig. 7.23
0]

HO.L H ©
NSCOA H20
— SCoA

H™ H
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e Step 10 is comparable to the enzyme-catalyzed oxidation of B-hydroxy-fatty acyl CoA to
the derived B-keto thioester (Fig. 7.25)

HO_, H O O O
NSC .\ NAD* N
(o) —_—
H O H _NADH SCoA
_H+
8.44
“0,CH,C CH,CO,"
— —_—
enantiotopic

The enzymatic process is stereospecific and the enzyme will choose only one of the two
CH,CO;" groups. Therefore, loss of an hydrogen atom in the subsequent step occurs specifically
from citrate on one of the CH,CO;" groups.

8.45

o \
(o) 0 )J\ O_ O ((\Q‘o O
o- “EHy” SCoA O on' Y0 «©
. oh I
07 N0
0 ? ? }}N i
pro-(R) pro~(S) “ro, _O)WO -

In the pro-(R) path, the two carbon atoms of acetyl CoA are conserved while in the pro-(S),
the acyl carbon atom is lost. The pro-(R) CH,CO;" is the one involved in citric acid cycle.

8.46

HO, ,COH
HO, ,CO.H

‘%, HOZCHzo CHchZH
HOZCWCOZH N N

H H H 'H

—

a] F . .
diasterotopic diasterotopic enantiotopic

Citric acid
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8.47

high energy bond low energy bond low energy bond
H /

>+t H—H > H\/ AH = -30.3 kcal/mol

high energy bond
low energy bond
\ low energy bond
T 3H—H AH = -49.8 keal/mol
8.48
0 ? o o
(@ o—P—oO O—P—O O—_T:O b0
©- I
O_ o O
orthophosphate
@] o @) o) (ﬁ
- | I - _
b) o—P—0-P—0O O=—P O—F|’—O o—|F|>—o—F|>—o
g O_ O O_ 0] O_
? 9 o' ¢
others O—P—0— lﬁ o O_—T_O_P:O
o o o) o

diphosphate
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NH,

o9 % ik o
_ _ - N
~0—P-0—P-0—P-0" N~y 0—P-0—P-0 ¢ SN
1 | | ¢ ) 5 o P
0- O- O\l/ N7 N N N7 N
' ON¥ y v O J—
_ . 3x2 = 6 major
3x2x2 = 12 major other resonance resonance structures same as
resonance structures structures OH oH INATP
OH OH
ATP ADP
NH,
- ||
o— P ol N \N
3 major same as in ATP
resonance structures and ADP
AMP
8.49
i
(0] (0] (0] e —
+ 0. (@] R
VN oo i o
(@) RoH ~ O7P-O~R-O0—R-O0 —— TO-PO-P-0—P-0" ——= o—||°—o + ADP
O |
o- o O}f O- 0. O o-
#fr alkyl monophosphate
ATP
i
0 N0y O . O R
/H\«I N~ H \(/ 0 N [
(b) R-OH 0-f-0-F-0—P-0 ——= oo 0=P(O—p-0" ——= O—P—O0—h—0
0- O- O}f 0- O- o\ff o 0.
ATP alkyl diphosphate
+
AMP
8.50

Mg is used to balance the negative charges of the phosphate groups in ATP therefore

increasing the stability.
Yes. In a hydrolysis step of ATP, the PO4°" ions are associated with magnesium ions (Mg"™).

8.51

Fig. 8.17
ATP puts PO,”, an excellent leaving group, in a precise structural position in order to

accomplish the loss of CO,
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leaving group

CH,
o o o eoims
—0—P-0 0—P—0—P—0
SRS o b
Fig. 7.16, 1
ATP makes the reaction possible by subsequent loss of P,O-", an excellent leaving group.
NH
o5 N i
R'/Z< R ] ¢
NPy o-f-0 N
o—|=|>—o—Fl>—o ) -9 9 6 ;O:r
. o- S 0—P-0—-P-0 )
°- o o Fig. 7.16, 2 L '
/4 Mg o- O- OH OH
OH OH
leaving
group
Fig. 7.17.1

The reaction occurs because the phosphate group of acyl adenosyl phosphate (from ATP) is an

excellent leaving group, which can be easily released in the subsequent step (Fig. 7.17, 2)

leaving group
/ NH,
N N

/*Lo P o) <L | N

NH ,
OH OH
0 O  CHs <N SN
NH N)
CHy -0
OH
o oH
"0-P=0
O-

tetracoordinate intermediate, from Fig. 7.17, 1
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Figs. 5.12 and 5.13
ATP places the pyrophosphate group (P,O-"), an excellent leaving group, on a carbon atom
that becomes a resonance-stabilized carbocation when P2074' is released.

leaving group

»/_3
W/\/OPZOG o <\K\+ - \(\) b0
27

dimethylallyl diphosphate
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Chapter 9

9.1
Starch and cellulose are not addition polymers.

OH OH

; . . HO
Consider Starch: HO and glucose: HO

OH OH
0+ OH

their formulas differ by a molecule of water

9.2
Consider the following equilibrium in the gas phase:
nA mB
o
% = Elfgﬁg = Pi = Xi~Pt0t

X is the molar faction and Py is the total pressure

(a) If m > n i.e. increase of number of molecules from left to right, large increases of
pressure (P) would shift the equilibrium to the left in order to keep “Keq”
constant, according to Le Chatelier’s principle.

(b) If m < n, large increases of pressure would shift the equilibrium to the right
towards the products.

9.3

n(C,Hy) polyethylene

The number of molecules decreases from left to right (from “n” to 1). An increase of pressure
shifts to the right, therefore increasing the yield of polyethylene. Lowering the pressure would
have hurt the ICI intended purpose.

9.4

ICI chemists were reasoning on the basis that the waxy solid has the same composition as
ethylene, two hydrogen atom for each carbon atom, CH,. Therefore, they concluded that it was a
polymer of ethylene.
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9.5

nHC=CH, —= —CH;CH,}-
polyethylene

Polyethylene results from addition of “n” molecules of ethylene and is therefore called an
addition polymer.

9.6

empty p-orbital

R @ +
| O \\\R
R/C(,/R < R/C'””R < R—cC™
R - O
(tetrahedral) 109.8° < bond angle < 120° (planar)
sp> hybridization sp” hybridization
bond angle = 109.8° bond angle = 120°

In a free radical, the necessary placement of a single electron in what would be an empty p-
orbital in a carbocation causes some mixing of the 2s-orbital into that p-orbital leading to an
hybridization type between sp® and sp°. Therefore, the three atoms bonded to the central carbon
atom in the free radical no longer exist in a plane associated with sp® nor do the three atoms
bonded to the central carbon atom take a tetrahedral geometry.

9.7

Bond breaking is an endothermic reaction (AH > 0). Therefore, weaker bonds such as O-O
(AH = +35 kcal/mol, average) would break at lower temperatures, where this energy becomes
accessible, than stronger bonds such as C-C (AH = +83 kcal/mol, average), which requires
higher temperatures to reach this energy.

9.8

@ - The lone pair of electrons and the bonding electrons
repel each other leading therefore to a bond angle
. /C(”/ R smaller than that of a regular tetrahedral (109.8°).

R
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9.9

) Ol'lly "pH
less "s" than the carbanion
most "s" \ /
_ R O .
@ é @ \\\\\R . h
Con ZN\'"R CilIR R—C. most "s" in the
R/ \F\')//R R /4 \R R— \ / O\‘F\’/ bonding orbital
109.8° ? 120°
less than 109.8° 3 T more than 109.8°
more "p" in the sp” hybridization 1 ¢ jess than 120° sp? hybridization
bonding orbital 1/4s;3/4p bonding orbital 1/3s;2/3p
>

increasing "'s" character in the bonding orbitals

9.10

R + CH;CH=CH, CHg—?—CHzR

H
It would be expected that the radical R* would add to propylene in the way of forming the
more substituted radical, considering that the radical is electron deficient, although less so than a
carbocation.

9.11
Other termination reactions are:

S U S g e R e SR

n
n

R
R/\/\- L R - - R/\/\/

9.12

The mechanism for formation of branches in polyethylene reveal that stabilities of radicals are
parallel to those of carbocations as testified by step 1 (Fig. 9.4) which shows the shift from a
primary radical to a secondary one.
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9.13

CH

CH,=CH CH
CHz — _CH, 2~ A2 _CH, CH
R CHz  “cw RO e en T e
2 molecules of ethylene 3 molecules of ethylene
CHZZCHz
CH; CH
etc., =——— <-—— R/ N - 2\ /CHZ CH2
G2 CH;  cHy cwp
4 molecules of ethylene
9.14
reaction 3: RM. + CH,=CH, RM.
n+2 n+4
o R
reaction 4: o RM, — RW
n+2 n+2 n+2
rate (reaction 3) = k3[CH,=CH,][ RM\. ]
n+2
rate (reaction 4) = k,[ RM. 1?
n+2
The rate of reaction 3 is proportional to [ RM\.Z] while the rate of reaction 4
) ) n+
is proportional to [R .

]?. Therefore, as more chains are produced, reaction
.. . nrz,
4 is increasingly favored over reaction 3.

The rate of reaction 3 is also proportional to [CH,=CH,] while that of reaction 4 does

not depend on [CH,=CH,]. Therefore, adding more ethylene to the reactor would favor
reaction 3 over reaction 4.

9.15

m tetrahedral
@ H///,I \\\\\H H/\

N _CrullH
R/C-\ullH //C_C\ H"/ \‘H\sligh‘[lybent
VA 120° H O\Q ’ R \H

slightly bent
< 120° n-bond tetrahedral
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9.16

H H
H _—
. —_— -—
- -~
H H H H
H H H H H H
1 H
eclipsed gauche eclipsed anti

Torsional motions cause a large change in the shape of polyethylene chain. This is reasonable

due to high flexibility of the polymer.

9.17

Conformational transition state (reaction 1, Fig. 9.4)

9.18

R—ONO Accounting of valence electrons

- - two oxygen atoms = 2x6 = 12
N: 1s2s?2p?
5 -

- one nitrogen atom = 1x5= 5

- on electron from (R) =1
total =18
.o .o + o + + e T
R—Q—N=Q" R—Q—N—0O" R—Q=N—0¢
(A) (B)™ ©)
- obeys the octet rule violates the  gpeys the octet rule
- no formal charge octet rule

Of the three resonance structures, only (A) has no formal charge and obeys the

octet rule.
homolytic
R—O0—N=0 ~ R—O"  °NO
O-N bond breaking
R—Q" 7 valence electrons N=O0¢ N*O 11 valence electrons

- violates the octet rule

- no formal charge violates the octet rule violates the octet rule

both structures have no formal charge
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9.19
No answer required.

9.20
H H H
—_—— R +
R + ] H
>_\/ H>—\7 .
H H
\ Look ahead to
H .
H o H | section 9.6.
C\
R
9.21
(1) R* + CHy=CH, RN initiation
o R/\- © CHy=CH, R/\/\'
propagation
m + CHy=CH, H
R R
3) m . H shift of radical
R HZQ R H3C
primary radical secondary radical
R termination
/\/\/
@ 2”7 N —— g
9.22
PNV N INYY
PN ANl -« more space means
NN lower density and
HDPE therefore more fluid
(high density polyethylene)
"close packing" LDPE

(low density polyethylene)
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While linear polyethylene (HDPE) allows close packing, the branches in LDPE cause a chain
shape that disrupt packing of the chains therefore lowering the density of the polymer.

9.23
H H
— H—C=C—H . _
’ ’ higher ratio of 7 to o bonds means more
heat is released. In fact, acethylene has a
0, O positive heat of formation: unstable
compared to C and H, in their standard states.

2CO, + 2H,0 + heat  2CO, + H,O + heat

9.24
Steam cracking high temperature allows:
.0 RH
O, + RH ~O—H H—O_ 2-OH
O—H
+ +
and RCH,-CH,R 2 RCHy
Lower temperature for ethylene may allow only reaction with oxygen
9.25

Is orbital
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9.26

(a) ethylene
AN indtiation /\/\}g\ B-cleavage >N
=+ —_— . — N
R *
RH Hzc — CH2
(b) propylene
H H H
AN initiation /\/}()\ B-cleavage >
- - . R i i N
R .
RH HsC—CH=CH,

(c) 1-butene

ZNS5N initiation /\}{\/\ B-cleavage >\,

+H H - = n
+ H
R- RH N
(d) 2-butenes

B-cleavage

oo OfCH N + H

9.27
Some reasonable termination reactions are:

SR

/\/\)\/\/

/\/\. + R

P e e U g

R

N, + R

NN TN TN
/\/\/\.+/\/\.—>
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9.28

Steam cracking is endothermic: strong bonds are broken. Also there is +AS and therefore
temperature increase is favored.

Ethylene polymerization is exothermic: weak bonds are converted to strong bonds. Also there
is —AS and therefore temperature increase lowers the equilibrium constant.

9.29
AG =AH - TAS

In steam cracking process, few molecules are converted to large number of small molecules
(increase in disorder). This increase in disorder is translated to a favorable positive AS (change in
entropy) term. Furthermore, conversion of ¢ to m-bond in steam cracking is an endothermic
reaction (positive AH), which is unfavorable. Therefore, higher temperatures would favour the
steam cracking.

AH>0
C——> AG <0 at high temperatures
AS >0

9.30

Conversion of a strong c-bond to a weak m-bond (high energy bond) is an endothermic
reaction; i.e. energy must be added to the system to compensate the formation of a weaker bond
from a stronger bond, which translates to a higher temperature.

9.31

In polymerization, a m-bond is converted to a o-bond. The enthalpy change (AH) is therefore
exothermic (negative AH). Furthermore, a large number of small molecules are combined to
form a macromolecule leading to a negative change in entropy (negative AS).

Since AG = AH - TAS = (-AH) — T(-AS) = -AH + TAS, as temperature increases, AG grows
smaller and even may reach zero.

9.32
No. Thermodynamic parameters have nothing to do with the transition state which is instead
related to the activation energy (E,.) as discussed in section 6.11.

+ 3H, ——> O AH = - 49.8 kcal/mol

9.33
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Hydrogenation of benzene is an exotermic reaction (AH < 0) and is accompanied by a negative
change in entropy (AS < 0, one molecule of benzene combines with three molecules of H; to
form one molecule of cyclohexane). Therefore, it resembles polymerization (see answer to
problem 9.31).

9.34
Cl
N /\ .
AlCl4
multialkylation stimulated by resonance effects (chapter 6)
- H
N R M + A CH,
H
: /o
resonance stabilized
9.35
H/
H /) W/
, H A
Torsional motion has broken the necessary
p-orbital overlap for resonance stabilization
9.36

As seen in Fig. 9.9, the difference in E, is similar to the resonance stabilization difference,
therefore greatly slowing the higher E, reaction.
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9.37

I _H g
H c’ H_ - _CHa
(a) c=c H + R C=C_ + RH
H H H I H
CH,
. 4
H,C—C
H
resonce-stabilized
allyl radical
H H
o &
. ~N
(b) \C:C/ “H + R —x— C:C/ H + RH
/ AN
/ AN
H H H H

not resonance-stabilized

In addition, H bonded to sp? carbon is a stronger bond than H bonded to sp carbon,
even independent of the resonance stabilization.

9.38
top top
H//', ; \\\\H H//', o ; o \\\\H
C:C‘ p— g
7 '\ 7 !
H " H H | \CH3
bottom bottom
addition from top or from bottom addition from top or from bottom
gives identical products gives mirror image products
Therefore, the faces of ethylene are identical while those of propylene
are enantiotopic (section 5.6).
9.39

Free radicals would cause branching.

H,C
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9.40
Yes. They are isomers. These polymers are diasteromers because they are stereoisomers

which are not mirror-related images.

9.41
The two isotactic polymers in Fig. 9.10 are enantiomers because they are mirror images.

This is strictly true only if the ends of the chains in both polymers are identical.

9.42
HI
‘c=c"
7 0\
CH Ho 7 cH
H., WH 3.\H P | 3 CHg HCHs 1y
c—c" , \MCH N L.~ andsoon.

7 ! \ ? (from bottom) CH,
H ' CHs

growing chain
attack (bottom)

Both faces of the double bond are enantiotopic and the attack from the top and bottom would
lead to isotactic polymers with opposite directions of the methyl groups.

9.43
The Ziegler catalyst is chiral and would specifically prefer on face of the propylene molecule

over the other.

9.44
Yes. If the catalyst sites were related enantiomerically, one enantiomer would prefer one face

of the propylene molecule while the other enantiomer would choose specifically the opposite
face leading to a racemic mixture of polymers which could not be distinguished.
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9.45

" " W

H H formula CH, for both monomer
H CH, M and polymer
H H

OH 0 0
OH )\/\/\ﬁ(
M n HOM WO
OH o) XO 0

formulas for monomers and polymer differ by loss of H,O for each
link in the chain (each ester bond).

9.46
o o: .07 R 0:
)t) y : -” 9y q) H R )‘kO; + /O\
R )._oz ~— R707 = R[0T = R7QOT <—= 7 HTH
| + ‘0. o) R
< ep =-O: ;) RO H
R/..\H r) .e
+ /O\
R/O\H R/Q\H R™ ™ H
9.47
O_) o: O:) )OJ\
)I\ —_— . - <_—> ../H —_— R| 'O: + /O\
Rl )'.O: - R O Rl ?+ - .l H H
[ o+r” “0.
-O H R/.'\H R/ . H R
YN
R™*™H
9.48

A . O (sten 3)
Nucleophiles: R/'Q\H (step 1; " (step2); -+ (step 3);
| i
oN +
. (step 1); < (step 2); QL (step 3);
Electrophiles: R/\OH R H -~ “H

0]

+

o . 0 0
Step 2 is an acid/base reaction between g~y and N
(Bronsted-Lowry acid)  (Bronsted-Lowry base)
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9.49

N O
(0] 0] :0
)J\) 1 H — 2 H—— > P 0
R, )'.(l): P A, Rl Q/ - Rl I: - R' -.'Tj + H/. \H
R—NZ “N_H R
. ~ 7~
_NH, ™ s Ry I
:0:
PNpA
N4
R ITJ+
R

The equilibrium in step 3 greatly favors the amide therefore reducing hydrolysis. Ester bond —

(CO)-OR has more single bond character than an amide bond —(CO)-NHR, as shown by
resonance structures.

9.50

. , o Tt .
Nucleophiles: R/NHZ (step1); -~ Ny (step2); -~ (step 3);
)OJ\ (step 1) NH; (step 2) Z* (step 3)
oo step 1), 2 (Step 2); C step 3);
Electrophiles: R OH R™ Ny

. ..

. . . . o .
Step 2 is an acid/base reaction between g~ NH; (Bronsted-Lowry acid) and - ™ (Bronsted-Lowry base);
step 1 can also be seen as an acid/base reaction of the Lewis definition.

9.51

o o)
R.)KOH + RoH —— M 4+ Ho

R O-R
ester
X — 3
. + R-NH, —= + H,O
R~ “OH 2 R'*NH—R 2
amide
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The equilibrium constants for hydrolysis are:

[, o e ond (i o [ |
W (e ) [ T e

Kester >> Kamide, therefore less hydrolysis occurs for amides than for esters.

9.52
The amide functional group has the following general structure:

|
\I]/N\
(0]

amide (primary)
/ OH

NH3+
Hi,

amide (secondary)

O #

)
H

0] and so on

-———— =

amide (secolndary)
amide (secondary)

There is one amide group between every two residues (there are 20 residues) and one primary
amide on the side-chain of asparagine (2 residues). Therefore, a total of 21 amide groups can be

identified in the protein chain.

9.53
HH
\+/
+ -
'Tle N C02
C ‘
we
H \R H
"0,C
proline

general structure
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—R (side-chain group)

£ T
N H,C OH
HC™ NH; \HZC)\CH3 2 O —H
(asparagine) (leucine) (tyrosine) (glycine)
AN
CH/CHZ\CH \ CH—CH, AN _OH
/ ° H,C / HoC
HsC \_NH HC
(isoleucine) (valine) (serine)
tryptophan
\ CH, CH, AN CH; NH
cHY  >cHY ~NH,* \HZC/CozH cHy  “ScHy No—NHz
. - Il
(lysine) (aspartic acid) (arginine) NH,*
9.54
o) : .0 0
)J\) ! R 2. 2 L
RW0! <—R'+Q/ ‘—R'%éf ~— R7 0 rmy
) ' 0% 0. 1 H
H™">H
rate-determining :0:
‘ step R #\G/R
Energy ; N
H/Q-' H

RCOR + H,0 1
AH

R'CO;H + ROH

>

Reaction coordinate

Step 1 is the rate-determining step
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9.55

o :6: e} ek

R')k[;j'—;—» R')\lf—H R')J\..(lj' - R')\(JIS.‘
R amide R R ester R

Oxygen atom is more electronegative than nitrogen atom. As a result, the double bond
character between C and N is higher than that between C and O making more difficult the
twisting of C-N bond.

:NHj3 is a stronger base than H,O, which means that the electron pair is more available.

9.56

These three nylons differ on the length of the hydrocarbon chains in the two monomers. As the
hydrocarbon chain increases, the polymer becomes less polar (more hydrophobic) and more
flexible and with fewer H-bonds per unit. As a result, the melting point and the water absorption
both decrease.

nylon4,6 >  nylon 6,6 > nylon 6,10

mp 300 °C mp 265 °C mp 225 °C
EqH,0 > 8% EqH,0 = 8% EqH,0 =3%
9.57
oxidation CO,H
+ 3H, —> ——— hoc” T S
adipic acid
benzene cyclohexane
9.58
HoN it
2 \/\/\/\ OH
NH, + HO)\/\/\/\/\"/ - > ny]on 6,10
hexamethylene diamine 1,10-decanedioic acid

O
HoN OH
2 \/\/\NHZ N How . 1’1le1’1 4,6

tetramethylene diamine adipic acid
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9.59

R OH

HINC N 5 P NN R
NH2 + — R H \"/

hexamethylene diamine

The monocarboxylic acid blocks the active amino sites therefore preventing growth of the polymer

adipic acid

Parallel to the monocarboxylic acid, the monoamine blocks the carboxyl group therefore limiting
the molecular weight of the growing chain.

9.60
(a) to exclude monocarboxylic acids and/or amines

(b) because a salt is involved, exactly equal amounts of both monomers are assured.

Both (a) and (b) are necessary for maximum molecular weight.

9.61

07 |
. R—N¥ ONCH
./NH3 R,/NHZH H/ H R \H
9.62
(@]
0]
bp = 69 °C bp=65°C  bp=100°C  pp=118°C

- Hydrocarbons are non polar molecules and would therefore boil at lower temperatures

- Methanol, water and acetic acid are polar and are suitable to form intermolecular
hydrogen bonds. Their ability to form H-bonds increases from methanol to water to acetic
acid. As a result:

bp (CH;0H) < bp (H,0) < bp (CH3CO,H)
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HaC—0_ H HaC—< )—CHs
H '0O—H Jof

9.63
Yes. Because the lone pair of electrons of the oxygen atom is located in a sp® orbital while -NH
is in sp’ orientation. Therefore a geometrical alteration is required.

Q hydrogen bonding  better shown as Q

' .— showninFig.9.18 —— N

H "

lll ‘. _ N <

PN
9.64
O
HZN\/\/\/J\ i
OH nylon 6, However the actl(l)al monomer used is:
6-amino-hexanoic acid H
N/

caprolactam

(0]
H N\/\/\/\ OH
2 NHz + Ho)‘\/\/\’( . nylon 6,6
O

hexamethylene diamine adipic acid

In nylon 6, both functional groups (amine and carboxylic acid) belong to the same monomer
while in nylon 6,6, they are from two different monomers.

9.65

The statement is only approximately correct because it does not take into account the chain
ends which should be added to the formula of the polymer. However, in very long chains the end
group concentration is so low as to be ignored, which is also why the two isotactic
polypropylenes in Fig. 9.10 cannot be distinguished.
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Chapter 10

10.1

A single molecule that could yield the polymer -(HN(CH;)sCO), — (nylon 6) has the following
structure:

@]
OH HN
HzN/\/\/\"/ However the monomer
o) used is caprolactam.
6-aminohexanoic acid
(6-aminocaproic acid) caprolactam
10.2
H H
H H H H
2H,
+ H2 B H

H faster

H H H

H
H H
. loss of aromaticity
aromatic

The delocalization of the m-electrons in benzene gives the molecule a special stability,
aromaticity, which causes a higher energy price to break the n-system. Therefore, addition of the

first molecule of H, to a benzene ring is far more difficult than subsequent additions of the
remaining two molecules of H,.

10.3

/\/\)]\H /\/\[OI/

n-hexanal 2-hexanone
(aldehyde) (ketone)

/\)(i\/ i
/\/\)J\OH
3-hexanone hexanoic acid
(ketone) (carboxylic acid)
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10.4

-orbital
empty poroita sp>-orbital

F o H
P, N — F I‘B_ |L+ H
B—F + BT
e H/|\H .
O H FH
Lewis acid Lewis base

sp>-orbital
empty s-orbita

H

B

H' + NN, ———> H—N—H
W |
Lewis acid H H
Lewis base
10.5
From on heating, via reversible proton transfers,

there could be formed:

similar path

-
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10.6
Both reactions are reductions which involve:

(1) Transfer of hydride ions (H") from the reducing agent (NADH or LiAlH4) to the entity to
be reduced.

/ .
analog to s WL
H ,A‘I;H
H

NADH

(2) Addition of protons

10.7
—C—N
- hybridization: sp
- geometry: linear
- one ¢-bond C-N
- two m-bonds
10.8

The reaction of LiAlH4 with nitrile involves transfer of a pair of electrons from AIH4 (Lewis
base) to the carbon atom of the nitrile group (Lewis acid).Therefore, this acid-base reaction
belongs to the Lewis type.

H
‘ - + _
H_A|I_H —C=—N! =—— _C:N.:
H L . .d
Lewis base eW1s ac1
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10.9

— | /
SA—H t-c=N Lt + CA—H — = -CTN: [j*x"
WO H f
H_CEL\“
>AI—H
H lLlJr
H
H H +y - | . H
L H*X _ N
Li'X ™+ FC-N: =% #C-N: Ly CA—H
HooH : H
10.10
Cl
1,2 addition
N + Cl, ——

Cl
3.,4-dichloro-1-butene

The product is obtained as two enantiomers. There is no stereochemistry for the second double
bond.

Cl ?I
| R
C|\9C:I,,H CI\QC”////
) g
10.11
cl Cl
NS X H
n
H n
"trans" Wi

cis

neoprene

They are configurational diastereomers. A n-bond must be broken to interconvert these

diastereomers.
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10.12

:Base
LH ¢l -BaseH" % c - cr Cl
2
cl Cl Cl cloroprene

resonance-stabilized

:Base carbanion
<, Cl -BaseH* cl

H
3
(b) 7 1 R HW Does not occur
2 g
Hcl

Cl

unstable carbanion
(no resonance)

Loss of a proton at 3-position leads to a resonance-stabilized carbanion while abstraction of a
proton at 4-position produces less stable carbanion.

10.13
KAk Ak
Cl Br
oL ¥ Br - Br ¥

& o o &
Yes. They can be considered as Lewis acid/base reactions between the double bond (Lewis
base) and Cl, or Br;, (Lewis acid).

Yes. Reactions in Figures 10.10 and 10.11 are reactions between electrophiles and
nucleophiles.

Step 1 Step 2
= 3" &° c+:| &
e cl—cl <] or C\')\/ CI
(nucleophiles) (electrophile) (electrophiles) (nucleophile)

10.14
It reveals that the substitution of the carbocation site is more important than the substitution of
the double bond.

more substituted carbocation
(more stable)

/ )
cl /\*/\ ¢l al /\(\ 1,2-product

H Cl (more favored)
I Cr e 1,4-product (less favored
cl /\/\\+ cl m although more stable)
(o]

more substituted
double bond

168



10.15

__. thermodynamic control

Eact1,4

__. kinetic control

NS YT

cl 1,2-product

Cl
cl /\/\/
1,4-product

Reaction coordinate

The two conflicting carbocations are:
CI/\/\+ and a” NN

(primary) (secondary)

The more stable carbocation corresponds to the lower energy of activation (kinetically favored),
but leads to formation of the less stable product (1,2-product).

10.16

Addition of chlorine to 1,3-butadiene is reversible, allowing an equilibrium state to be reached
between 1,2- and 1,4-products. At higher temperatures, equilibrium is attained, allowing
interconversion between the 1,2- and 1,4-products, which favors the more stable product (1,4-
product), the more substituted alkene (thermodynamic control).

Cr cr
7 AN AN
ol /\/\C | CEI[>/\ cl /\(‘:I/\
1,4-product 1,2-product
(thermodynamically favored) (kinetically favored)

10.17

The DuPont process of addition of chlorine to 1,3-butadiene, was designed to occur near 200°
C allowing the equilibrium state to be reached. Unfortunately, the stability of the 1,4-product
(1,4-dichloro-2- butene) is not so much greater than the 1,2 product (3,4-dichloro-1-butene) as to
exclude the latter from the equilibrium mixture. However, the 1.4-product and the 1,2-product
boil at 155° C and 123° C, respectively; which are far enough apart to separate the 1,2-product by
fractional distillation, leaving the 1,4-product in the pot.

A copper catalyst, able to interconverted the two isomeric 1,2- and 1,4-products, was also
found and could be added to the distillation mixture if the 1,2-product was desired. In this case,
although, the 1,4-product is thermodynamically favored, the lower boiling 1,2-product was
continuously removed so that, eventually, all the 1,4-product was converted to the 1,2-product.
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10.18

H,SO, + 2CN —— 2HCN + SO*
pKa=-9 pKa=9

H,SOy is a stronger acid than HCN. Therefore, the equilibrium is shifted to the right, leading
to successful production of HCN from H,SO4. H,SO4 could not be therefore produced from

HCN and sulfate anion.

10.19
1,2-addition involves the more substituted carbocation(kinetically favored). Therefore, the 1,2-

product is more favored than the 1,4-product although the latter contains the more substituted
double bond.

more substituted carbocation less substituted
(n:/ore stable) double bond
cr /
cl TN cl XX 1,2-product
AHA ACI(\ (kinetically favored)
I Crl — 1,4-product
o N cl /\/T\ (thermodynamically favored)
/ o]
. more substituted
less substituted double bond

carbocation

10.20
The statement is based on the fact that a copper catalyst was able to completely convert a

mixture of 1,2- and 1,4-dicyanoproducts to 1,4-product, while in the case of dichloroproducts,
the catalyst was found to interconvert the two isomers, therefore suggesting that 1,4-
dicyanoproduct was more stable than 1,4-dichloroproduct.

NC 7 |

1.4- / catalyst

N catalyst NC/\/\ CIM — CI/\(\
Cl Cl
NC% 1 ’4- CN 1 ’4' 1 ,2-
CN
1,2-
10.21

The energy of activation (as seen in Fig. 10.13) of step 2 (reaction of the carbocation with the
double bond) and step 3 (loss of a proton) are far lower than the energy of activation of step 1,
the formation of carbocation. This step will be therefore the “rate determining” step (the slowest

step).
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10.22
Let’s do it for some of the structures.

) o (4n+2 =10, n=2), aromatic
do not contribute to the aromaticity
- 1 lone pair of electrons
- 4 double bonds

:QH :OH contributes to the aromaticity

S-adenosylmethionine

ﬁ ﬁ ﬁ O :
i0=p-5-p-5—p-0: BP0t
:01 :0- -0 -
triphosphate ion monophosphate ion
y ) Qi
HO! HO HO N
.. - H N H
HO HO " CH, HO H,c”+ " H
(4n+2 =6, n = 1), aromatic (4n+2 =6, n=1), aromatic (4n+2 =6, n = 1), aromatic
norepinephrine adrenaline protonated adrenaline

10.23

The carbon atom, site of nucleophilic substitution, is a CH, group (primary) and is not
conjugated to a double bond. Therefore, the reaction requires an Sy2 mechanism. In other words,
an Sy1 mechanism would have involved the formation of a primary carbocation, which is highly

unstable and thus less likely to form.
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10.24

Because a carbocation that might be formed through Sx1 mechanism would have been less
stable in a low dielectric solvent (less ionizing solvent) such as dichloromethane, benzene, etc.
Therefore, a less polar solvent will favor the Sy2 mechanism.

10.25

(—\‘/\/O—ons?"
0—P,0% — > \K\+
H+
\K - . \(

\K\/

Intermediate carbocation adds to a double bond in both

10.26
increasing
stability
(carbocation)
A
R Snl Snl Snl Snl Syl
RZCH+—— Sn2 Sn2 SNZ/ Syl NS Syl
RCHy; - SN2 S\2 S\2 SN2 /Sul Sn2/Sxl
CH3+ -1 SN2 SN2 SN2 SN2 SN2
| | | | | -
| [ I I I -
2.24 7.58 20.7 327 g.1 &
CCly THF Acetone CH;OH H,0
Increasing dielectric constant
10.27

The Mg™" counterion increases the leaving group propensity of the P,O;*
therefore favoring Sx1 mechanism. In the absence of MgH, Sn2 would be
more favorable.

oO— P2063- SN2 \K\/\-;r\/o - PzOGB-
\K\ ——
Co

" P,06*
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10.28

CHs group not conjugated CH; group conjugated with
with the double bond (Sn2) the double bond (Sy1)
WO_PZOG& - WO_P2063'
isopentenyl diphosphate dimethylallyl diphosphate

B

In isopentenyl diphosphate, the site of nucleophilic substitution, a CH; group, is primary and
not conjugated with the double bond. Therefore, it would point to nucleophilic substitution via
Sn2 mechanism; whereas, in dimethylallyl diphosphate, the CH, group is conjugated with the
double bond which would favor the formation of a resonance-stabilized carbocation, therefore
pointing to a substitution via Sy1 mechanism.

10.29
Br :Br: O
HsC CH '
3 3 H3C CH3 H3C H H
H H —
H H HaC
3 H
CH, CH, CHs
CH;-O o ionization favored by high CH3-6:_
dielectric constant solvents T
S\2 approach blocked
OCHzH_
H3C
® CHs CH,
10.30

Sterically bulky nucleophiles such as (CH3);C-O" disfavor the nucleophilic substitution via

Sn2 mechanism because large nucleophiles will have a difficult time in getting close enough to
the substrate.

Bro”
H//II:,,(::&H
Hac/,i_ Steric hinfirance arising from the struc‘Fure of
HClt P d the a‘Ftaclqng nucleophile even for a primary
("C\ reaction site as shown here.
HaC CHs
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10.31

Looking at the stereochemistry of the starting substrate and the final product, it appears that
there is an inversion of the configuration of the carbon atom site of nucleophilic substitution.
Therefore, reaction 1 (Fig. 10.21) occurs via the Sy2 mechanism.

CH
Hos /@\CH?’ /(H\ 3
h o)

H, CHs ORp R'p
P /&
/;(S) (.l) S H,C o) HsC O 100%
A 0=S=0 N . +
CH; O. slow fast
.o H —
\”/ 5 oH
|
0o 0=$=0 0=S=0
Br
Br Br
Energy
H
A |5+H,;r\CSH3 ¥
CHy QP70
o 0:S:0

Br

Reaction coordinate
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10.32
The carbon atom, site of nucleophilic substitution, is tertiary and conjugated with the aromatic

ring. Therefore, the formation of a resonace-stabilized carbocation is strongly favored. The
reaction would then occur via the Sx1 mechanism leading to a nearly racemic mixture due to the

enantiotopic character of both faces of the carbocation.

fast

+ H3C e
HsC (8)O
HsC O)\CHg
52% 48%
(from left) (from right)

An exact racemic mixture (50:50) is not obtained because the release of the leaving group
slows down the attack of the nucleophile from the face where the leaving group is released.

Energy

A

+
wCHz © HyCo.

0]
OF CH3 H3C

NO, A

H3C (0] (@)

510

//l\CH3

Reaction coordinate
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10.33
In the second product (12%), the configuration (S) of the carbon atom site of nucleophilic

substitution is preserved. This product is one of the two enantiomers formed via the Sy1
mechanism (racemic mixture). Assuming that both faces of the intermediate carbocation are
ideally enantiotopic, the enantiomer (R) of the 12% product is the same product as the one
obtained via the Sy2 mechanism (inversion of configuration), which is the 88% product. As a

result:
Sn1: 12% (S) + 12% (R) = 24% (racemic mixture)

Sn2: 88% (R) — 12% (R)from the Sy1 mechanism = 76% (R)

10.34
pair of
electrons empty
H +
(’: \\\\CHZ H /1, \\\\CH3 H w, H ‘\\\CH3
H wwe! - — ’C :C‘
H/ CHs; H CHs H” \CH3
Hyperconjugation
10.35
H,J;\/\
y CHj3 CH
& 0=S=0 solvent
() T gl e
. e -
Q ng CH,7(SOH
THF
(solvent) Br
Double inversion of configuration = retention of configuration
10.36

V. )\/\ CH,
% CH,

pe)°C
0=S=0 o Sn2 WwH
A o®p
3
solvent H3C/g0
100%
Br
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2) H., CH o)
3 CH CH
Ha,c (970 [ j : ¥
o)
_—

0=S=0
+ H20 +
Sn1 + Sp2 WH H.,,
HO" (R CH3 CH3 (S)OH
76% Sy2 12% Sy
Br 12% Sy1

3) o
H.C. Q )I\ /H
Co . +-J HecTTo
Hsc (S) O K O CH3 S ..nCH3 + H3Clu.
St oR Bye)
o /g CH3 H3C )\
H,C” YO 07 CH,
NO; 52% 48%

The Sx2 reaction always involves inversion of configuration at the site of substitution, however,
there are examples where the CIP nomenclature does not switch between (R) and (S). Here is

one:
- 1
() ©® ¢4
\ : 2 “.\\\CH3
\\ (lj N B }
B - A r
oo &' r R 3
-.?:
R
Inversion of configuration but (S) to (S)
10.37

(a) for 1.,4-product:
Both carbon atom sites of nucleophilic substitution are CH, groups conjugated with the double

bond. Therefore, depending on the experimental conditions, both Sy1 and Sx2 can be predicted

with Sy1 favored in polar solvents.

* SN1 mechanism

T
CIA/\CI . I+ cl
Y

Cl

CN- NC/\/\

Cl

CN
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* SN2 mechanism

(b) for 1,2-product:
Of the two carbon atom sites of nucleophilic substitution, one is primary (CH;), not conjugated
with the double bond therefore pointing to the Sx2 mechanism. The other is secondary (CH),
conjugated with the double bond and the substitution would occur via the Sy1 mechanism.

:CN- v\ +
IV s
CM

o cl CN

4

NC

§
e
<

CN
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Chapter 11

11.1

The branches in LDPE do not allow close packing of the hydrocarbon chains and therefore
retard crystallization. The “cis (Z)” double bonds in unsaturated fatty acids play the same role, as
do the “cis” double bonds in Hevea rubber. Look ahead to Fig. 11.5. The “trans” double bonds in

Gutta percha allow close packing and crystallization and therefore chain inflexibility: elastic
properties become impossible.

11.2
Yes. They do obey the isoprene rule.

Hevea rubber Gutta percha

11.3

The energy of activation in cis-trans isomerization is the energy barrier required for
interconvertionbetween “cis” and “trans” double bonds, which is too high and becomes more
accessible as the temperature increases, as reported in Fig. 6.15.
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11.4

~-bond n -bond
-bond CO.H
py py n py 2
i 900 rotation H
H, 7 \\\\COZ H breaklng H 7 z ‘4, \\\
CO,H
HOZC H H02C H H02C 2
fumaric acid nti-bond broken maleic acid

11.5
No. Flipping of the cyclohexane ring switches axial-positions to equatorial-positions and vice-
versa. Therefore, :cis” and “trans” configurations remain unaltered.

CO,H
3 2
—_—
-
CO,H 4
5 6 1 2
cis (equatorial-axial) cis (axial-equatorial)
CO,H
COH ——= M
CO,H
COZH
trans (diequatorial) trans (diaxial)
11.6
CO,H
H 2
CO,H strong base
-~ strong base CO,H
CO,H H
"trans" 1 carbanion H

The carbanions formed in the presence of a strong base, can interconvert via a planar transition
state and addition of a proton would occur to either face leading to cis-trans isomerization.

\\\\\\ '”//I
-—
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11.7
As tartaric acid, both isomers (cis and trans) have two identical chiral cabon atoms in adjacent

positions. Cis-isomer is analogous to meso-tartaric acid although there is no plane of symmetry
(the cyclohexane ring is not flat); while the trans-isomer is analogous to the other diasteromer

which is present as a pair of enantiomers.

CO,H HOAC
T L
2COzH Him,,
H HO,C'
S.S
analogous to "meso" (R,S) (R,R) 55
> / A
" enantiomers
11.8
CH,
(a) 5
CHj 4 5 CHs 6 6 1
iy D — 3 CHs
oaH = 5 CH, 4 >
CHy 3 1
cis-1,2 equatorial-axial axial-equatorial

Both conformations have the same stability

H
5
’ CHj 4 5 6 6 1
"//H -
Q\CHs = m/% 4 3 2
3 CH, 1 CHs

"
diaxial

3

trans-1,2 diequatorial
(the most stable)

Trans-1,2 diequatorial is the most stable because both CH; groups occupy equatorial positions.

CH
5 CHs
CHs 4 5 6 6 1
1y -
" Hacm/w 4 3
2 3 2
3 1

diaxial

3

diequatorial
(the most stable)

cis-1,3 CH
5
",
Chs 4 HyC' 2
3

7,
“CH,

3

H

CH3
trans-1,3 equatorial-axial

axial-equatorial

Both conformations have identical stability

Cis-1,3 diequatorial is the most stable conformation.
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CHj3
CHj 5
6 1
H,sC 3
CHj
3 2 : 4 2

equatorial-axial axial-equatorial

Both conformations have the same stability
CHs

C 3 - -
trans-1,4 diequatorial diaxial

(the most stable)

Trans-1,4 equatorial is the most stable conformation.

Cis- and trans-1,4 are achiral, as is cis-1,3. Trans-1,3 is chiral, as are trans- and cis-1,2.
However, while ring flipping of either enantiomer of trans-1,3 causes no racemization (and in

fact no change in structure), ring flipping of cis-1,2 causes racemization. Ring flipping of trans-
1,2, while not causing racemization does change the structure.

(i)
. CH3 [ [
identical l -
iden 1fa\ e trans-1,3 l T o trans-1,2
N - chiral 3 chiral
(iii) Chy
l . cis-1,2
Hs chiral
Hscm SR identical
(racemization)
11.9

The elastic property of natural rubber makes it valuable for airplane tires because it is more
resilient than any synthetic rubber ever produced and therefore stays cooler.
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11.10

LDPE, (cis)-unsaturated fatty acids and atactic (random) polypropylene are good candidates for
elastomeric properties because of the difficulty of their chains to pack together closely. The close
packing, as in HDPE and in saturated fatty acids causes restriction to both conformational
motion and to the movement of the chains relative to each other.

11.11
Only few conformational changes can cause large changes in the overall shape of a chain.

chain chain

H H H chain

H H H H

H
chain
"anti" (stretched state) "gauche” (coiled state)

11.12
Joule and Carnot formulate the so-called “first” and “second” laws of thermodynamics from

which it came to be understood that work can be expressed as heat. Stretching an elastomer
involves work.

11.13

crosslinking

crosslinking

¥

HsC
(b)
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- crosslinking

H3;C R;C+ HsC
©) | H N\ chy
H RsC
11.14
~-CH, CHy - —{-CH, CH,—
—-CH, CH,~>- Y,
o7 ? C-C c—C
/C_C /S+ CH3 iS CH3
H CHj . 'S
no formal charge S\S 'é’$°\§/'s': '.S;S,_ S/S\S/S
CH
+ \ 2 +9H2+
CH—C
—~-CH CcH, s:  CHg
_ 7 ;
/C—C\ ?
H CHs S:.. AN LS /H
S=S/7 8 7 CcH—C %
. . \\
/C_CH2
CH3j
11.15

The puckered ring conformation of Sg allows an approximate tetrahedral angle for the S atoms
and reduces eclipsing overlap of the two lone pairs of electrons on each S atom, a torsional

strain.

11.16
The attack from above would invert the configuration of the chiral center.
X HaC X
2, H
. (R \\H . ’, .\\\\\
From below: HscH From above: y ¢ (S)
CH; X CHa

HaC ¥
X =Br, Cl
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11.17
Yes. The opened form of S8 involves a large number of conformations. Therefore, a change

from opened form to closed form causes a loss of entropy (AS < 0). Lower the temperature
would therefore help the ring closing.

11.18
(a) initiation steps

S e ey

s
parallel to:
S S oS S, S. .S

S‘S' S S‘S/ s~ H* .
() — —— —
4—>_<—F M Fig. 4.13 (step 1)
‘7&(’ E— oHy + +§_(+

; CH
S -’ S-57° s -’ Svg° iy =
(i) (i)

(b) propagation steps

|
+ S\S M S\
4—\:(—F S OHy &S
CHs (v) parallel to:
CHj3 S
(iv) S >:
s’ y— M
\

CH, %M
Sy
>7

>0 DA

+ CH

s CH N s Fig. 4.13 (steps 2 and 3)
s

.S
S
N H R
S H 8 . _H
s + w — 8 + +<:(+
S S
s’ ) CHs S Giiy CHs
\ \
S 4—<S_(—F
CH3 CH3
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(c) termination steps

%; M_, %3

S H H
S\ /S\ /S ("I) S\
s-s” 'S .S
(ii) S” <---crosslink
\
S
S
\
HsC_ S

W w S e sl

11.19

1) Catalytic cracking and synthesis of '"high octane'" gasoline

H 1,2-shift
CH2+ )ﬁ/k

primary carbocation tertiary carbocation
(more stable)

2) Markovnikov's rule

Br
CHs  pBr CHs  Br

HZCCt< H3C+CH3

- CHs CH3 CH,

% more stable

H2C"<

CH;

3) Terpenes formation /K/ )\/\

)\A I 0F>206 g
)AN/

resonance-stabilized carbocation

OPzOG OPZOGS_
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4) Electrophilic aromatic substitution

g H H H
OG- 5- &=
¥

resonance-stabilized carbocation cumene

5) Competition between nucleophilic substitution mechanisms

OP,06%> )\/+ 4__)\/ . geranyl
+

n PO N ‘ phosphate
)\/\ 27 resonance-stabilized carbocation

OP,0¢* /1\/+
e (not produced)

11.20
crosslinking

o '

”'/\” “/\O oH* ;

s—ci HN__~ L 0 -

, NH, CI-$ oo I v 0

RVAS © BN NH—8
=} (e} I
=] (0]
Nucleophilic substitution to a sulfonyl group >

11.21

CI—CI: high energy bond (weak bond) c—C low energy bonds (strong bonds)
n-bond: high energy bond (weak bond) C—H

11.22
D S N
e R—C—Cl — R tetracoordinate intermediate
R +| . / cl (tetrahedral)
Nu Nu
N -
’ ad 7
i O
0 R I
R—g—CI + :/5 =0 R—S—Nu CI’
H & 5
‘Nu )
pentacoordinate

transition state
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11.23

o: + HCI

Energya R% cl
“O:

RCOCI + CH3OH
AH

RCO,CH5 + HCI

Y

Reaction coordinate

11.24
o)
_ Hzc.)J\(?
:0: O )
(5 o L)\f‘)e 0 CH;g
== HC o) — 4 C)ko + resonance-stabilized
HsC ) 0 o CH, 3 | carbanion
o7 CHs CHs CHs 5
HsC -ketoester retro-claisen condensation )\
H,C™ "0
e CHg
:LO: o _
(-O. e )J\ + '-CH3
D —— H3C‘ CH HH H3C O
HsC~ Y CH o ° :
3" 3 . Does not occur CHs
_OZ ketone 3
H3C :
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11.25

leaving group

(a) /C\ /CH3 <—> /C\ + CH3OH CH3O

O2N O is a better leaving group than CH;0" and @6 because of greater

resonance-stabilized ion. Furthermore, para-O,N-C4HsO" is an electron-withdrawing group.

This increases the electrophilic character of the acyl carbon atom of the ester. Therefore,
reaction (c) is faster than (a) and (b).

OH O @) O O
© @ @ © S resonance
| structures
+ + +
NT N. NT - NI _ N _
o~ o o M o2 o o o o

-~ =
0]

o) o) o) o)
o 4 resonance
structures

CH;0" (poor leaving group): no resonance structure

189



11.26

O

Cl CH;0H HsC—O_
/C:O C=0 + 2HCI
/
dimethyl carbonate
of NH;  HN
C=0 /C=O + 2 HCI
cl H,N
urea
cl - HO
cmo 20 c=0 + 2HCI
carbonic acid
Cl C6H50H C6H5_O
c=0 C=0 + 2 HCI
C|/ C6H5—O
diphenyl carbonate
+ -
N (CH3)3N (HsC)N Ll
Cc=0 C=0
cl” “
(HsC)sN -
11.27
mixed anhydride
o
SO
C
ch/f o7, 3 él;
| | HiC™ NH,
® (@ NO,
151233 leaving group
i
O\ /NH2 C _
e @ e o
O
"
/
HiC~ “OH (b) OZNOC\
NO,

o

(HaC)N,_

/C:O + 2 CH3C1

(H3C)N
substituted urea

NO,

conjugate base of the stronger
acid. Therefore, attack at (b) is
favored.
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11.28
Because the flexible chain can coil, even sulfonyl groups far apart can reach with ethylene
diamine (HzN-CHzCHz-NHz).

N
( S0,
H,N-CH,CH,-NH, N/OZS
ClO,S N

The most effective way to favor intermolecular crosslinking is by increasing the proportion of
the polymer to the diamine.

11.29

16S: 1522s22pY3s%3p? (isolated S) NH,

68" 152252p(3s'3p°3d?] (hybridized S) b

In the hybridized state, one s-orbital (3s) and three p-orbitals (3p) are mixed together to
formed four sp’-hybridized orbitals, which lead to formation of four o-bonds. The remaining
two valence electrons are in two d-orbitals (3d), which overlap with the non hybridized p,-orbital

(2p.) of the oxygen atoms to give two m-bonds. Alternatively, the structure could be expressed as
this resonance structure:

NH,

N

0—S—0O

b

11.30

Resonance is necessary for a full description of both Pronosil and para-aminobenzene
sulfonamide.

For example, the following resonance structures contribute to the exact structure of para-
aminobenzene sulfonamide:
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NH, NH, THz THZ THZ NH,
0=—=8§=—=0 O:S+—O_ O=|S—O_ O:|s—o_ O:|S—O_ O=|S—O
+ +
B e - - e
NH, NH, NH; NH, NH, NH,
NH, NH, other resonance
- +\ - - ||+ - structures
0—S—o0 0—S—o0
NH, NH,
11.31

Step 3 (Fig. 11.20) could be enhanced using an excess of initiating peroxide which will result
in an increase of the concentration of the radicals produced therefore increasing the rate of

reaction 3.

Rate (step 3) = ks [radical 1][radical 2]

11.32
The usual experience with the Ziegler-Natta catalyst is that only terminal alkenes can be

polymerized so that:

H H
- Z/N
— T
H H catalyst
H H
— e ZIN W

H H catalyst

Even NN could be used or other terminal alkenes.

There must be steric hindrance associated with catalyst activity.
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11.33
Yes.

WL*W &W

Kauzmann’s paradox has been called a “catastrophe” because it leads to the unphysical
situation where the entropy of a disordered liquid would reach zero above 0 °K.

11.35

Both sugars (gulose and idose) are the only ones which have the OH groups in axial
orientations, which would cause them to be difficult to crystallize arising from a mixture of ring
forms and open forms.

For example:
OH
oH ~OH OH
0 . o
OH ™~ HO + open forms
on M HO OH

B-D-gulose

11.36
Lower temparture will be required to slow down the conformational motions to the extent to

form the glass, which is rigid.

11.37
chain { Chain chain
chain cha|
H
chain CeHs H CeHs
chain chain
I (CeHs) torsional and
polystyrene _.steric strains
., steric cha
H Chain chain . strain {ain
haln
H sH chain CsHs CeHs

torswnal and
steric strains
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Due to rotation around each carbon-carbon bond along the chain, many conformations are
possible but the interconvertion between them via eclipsed and gauche is slow due to the
presence of steric and torsional strains.

11.38
- At 150 °C, both blocks are above their glass transition temperatures allowing chain

movement and flow.

- At 30 °C which is lower than the glass transition temperature of polystyrene (100 °C) but
higher than the glass transition temperature (-70 °C) of poly (1,3-butadiene, the chains
within the poly (1,3-butadiene) region will have the flexibility necessary for
elastomeric behavior while the chains within the polystyrene region will form a rigid
glass mass.

- At -100 °C, both blocks are below their glass transition temperatures and will therefore
form a rigid glass mass.

11.39
The soft segment —(CH,)— is linear and therefore highly flexible while the presence of stiff

aromatic rings in the hard segment causes it to be rigid (limited conformational changes).

11.40

Although both polymers work by the same principle in that the polymer consists of blocks that
do not mix, Spandex differs from Kraton in that the crosslinking block is not glass-forming but
rather finds the necessary temperature —dependent attractive interactions in crystallization and

hydrogen bonding.
- At a temperature below the melting temperature (Tm) of the crosslinking blocks and
above the glass transition temperature (Tg) of the flexible blocks, the material acts as

elastomer.
- At a temperature above Tm and Tg, the material flows.

- At a temperature below Tm and Tg, the crosslinking blocks form rigid crystals while the
flexible blocks turn into a rigid glass mass.

catalyst
+ 4H, E——

contributes to 0
the aromaticity
THF

not aromatic

11.41

(4n+2 = 6m-electrons, n = 1)

aromatic
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11.42

In Fig. 11.25, the high energy bonds (weak bonds) are: C—E)/ bonds. They are created by introducing

a positive charge or%e oxygen atom. This lowers the electro\n density on the oxygen atom and therefore

weakens the C—_E) bonds.
H+
:6’ 730 .
B high energy bond Il-l high energy bond
11.43
y{ leaving
H _.--"‘group
G
O =—— & N
c—@" ~ H /
H\ 7\ R \O e @)
@ R
+
RN . CLO:
O O:
. e /
leaving - | H
group
In both cases the leaving groups are similar: —Q
H
11.44

Fig. 11.25 describes an addition polymerization. Many units of THF add together without
elimination of a small molecule.

11.45

The nitrogen and oxygen atoms are

sp? = o sp’-hybridized while the central carbon
atom is sp-hybridized, similar to allenes.
Therefore, the geometry of the isocyanate

functional group is linear
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FC:- ----- >:”. :“: ------ = _
S R'OH e RNH, . T FC
/N:C N <«— R—N=C=0: ______ /N:C\ N
R -.?—H isocyanate R x4 /N\_H
TR (no formal charge) " H R
FC = +1 FC = +1
e “HY  FC=-1 FC=-1 \'H+ FC=-
e
\.- / :0: r Q.
0 y . - 4
ol ‘N=C N—C
N=C =<« » /N._C ;7 A - R/ \NH
R .0 R -9 A R
| : R '
R' R +
+HT *H
//O. . 72
HN—C HN—C,
R -0 R :NH
él Rl
carbamate substituted urea
(no formal charge) (no formal charge)
11.47
0]
/(ll,\ H0 I - CO,
HN o) C R-NH,
| | HNT OH <
R R' | .
R amine
carbamate carbamic acid

Rapid loss of CO, demonstrates that carbamic acids are unstable.
Because of the ease of proton loss. Loss of the R’ group in the ester is far more difficult.

196



11.48

carbamate
\\ o
NH«
%

substituted
NH _.--- urea
- ;
o= :
NH™ \_—-NH ¥

o
NH

. (0]
carbamate 1/7 OH

O NH substituted
‘ ......

0) urea

NH,— " NH
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Chapter 12

12.1

O 0] o)
1) + Base

HsC)I\SCoA HsCMSCOA
Claisen condensation
O @) @) 0

2) H3CMSC0A - H3CMSCyS

Ester exchange

OH
o 0] O Base O

3)
H3CMSCys + ch)K

Aldol reaction

OH o OH o
)
HsC SCys HsC SCys
O O
CoAS Ester hydrolysis 0

OH
HsC SCys H3C OH
0]
0

Reductlon of an ester to a primary alcohol

CoAS

i
O—P—0

OH . o 0
o [ .
Hsc/é/\OH /é/\o—ﬁ—O—P—O
o) o o- O
- 0

phosphorylation using adenosine triphosphate (ATP)

i

O—P— o} H>__<CH3/\ C||) ﬁ
o —0— P o a 0—P—0—P—0
O O~ (ol

decarboxylatlon
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12.2
Let ‘s do it for three of the structures.

T
H
C\
H M / HiCo  .CH, CH, CHs
o] N CH  “cH, “CH e
HO\ /C/ CH2 HC o 2 “O«__OH
CH3 H C C 2 '/C W CH3 \C/..
. | | CHy ~ “C— ™\ s ooy O
..O\ 40\ /C\ _H H3C cl: c|: /CH2 \\C_’\]/ \\C/ 2\“/ R
C C C CH2 | PAAN Y ™~CH H | | | (e} CH3
| I | CH; (|3 CH : 2 \C—C‘?\é/CHz -
H H - :
H/C\ O /C\H (-l; c ('|)H HoN, _CH, CH, :NHH =
c N SN T2 — RN
| HO o CH, ? H™ 3 CH, (I'T\
H . ~ .
. H HQ™ ~O: Q- .
quinine cholesterol cephalosporin C
- no formal charge - no formal charge - no formal charge
-obeys the octet rule -obeys the octet rule -obeys the octet rule

12.3

quinine strychnine
5 conjugated double bonds 3 conjugated double bonds
(aromatic system) (aromatic system) 0o CHs H\\CHa H\\CH3
_ K R
chlorophyll-a

10 conjugated double bonds
and 1 conjugated carbonyl

e cephalosporin C
0= H CHs i _
1 conjugated double bond to . reserpine .
HN O /.L a carbony! group. [4+3] conjugated double bonds (two aromatic systems)
o* \ \Eg_ \ and 1 conjugated carbonyl.
0 7\ 5 .
OH CHj

CH;  Vitamin Bqo [6+4] conjugated double bonds
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12.4

contributes to the aromaticity

. (4n+2 = 6, aromatic)
(4n+2 = 6, aromatic) J

strychnine

quinine
does not contribute  (4n+2 = 10, aromatic) 0o CH H

3 H
to the aromaticity P <CH3 <CHs
H2N—<; chlorophyll-a

o contributes to CHs
\_< the aromaticity o
o.
NH, CHg
H,oN - CHg3 CI)
CH, . ~ 1o © CHs
does not contribute CHs HsC HH —
to the aromaticity — CH; (4n+2 =6, aromatic)

o) H CHs / (4n+2 = 10, aromatic)

o
JL reserpine
HN

o
\
_PR
o7\ o-\Eg_
(4n+2 = 10, aromatic)
Vitamin B,

contnbutes to CHs
the aromaticity

12.5
equatorial from equatorial from
second chair first chair
\ 4 |
—_—
LN
equatorial from equatorial from "
second chair first chair
Trans-decalin
12.6

The s-cis conformation suffers from the steric hindrance caused by the two CHj; groups which
are close to each other while in the s-trans conformation, they are far apart from each other.
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steric hindrance
g >C_H%' 7 Now,
_—

NP * HiC. =

S-CIS s-trans
12.7
+
< R . _R
" — (T
\ . L ~
s-cis
orbital overlap transition state
(six-membered ring)
/ i
K’E —>—  Does not occur
R
s-trans
no orbital overlap
12.8

A

alkene diene

/\/

two molecules
of diene
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1) ° o
HaC RN HaC
(@ -
P~
"G —
1
2) 2 6 10
5 o .
3
4 7T
0
3) 0
A OCHs OCHj
B ———
CH
: CH,
0
4) o
A OCHs OCHj
B ———
HsC ""///cHs

12.10

+  CH;CH,0~

o
H
The absence of the reverse step reveals that CH;CH,OH is a stronger acid than O?{
Therefore, the equilibrium is shifted to the conjugate base of the stronger Bronsted-Lowry acid (the weaker base).
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12.11

Fcf = -1 Michael reaction

CH;
Michael adduct

12.12
Although the faces of the carbonyl group are diastereotopic, either face leads to the same
result because of the formation of a double bond in the final product.

12.13
The reaction from 2 to 4 is an adol reaction.

Aldol condensation

Loss of one molecule of water from 4 has a more powerful driving force than the loss of water
from aldol product in Fig. 8.14 because it leads to formation of a diene conjugated to a carbonyl

group.
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diene conjugated
to the carbonyl group

‘ + H,O

CH3 CH3 H

(from Fig. 8.14)

12.14

12.15

H,O  Diene conjugated to a carbonyl group

Alkene conjugated to a carbonyl group

Proton loss to form A (Fig. 12.9) places the negative charge on a carbon atom adjacent to the
carbonyl group that is bound to a hydrogen atom while in enolates B and C, the negative charge
is on placed on a carbon atom bearing a methyl group.
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12.16

H
)\" CH3 -
N/ —)\-F/CH?)
' H,C, N
CH; : |

M cCH,

)
\
[}

nucleophilic site

H,C

Conjugation of the double bond with the lone pair of the nitrogen atoms makes the CH, group,
a reasonable nucleophile.

12.17

Both Shiff bases and enamines are synthesized through a series of reversible reactions.
Therefore, removal of water prevents the hydrolysis of the products to return to the starting
materials.

12.18

enamine |
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12.19

Energy assuming that the transition states for both
A reactions have similar energies, the E; of
_.-~7 L will be larger than that of 2. Reaction from

&7 2 will therefore be favored.
higher CHs \C‘:}‘u

energy i% .

Reaction coordinate

12.20

12.21
C‘/H OH" Ol
R\ (_ 2 R\ + /H R\ ~ /H_» R\(‘
R—C=N: = C=N N = ~CEN T CNHy
{ HO H—O H-0 ..
HO? Jamlde
R R OH OH
L. c-O7 o — CONH = R—C-NH
NH," + 77~ NH; + C—OH R—CHNH" =—— | 2
o) fast and d CO:- H,0 10 -
pKa~9 not reversible pKa~5 - B

-OH"
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12.22

Both steps 2 and 3 are reversible while step 4 is not reversible. Step 2 is an “enol/keto”
equilibrium. As the lactone forms and decreases the concentration of the “enol” form (ii), more
“keto” form (i) is converted to compensate for the loss, in accordance with the LeChatelier’s
principle.

12.23

Yes. Woodward could have used the acid chloride to accomplish the same objective.
However, the HCI byproduct is a strong acid and could have therefore hydrolyzed the acetal
functional group.

0
“\_CH;  HCl ~OH CHy

CH EEE— + O%
.,,,O 3 H,O CH,

""OH

acid chloride

In addition, an acid chloride is more readily hydrolyzed than an acid anhydride.

0 H,0 o
PN 2 +  HCl
R™ I N

OH

12.24

Grignard reagents are very sensitive to the presence of active hydrogen. Therefore, it is
strongly recommended to us them under dry conditions and in non protic solvents such as ether,
THEF. Protic solvents such as HO, CH3;OH react with Grignard reagents.

H
<y _H
/—\ o~

R: MgX"

R-H + MgOH)X

e.g. CH;-MgBr + H,0O —— CH, + Mg(OH)X
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12.25

OH
RX — » I J\ HzO/H J\ + Mg(OH)X
R
.

2) /R-MgX 0
ig &MO/ : 08 MgX” /}/’—1 OH
RMgX 2
+ ﬁ'é/ )\L\Rﬁ)\ )\R + Mg(OH)X
R R

R MgX
—o MgXx*
3) /r- ng C
I
HOMH )J\ + Mg(OH)X
O MgX
R ng
4) /R ng R
R
(A HZO/H 1
. + Mg(OH)X
R: ng O Mox E
12.26
c—0~
The high energy bond (weak bond) formed in reaction 1 (Fig. 12.16) is: \
Lewis base
Lewis acid
?c . — /l
?) NG can be viewed as an intramolecular
é—clzgo\ Lewis acid/base reaction.
CH,4 MgBr
12.27

four membered ring

(suffers from angle and CH
torsional strains) 3

\ CH3
CH, CHj

CHy —>—
HaC

(refer to section 12.13) O
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12.28
Formation of a double bond conjugated to the carbonyl group is the driving force for loss of
water in all Aldol condensations.

double bond conjugated
to the carbonyl group

) OH O o ;9
H 2 __H H" R
R/\(f)( + R MH—. \/\R‘\H

H R
Q/'Base I -

R +
\/\%\H

R
resonance-stabilized

0]

12.29

(from Fig. 12.16) 6 cholesterol

Structural changes that must be made:
- Reduce the keto group (1) to alcohol (6);
- Shift the double bond (2) to form the double bond (7);
- Reduce the double bond (3);
- Convert the six-membered ring (4) to a five-membered ring (8);
- Remove the acetal (5);

- Add a long chain hydrocarbon (9).

12.30

The acid catalyst in the mechanism for formation of acetals and ketals converts a poor leaving
group (OH") to a good leaving group (H,0); therefore favoring the nucleophilic attack of the
second hydroxyl group.
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poor leaving good leaving

group gr_oup
+/H ’/ H\ H
S &
%\ O/ RO><OR
R-OH -9~ RO R
- R H -OH acetals/ketals

A strong acid would protonate the ROH therefore blocking the reaction.

12.31
_—H
O .o - +
%y ~on +OH" + H;0
H) H H 2 H
- Rl ——  H
RQ—C—0 Qe —— c—=o + ROH + 2H,0
hemiacetal
H
s L H+ Ro—cls—o/H L + ROH
RO—C—OR R RO_—C—Q\
e . Lo
H,0:
acetal l }
. fi—on )
—C— + ' 2
HO—C—OH o2 on RO—C—OH
1™ = =
L ] J { hemiacetal
H
\ O T He oo
”1{ = -
12.32
OH OH
(0] HO e}
HO
HO OH > HO H < HO
OH OH
OH
B-D-glucose opened form o-D-glucose
(hemiacetal) (hemiacetal)

Mutarotation

Both anomeric forms (o and 3) of glucose are hemiacetals formed from the opened form.

Mutarotation is the interconversion between two hemiacetals.
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12.33

12.34
There are several reasons but the critical one is that Woodward needed the vicinal diol as in

Fig. 12.19 in order to produce the dialdehyde from the six-membered ring to synthesize the
needed five-membered ring (Fig. 12.19). Several reactions would be interfered with by the
unprotected OH groups, which have active hydrogens. Consider the problem of the Grignard

reaction (section 12.6).

12.35

poor leaving group

good Iea\./ing group
The proton (acid catalyst) converts a poor leaving group (OH") to a good leaving group (H,0).

12.36

(e]
selective reduction
idati CH3OH/H* HsC of ketone
oxidation 3 -
(KMnO4/H™) esterification
o HO™:

of ester

CH; CHa
O:< H,/catalyst O:<
-~
o~z

g reduction of o N
H double bonds H key intermediate

(resolved with digitonin)
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12.37
The resolution using digitonin involved physical interactions such as hydrogen bonding with

the racemic molecule. However, chemical reactions could also have been used for the success of
the separation. The key necessity is the chirality of the digitonin.

12.38
OH PBr Br Mg MgBr
BH; 3
: H,0,/OH" o~ o Et,0 >~
anti-Markovnikov

O

/\
>_/VBr PBrs >_/VOH

12.39

T =
w A
Q
T
T
w
)
T
- |l
w
) T
o o)
T a
[¢,]
=
e
C(PO
T+
(4]
N
T &
[4;] \O
O //
Q T
w

CeéHs pr
(Br
y H
(b) H HaC
‘ ‘\\\CH3 3 H G ’ _HgC,,l_‘\\\CH3
HaC® = HaC Cohs = /= N\
C6H5 Br H3C C6H5 C6H5 H
(Br

12.40
Convert —OH to —Br or —OTs (tosylate, see section 10.7).

HsC H

H3C OTS

B &
C OTs H H,C,
HyC. OTs H HiC
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12.41
In low dielectric solvents, both Sn2 and E2 are favored.

@) 0]
S\2 A —
- + ==
D oHe et O)\CHs HaC” 07 “CH, H ’
100 % 0%

The carbon atom, site of nucleophilic substitution is primary, therefore Sx2 is favored over E2.
Note that primary halide substrates (R-CH,X) favor Sx2 over E2.

CH; (@] H CH
E2 ~ CHs
2) H30<|78r n _O/J\CHg, H>—<CH
3
4 Chs 100 %

steric hindrance
for S\2

The steric hindrance generated by the three methyl groups hinders the nucleophile from
reaching the site for nucleophilic substitution. Therefore, E2 is favored.

H
H;C CH;
-HBr HacH ﬁH3 H,  CHs
H H H CHs
(Br

)

12.42
proton sterically more accessible
H3C\He,C \E[ iy . HaC \5{ f/qr sterically hindered base
CH; f “CHy G S—c N ’ HaC
—_— 3 Hy, CH2 CH2 E—— >
E/A \CHZ &/A |-|3C\CH2 o
:(Q-CH,CHj; But (? QC (CHs)s (major product)
HsC B HsC
HyC ¥ HaC CHs he HC CHs
CH3 —_— CH3 —_— S—
H H H CHs H | H CHs
CT“ CH.CH more stable double bond C ..
O-CHCH; - (gee sections 6.7 and 10.5) +Q-C(CHs);
(major product)
12.43

The leaving group, Br’, in reactions 1, 2, 3 is a good leaving group while OH" in reactions 4, 5,
6 is a poor leaving group. Therefore, the fundamental role of H,SOy is to convert OH™ to a good
leaving group, H,O.
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good leaving group
poor leaving group :

N \]
A H_+ H
OH H ;07 .
4) /\9\
/\)\ (HZSOI) —
\
OH H* oL . _CHs
5) HiC —» H3C H — HsC
HiC CH; (H2S04) HsC CHs CH,
CH; H CH CH
6 e f H* HC] b HiC ] . s
OH 0 +_H 1,2-shift + H
H3C H-SO H3C H—— H3C H3C
(H2S0y) CHs
CHj; CHj; CHs CHs

The intermediate carbocation goes on via this Sy1 mechanism to produce the more stable
double bond as seen, the more substituted double bond.

12.44
E1c¢B mechanism which looks similar to E2, usually occurs in the last step of Aldol

condensation, leading to a double bond formation. Here, the carbonyl group increases the ease of
abstraction of an adjacent proton, which is followed by loss of OH- (H-bonded to water) to form

the double bond.

QO OH

H
Some examples in Woodward's synthesis are:

(a) Last step (Fig. 12.8)

0]

—’)\/\

10 (OH O OH

—>\f\‘<—>

(b) Step 7 (Fig. 12.16)
0
CH, “\__CHs
o CHa g “CHs
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12.45

C:C:C/

" ///O

H3C

H3C( CH3
All axially dissymetric
12.46
axial to both Jaxial to 2/equatorial to 1
| . equatorial to 2 2
equatorial to 2. \| quuatorlal tol d ) H’ axial to 1
N H . N .
H
K4
N e"'],g . AN
. ’ H " equatorial to 1 /2 . equatorial to 1
equatorial to 2 A %, .
| QIOIYQ axial to 2
axial to both %
"trans" "eis"
12.47
(a) Sx1 mechanism:
ionizing .\ /b
CI_H2C\°'/CH3 solvent Hzc\"/CHs
O o O B—— Hzc\a/CH3
H.C«+ CHgs
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Energy

5 8 t
Cl-——-CH. _CHy

O
O D e on

Reaction coordinate

(b) Sx2 mechanism:

@ non ionizing

v solvent
H, /O -CI
Hﬁ/ “CHs

Ce

Energy

Reaction coordinate
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12.48

excellent leaving group excellent leaving group

H,;C '
> ' HiC. H;C . : HiC .
(0] v 3~ 3 o ; e
7 cl -Cr v -CN-
— S —— [/ CN —— / + HO
CN - CN o o}
H

OH
I
1OH
12.49
(0]
HsC
3 o H_+ Cl H3C\O
& i
] S T . cl
/ o + HO
(0]

H A 0

lactone

(seven-membered ring)

The lactone obtained through this rearrangement would also be a seven-membered ring, as
shown here, but would not have involved rearrangement of the more substituted carbon-carbon
bond.

12.50
Consider the comparison:

(Pcharge adjacent to carbonyl carbon:
unstable dipole repulsion

o] |
HaC g HaC. T
Cl @) H_+ Cl
v 29
/ o+ 7 k)
N (0]
O H \‘\\ (o)
H more electrophilic site H
H3C\ H3C\
o o (o) o
- Cl cl
/ + (O] / + HO

+0 o o o
v |
< H

. A A
@ charge adjacent to carbonyl ' :

carbon: unstable dipole repulsion  petter leaving group poorer leaving group
(resonance-stabilized)

Both paths are reasonable
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12.51

H3C\ HSC\
top o
from bottom [ from top

A OH

Two possibilities (C, D) Two possibilities (A, B)

The intermediate A is necessary for the reaction to proceed in the direction Corey wanted with
the necessary stereochemistry, as shown in Fig. 12.29 (b) and Fig. 12. 28.

12.52
-OH, hydroxyl, and —CO,H are reactive functional groups allowing for example:

CH30 OCHg

(R)

HO H
OCH3
CH30
3 CH3
CH,CH3
/ R)
© H CH CH
OH o CHs 2LH3

diastereomers: possible to separate

and other possibilities using, for example, chiral chromatography. See chapter 1, section 1.9.

12.53

Approach from the side opposite to the -OH and —CO,H groups will be favored to avoid steric
hindrance, but there is another reason. As seen in Figures 10.10, 10.11 and 11.7, halogens add to
double bonds to form three-membered rings: halonium ions as:
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|
reversible reversible y H OH g

__» | captured

not reversible -~

HiCo

12.54

HaC .o
0
|
OH
‘0

(H) 0}

- I+ 4
OH
‘O

l

(iii)

(iv)

Note: see answer to problem 12.53- all these may as well involve opening of three-membered
iodonium ion.
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12.55

HaC.

OH OH

(iii) (iv)

The note in the answer to problem 12.54 pertains here as well.
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12.56

H
Ho H,C~CH, H2C CH2
A= O-, O =4,
H H H W
angle/torsional strains angle/torsional strains torsional strain
H H H H
H H : H H
‘ H H H H
H H H H

strain free

A =

Larger rings have a "transannular” strain, where Hs across the ring
are within Vanderwaals' radius of each other.

12.57
H WH
> <
Hloo | -H \1og° |
H H H\\H H “H HH HH
ring angle < 109.5° close to 109.5° ring angle =109.5°

ring angle < 109.5°

12.58
The fact that primary alkyl halides are necessary in the formation of the initial phosphonium
salts in the Wittig reaction reveals that the mechanism is Sy2.

H

s H -
phgpvcfx —  PcT
R R
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12.59

O
1) PhsP: . - H3C)J\CH3 H CHs
CH;Br PhsP—CH, —
2) NaNH,/NH; + H CHj
Br isobutene

12.60
Yes. A concerted mechanism is required to obtained only the derived alkene from one

oxaphosphetane. If the concerted mechanism does not occur, the carbocation intermediate
derived from breaking the C-O bond would lead to a mixture of the two alkene isomers (Z, E).

CHs3

(E)

©\ Q Q\ﬁ __ » 2isomers (ZandE)

CHs H . planar carbocation

12.61
The stereochemistry of the alkene is determined by that of the betaine intermediate. Although

this intermediate can, in principle, undergo conformational motions, the stereochemistry remains
unaltered and ring closing, as observed in oxaphosphetane, limits the conformational motions to
the eclipsed conformations shown in the answer to problem 12.62 below.
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12.62

.
PP e,
w +
HaC zg = 7 pen,

and other possibilities leading to the same two alkenes.

12.63
.. activation &HoH Sx2 CH-.CH,CH,CH,-Br
CH4CH,CH,CH,-OH CH5CH,CH,~>! S
Br O_PBr2 *
~ / +
B ps H P(OH)Br,
Br leaving group

The strength of the O-P bond weakens the C-O bond which can be broken easily, making
P(OH)Br; a good leaving group.

:Br; ee _
.e :Br:
CH; CHs T Q CH
.- activation | (3\ _PBr; Syl CHa | 3
H,;C QH HeC——Q — H30‘<f H,C | Br
CH3> CH, H . CHs SH,
Br_
Br—P: P(OH)Br,
Br

12.64
Both double-bonded carbon atoms are similar (-CH=) and would have similar reactivity,
leading to a mixture of isomers.
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OH
. HaC—HoC—CH—CH,CH(CHy), HsC —HoC — CH—CH,CH(CH),
HsC—CH=CH—CH,CH(CHz), _ 1, 1o 5-methyl-3-hexanol
-H" (I)H
HsC—CH—CHy—CH,CH(CH),
5-methyl-2-hexanol

H3C —CH—CH,—CH,CH(CHg),

constitutional isomers

12.65
1) Hydroboration
H CH
’ BH; "I CHs
HsC— c=c- CHCH,CH3 H3C—C—C—CH,CH,CHj
THF L
H—B—H
H
H CHg H CHjs
H202 | |
B(OH); + H;Cc— c c CH,CH,CH, H3C_C|3_C|3_CHZCH20H3
OHH HzO/OH' H—B H
3-methyl-2-hexanol |l|

Hydroboration leads to the anti-Markovnikov’s product (one isomer) because of the
asymmetry of the double bond. Hydroboration is regioselective.

2) Oxymercuration-reduction

G (CH;CO,),H T CHs

_ | I -
HiC—C=C—CH,CH,CHy ' — 2228 o c_C—cH,cHcH, © CH3CO,

o Hg(0,C-CHy)

H,0

H CH3 H CH3
CH;CO, Na* + Hg + HyC— c c CH,CH,CH, NaBHs o oo c|: CH,CH,CH, + HY

b OH g OH

3-methyl-3-hexanol CH;-CO;

Oxymercuration leads to the Markovnikov’s product (one isomer). Oxymercuration is
regioselective.
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3) Addition of H/H,O

G - CH CH;
HiC—C=C—CHCHCHs  ———~ H3C~CH,~C—CH,CH,CH;  + HsC~CH—C —CH,CH,CH;
more stable H
H,0
o G
HaC~CH,~C—CH,CH,CH;  + H3C—C|)H—(|)—CH2CHZCH3
OH OH H
major isomer
Addition of H/H,0 is less regioselective.
12.66
(a) Synthesis of CH;-CH=CH-CH,CH(CH;),
1) H,C=CH 1) H'/H,0 X HC=CH H/H,0 X
2= M2 or = H-C
2) oxidation HC™ "H He™ ® :
1. BH;/ THF
2)  HyC=CH—CH(CHy), ~  HO-H,C—CH,—CH(CHj3),
2. HzOz; H20'/OH'
hydroboration PBr;
Br-H2C_CH2_CH(CH3)2
1. PhyP:
3)  Br-H,C—CH,—CH(CHy), - CH;-CH=CH-CH,CH(CH;),
2. NaNHZ/NH3
3 o) mixture of cis- and trans-isomers
.H3CJ\H

Wittig reaction
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(b) Synthesis of CH3-CH=C(CH3)-CH2CH2CH3

1. (CH;5CO,),Hg
H3C _CH_ CH2CH2CH3
2. H,0 OH

3. NaBH, l oxidation
oxymercuration-reduction

1) H2C=CH_CH2CH2CH3

H3C_%_CH2CH2CH3

O
Br, HBr
2) H3C_CH3 h H3C_CHzBr or H2C:CH2 H3C_CHzBr
Vv
1. PhyP:
3)  HaC—CH,Br - CH,-CH=C(CH,)-CH,CH,CHj

2. NaNH2 /NH3

3_ HSC_C”:_CH2CH20H3
@)

mixture of cis- and trans-isomers

Wittig reaction

12.67

H 0
0 O \(
.~‘\O \( \ CH3
CHjy
betaine (E)/trans-alkene

o)
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12.68

: ;—,)f/’o:
/ 20
H3C _.Q.' |
CH;

hybrid structure

1

12.69

lactone protecting group
(see Fig. 12.39)

OH O-CHj3
protecting group from -oooo- from 4
- acetate ;
protectéd OH
: . by forming a
(:)H (see Fig. 12.28) methyl ether
12.70

(a) other active hydrogen sources are:
- alcohols (R-OH)
- acids (R-CO,H, H,SO4, HX, etc.)

- ammonium salts (NH4", R-NH3")

(b) other reactions sensitive to the presence of active hydrogen are:
- reduction with reducing agent such as LiAlH4, NaBHy,, etc.
- QGrignard reaction

- Reactions involving carbanions such as Aldol and Claisen condensations.
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12.71

CH,
H s HCT T e,
'C—CH,CH;CH,CH,0H | BT G
HZC\/ e HO "o
+C}é H
f .
pm ROH
o
hemlacetal

acetal

12.72
The reversibility of the steps shown could be avoided by increasing the concentration of the

unprotected intermediate which will result in shifting the equilibria towards the product.

12.73
chlral center
N OH . 1-butanol is not chiral. Therefore,
only one diastereomer present as a
pair of enantiomers is obtained.
CHZCHZCHZCH3
oH chiral center
H "
(b) H— 2-butanol has one chiral center.
H o H* o ©O Therefore, the acetal product would
H;(IZ*—CH20H3 be a mixture of two diastereomers,
L ! each as a pair of enantiomers.
chiral center
additional
stereocenter
The unprotected Prostaglandin intermediate has five
(©) stereocenters. Introduction of the acetal protecting

groups generates two additional chiral centers, therefore
increasing the sterochemical complexity.

L=---- additional
(¢} stereocenter

228



12.74

LiAlHy4 (lithium aluminum hydride) is a stronger reducing agent than DIBAL (diisobutyl
aluminum hydride) and would convert the lactone to the alcohol and carboxylate anion 1, and
then to the primary alcohol 2.

H o H
O Cr
H H _ H ~
o D o]
E—— - could consume the strong base
Br O Br ¢}

12.75
12.76
6H (6 valence electrons)
2C (8 valence electrons) | 1 If
O (6 valence electrons) 26 valence electrons total for DMSO
S (6 valence electrons)
S -— s S = S = /S\
HC” I >CHy  Hy,e” . CH, HsC/('D'. CH, HsC/.c').\CHz HiC™, ). CH,
o Q: Qs =
12.77

1sP (15 valence electrons): 1s22s*2p®3s23p?
hybridized P atom: 1s?2s?2p%3s!3p33d!
sp L sp.. . ,,Sp3 and empty
T o: 00 .~ d-orbital
I [,*
0 — OO
/l

e >

- hybridization: sp - hybridization: sp
- geometry: approximately tetrahedral - geometry: approximately tetrahedral
- the 3d orbital forms a - the 3d orbital is empty

p-bond with a sp? orbital
of the oxygen atom
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12.78
The synthesis of Prostaglandin E; could be achieved by altering the synthesis in Fig. 12.40 as
follows:
1. Oxidation of the product of step 3 (Fig. 12.40)
2. Removal of the actal protecting groups.

o}
7 HO
HO ©
N oy
oxidation l, H step 4, Fig. 12.40
[e) o o
"o
H o}
prostaglandin E,
from step 3, Fig. 12.40
12.79
HaC CHa HsC CHs
1) == — ==
H H H H
cis-2-butene trans-2-butene (more stable)
= .
CHs | H C/\/\/CH3 «» no Diels Alder
2) . _CHs i 3 reaction
- trans-like (more stable)
cis-like
O
i 5 FAD S ,
3) —o)‘\/\'( 70)\/\‘/ + no cis (maleate)
O (0]
succinate fumarate

(trans, more stable)

4) However in unsaturated fatty acids, less stable cis double bonds are favored as is
the situation also for natural rubber (section 11.3).

o] cis (less stable) o

’

HO HO

selective reduction

of "cis"
0]
H trans (more stable)
prostaglandin E; prostaglandin E;
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The cis-alkene is less stable than the trans-alkene and may be selectively reduced under certain
conditions leaving the trans-double bond unaltered. The energy of activation of the reaction will
be less to reduce the cis-double bond if the double bond stability is the controlling factor.

12.80

betaine oxaphosphetane
12.81
Synthesis of i f X
ynthesis o rom
H3C)KCH3 H3CAOCH2CH3
)K(excess)
CILB Mg CH.MeB OCH,CH, i + CH;CH,O MgBr
. . 3o
3 E6,0 3Vig HsC CHs;
12.82
1) Synthesis of ©\
NO,
CH3

HNO3/H,S0, CH;Cl
AICI, NO,

NO,
CH, CH,
NO.
2) Synthesis of
NO,
CH, CH, CH,

NO,

CH;Cl HNO,/H,S0, N
AICI

NO,
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12.83

1) Synthesis of ©/\/\

O
/\)J\OH
SOCl1
2 (route A)
Wolff-Kishner
reductlon
AlCls 1) H,N-NH,
2) KOH
(route B)
1) LiAlH,
2) H,O

OH
H' ~ H, ©/\/\
"H,0 Pt
2) Synthesis of ©/\
g or
CH,~CH,/HCl
AlCI

12.84
Synthesis of /\/\/\
O
O
\)K(excess)
Et,O 9 0
Alternatively: /\/YOH
O
CH;OH/H"
~pr Me VB 0 AN+ CH3;0 MgBr
Et,0 ger 0
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12.85
OH

Synthesis of @/\/\ O
e (LT (1T
o EtO"Na*/EtOH o H* o

1) LiAlH,
2) H,0

. e e
@/\/\ H'/H,0 o O\/\/\

12.86
§ (@]
Synthesis of OH H J\OH
J CH;OH/H*
MaB (@] (6]
gBr
O = s
FeBr; Et,0 o
ch)J\H
EtO" Na*/EtOH
OH O
A H
2) H,0 2
12.87
Synthesis of NN
PBI‘3 M
NN /\/\/\B P at
OH r Et2 0 MgBr
H+ : ;
@)
H+
NSNS NN 0
-H,O
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12.88

O
) H
Synthesis of °
( .d . ) O
ox1dation
CHCI CHg o, OH
AICI, -H,0
Alternatively:
0]
Br MgBr
Br, Mg @ 1) CO, OH
FeBr3 Et20 2) H+/H20

12.89

OH
Synthesis of M

O
N Mg D HSC*H )Oi/\/\/
Br NN g
Et,0 "
2 2) H/H0 racemic mixture
12.90

0] O

Synthesis of MO/\
CH3Br
EtZOlMg
O
w EtOH (2eq) O O  CHyMgBr © 0
HO OH ~ v A~
H*  EtO OBt " (1 ¢q) 0
(excess)
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12.91

Synthesis of m/cm
(Wittig reaction)
m Br2 m 1) PhyP:
hv Br ——M—

O
2) CH
Alternatively: H )I\ H Pt| H 2
CHs ?
AlICL, catalyst Chs

12.92

Synthesis of O/‘\OH

HOj
(* OH idati OH
H—cz=c—H H__H (|: 7 oxidation

Cu0; H0 |l| Diels Alder KMnO,/H*

reaction

12.93

Synthesis of /T\_\
HO
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12.94

CH;
1) Synthesis of ©<OH
CH: 1) (CH,CO,),Hg; s
SERG G g Oy
hv

2) NaBH,

Markovnikov
Alternatively: T PBr3 (Wlttl g)

LSS
catalyst
2) Synthesis of C[
CHj
l)BH3; THF C[
-H,0 2) H,0,; OH/H,0 OH

(from synthesis 1) anti-Markovnikov

O
Synthesis of /\O)I\
(oxidation)

0
/\/O\ )K )H/:\ I‘I+
EtO Na*/EtOH -H,0
OH
KMnO,/H"
@)

0]
EtOH
PN o HO
| HY |

12.95
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12.96

o} o
Synthesis of /\OW

0] 0]

(o) (0]
EtOH EtO Na®

H' EtOH

Claisen condensation

12.97

A photochemical process can convert the HOMO, ¥, of one molecule of ethylene to a new
HOMO (excited molecule; HOMO*), ¥,, which has one node, and therefore capable of
interacting with the LUMO, ¥, of another molecule of ethylene.

HOMO HOMO* L H H
kS ¥ ) H
hv =
_— H
UV light H
H H
LUMO LUMO
\PZ \PQ

12.98
In reaction 1, rearrangement involves a carbocation and a propylene anion while in reaction 2,
a carbocation and a 1,3-pentadiene anion are involved.

e S E AN
3 3
RsC CRs

HOMO HOMO node node
3electrons % R : 5 electrons
T ) R
(7’// \ node
R ,///
R R

R
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12.99

Consider the following synthesis of Vitamin D3 and let’s examine here only reaction 1
(photochemical process; 6 electrons). Reaction 2 is a [1,7]-sigmatropic transfer of a hydrogen
atom, which is discussed in the answer to problem 12.100.

7-dehydrocholesterol Pre D3 (intermediate)

Vitamin D3

UV radiation converts HOMO, V5 (6 electrons) to HOMO*, V4. Therefore, reaction 1 (retro-
Diels-alder reaction) undergoes a 6-electron “conrotatory” arrangement.

H

H b HOMO*

- ¥,

CH,
CH3

In contrast, in the presence of heat, reaction 1 would undergo “disrotatory” arrangement as

follows:
B
H o heat HOMO
- \113
CHs
CH;
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12.100

Sigmatropic rearrangement of a hydrogen atom from C-7 to C-1 of 1,3,5-heptatriene involves

a hydrogen atom and a 1,3,5-heptatriene radical (7 electrons).

7\ 7"\

— =
d
node
. L P
HOMO
Wy
/ \ node o, @:: 7 electrons
\ ’

Another example of a sigmatropic rearrangement of a hydrogen atom is the thermal
conversion of pre D3 intermediate to vitamin D3 (see step 2 in problem 12.99).

12.101

Z
N\_~/

~

®
Howo ) - O

conrotatory closure allows overlap of opposite symmetry orbitals

E—

The HOMO, Y4, of 1,3,5,7-octatetraene has the p-orbital lobes of opposite symmetry
facing in the same direction therefore requiring a “conrotatory” motion for ring closing.
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