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The beginning student in Organic Chemistry is often overwhelmed by facts, concepts, and new language.
Each year, textbooks of Organic Chemistry grow in quantity of subject matter and in level of sophistication.
This Schaum’s Outline was undertaken to give a clear view of first-year Organic Chemistry through the careful
detailed solution of illustrative problems. Such problems make up over 80% of the book, the remainder being a
concise presentation of the material. Our goal is for students to learn by thinking and solving problems rather
than by merely being told.

This book can be used in support of a standard text, as a supplement to a good set of lecture notes, as a
review for taking professional examinations, and as a vehicle for self-instruction.

The second edition has been reorganized by combining chapters to emphasize the similarities of functional
groups and reaction types as well as the differences. Thus, polynuclear hydrocarbons are combined with
benzene and aromaticity. Nucleophilic aromatic displacement is merged with aromatic substitution. Sulfonic
acids are in the same chapter with carboxylic acids and their derivatives, and carbanion condensations are in a
separate new chapter. Sulfur compounds are discussed with their oxygen analogs. This edition has also been
brought up to date by including solvent effects, CMR spectroscopy, an elaboration of polymer chemistry, and
newer concepts of stereochemistry, among other matcrial.
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1.2 LEWIS STRUCTURAL FORMULAS

Molecular formulas merely include the kinds of atoms and the number of each in a molecule (as C4H,
for butane). Structural formulas show the arrangement of atoms in a molecule (see Fig. 1.1). When
unshared electrons are included, the latter are called Lewis (electron-dot) structures [see Fig. [-1(/)].
Covalences of the common elements—the numbers of covalent bonds they usually form—are given in
Table 1-1; these help us to write Lewis structures. Multicovalent elements such as C, O, and N may have
multiple bonds, as shown in Table 1-2. [n condensed structural formulas all H’s and branched groups are
written immediately after the C atom to which they are attached. Thus the condensed formula for isobutane
[Fig. 1-1(b)] is CH;CH(CH,;),.

Problem 1.3 (a) Are the covalences and group numbers (numbers of valence electrons) of the elements in Table
1-1 related? () Do all the elements in Table 1-1 attain an octet of valence electrons in their bonded states? (c) Why
aren’t Group | elements included in Table {-1? <

(a) Yes. For the elements in Groups 4 through 7, covalence = 8 — (group number).

(b) No. The eiements in Groups 4 through 7 do attain the octet, but the elements in Groups 2 and 3 have less than an
octet. (The elements in the third and higher periods, such as Si, S, and P, may achieve more than an octet of
valence electrons.)

(c) They form ionic rather than covalent bonds. (The heavier elements in Groups 2 and 3 also form mainly ionic
bonds. In general, as one proceeds down a Group in the Periodic Table, ionic bonding is preferred.)

Most carbon-containing molecules are three-dimensional. In methane, the bonds of C make equal
angles of 109.5° with each other, and each of the four H’s is at a vertex of a regular tetrahedron whose
center is occupied by the C atom. The spatial relationship is indicated as in Fig. 1-2(a¢) (Newman
projection) or in Fig. 1-2(b) (“wedge” projection). Except for ethene, which is planar, and ethyne, which is
linear, the structures in Fig. 1-1 are all three-dimensional.

Organic compounds show a widespread occurrence of isomers, which are compounds having the same
molecular formula but different structural formulas, and therefore possessing different properties. This
phenomenon of isomerism is exemplified by isobutane and n-butane [Fig. 1-1(a) and (b)]. The number of
isomers increases as the number of atoms in the organic molecule increases.
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Table 1-1. Covalences of H and Second-Period Elements in Groups 2 through 7

Group 1 2 3 4 5 6 7
LCWiS . . - . ..
Symbol H- -Be- ‘B- -C ‘N- O ‘F:
Covalence 1 2 3 4 3 2 1
H—B—H H
Compounds },[ | .. Ny
with H—H | H—Be—H H—C—H | H—N—H 5 H—F:
H Hydrogen | Berryllium Boron H H H—O—H | Hydrogen
hydride hydride* Methane | Ammonia Water fluoride

* Exists as BzHé.

Table 1-2. Normal Covalent Bonding

Bonding for C Bonding for N Bonding for O
| | . o L L
—C— —C= === —C== —N— = N— —0 o=
\ |
as in asin asin asin asin as in asin as in asin
AR " - A
H-C—H c=C ©=Cc=0: H—C=C—H | H-N-H H-0-N=0: N=C-H | H-0-H (=C
H H H H H
Methane  Ethene Carbon Ethyne Ammonia Nitrous Hydrogen Water Formaldehyde
(Ethylene)  dioxide (Acetylene) acid cyanide

Problem 1.4 Write structural and condensed formulas for (a) three isomers with molecular formula C;H;, and (b)
two isomers with molecular formula C,Hg.

(a) Carbon forms four covalent bonds; hydrogen forms one. The carbons can bond to each other in a chain:

HHHHH
H—é—(II—C!~—(|I—é—H (structural formula)
WoHoh b
CH3(CH;)3CH;3 (condensed formula)
n-Pentane

or there can be “branches” (shown circled in Fig. 1-3) on the linear backbone (shown in a rectangie).
(b) We can have a double bond or a ring.

H H
\C_C/
CH;C=CH, H N/ TH
| /C\
H H H

Propene (Propylene) Cyclopropane
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Problem 1.5 Write Lewis structures for (a) hydrazine, N,H,; (b) phosgene, COCl,; (c) nitrous acid, HNO,. <

In general, first bond the multicovalent atoms to each other and then, to achieve their normal covalences, bond
them to the univalent atoms (H, Ci, Br, I, and F). If the number of univalent atoms is insufficient for this purpose, use
multiple bonds or form rings. In their bonded state, the second-period elements (C, N, O, and F) should have eight (an
octet) electrons but not more. Furthermore, the number of electrons shown in the Lewis structure should equal the sum
of all the valence elfectrons of the individual atoms in the molecule. Each bond represents a shared pair of electrons.

(@) N needs three covalent bonds, and H needs one. Each N is bonded to the other N and to two H’s:

'
H—N—N—H

(b) C isbonded to O and to each Cl. To satisfy the tetravalence of C and the divalence of O, a double bond is placed
between C and O.

:0:
g‘
.l CE

(¢) The atom with the higher covalence, in this case the N, is usually the more central atom. Therefore, bond each O
to the N. The H is bonded to one of the O atoms and a double bond is placed between the N and the other O.
(Convince yourself that bonding the H to the N would not lead to a viable structure.)

H—O—N=0:
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Problem 1.6 Why is none of the following Lewis structures for COCl, correct?

(@ :Cl—C=0—Cl: (h) :Cl—C=0—Cl: () :Cr=C=0—Cl: (@ :Cl=c=0—CI: «

The total number of valence electrons that must appear in the Lewis structure is 24, from
[2 x 7I(2C1's) + 4(C) + 6(0). Structures (b) and (¢) can be rejected because they each show only 22 electrons.
Furthermore, in (4), O has 4 rather than 2 bonds, and, in (¢) one Cl has 2 bonds. In (a), C and O do not have their
normal covalences. In (d), O has 10 electrons, though it cannot have more than an octet.

Problem 1.7 Use the Lewis-Langmuir octet rule to write Lewis electron-dot structures for; (a) HCN, (b), CO,,
(¢) CCly and (d) C,H,O. «

(a) Attach the H to the C, because C has a higher covalence than N. The normal covalences of N and C are met with
a triple bond. Thus H—C=N: is the correct Lewis structure.
() The C is bonded to each O by double bonds to achieve the normal covalences.

:0=C=0: .
¥ v :9:
(¢) Each of the four ClI's is singly bonded to the tetravalent C to give ::(?l—~(|f—¢l:
:Cl:

(d) The three multicovalent atoms can be bonded as C—C—O or as C—0O—C. If the six H’ are placed so that C
and O acquire their usual covalences of 4 and 2, respectively, we get two correct Lewis structures (isomers)

i TN
H—C—C—0—H H—C—0—C—H
U o] <
H H H H
Ethanol Dimethyl ether
Problem 1.8 Determine the positive or negative charge, if any, on:
i i 3
(a) H—?—(:):: () H—C=0: (c) H—=C—C:
H H H
l? :?I:
) H—II\J—Q—H (e) :$—¢1:
H .Cl:

The charge on a species iS numerically equal to the total number of valence electrons of the unbonded atoms,
minus the total number of electrons shown (as bonds or dots) in the Lewis structure.

(a) The sum of the valence electrons (6 tor O, 4 for C, and 3 for three H%) is 13. The electron-dot formula shows 14

electrons. The net charge is 13 — 14 = —1 and the species is the methoxide anion, CH;0

(b) There is no charge on the formaldehyde molecule, because the 12 electrons in the structure equals the number of
valence electrons; i.e., 6 for O, 4 for C, and 2 for two H’s.

(c) This species is neutral, because there are 13 electrons shown in the formula and 13 valence electrons: 8 from two
C’s and 5 from five H’s.

(d) There are 15 valence electrons: 6 from O, S from N, and 4 from four H’s. The Lewis dot structure shows 14
electrons. 1t has a charge of 15 —4 = +1 and is the hydroxylammonium cation, [H;NOH]*.

(¢) There are 25 valence electrons, 21 from three Cl’s and 4 from C. The Lewis dot formula shows 26 electrons. It

has a charge of 25 — 26 = —1 and is the trichloromethide anion, :CCI3.



6 STRUCTURE AND PROPERTIES OF ORGANIC COMPOUNDS [CHAP 1

1.3 TYPES OF BONDS

Covalent bonds, the mainstays of organic compounds, are formed by the sharing of pairs of electrons.
Sharing can occur in two ways:

() A+B—>A:B

(2) A+ :B — A: B coordinate covalent

acceptor donor

In method (1), each atom brings an electron for the sharing. In method (2), the donor atom (B:) brings both
electrons to the “marriage™ with the acceptor atom (A); in this case the covalent bond is termed a
coordinate covalent bond.

Problem 1.9 Each of the following molecules and ions can be thought to arise by coordinate covalent bonding.
Write an equation for the formation of each one and indicate the donor and acceptor molecule or ion. (a) NHY (b)
BF; (c) (CH;),0MgCl, (d) Fe(CO);

acceplor donor
@ H +:NH; —— NHZ (All N—H bonds are alike.)
(b) F;B +F —~ BF; (All B—F bonds are alike.)
© :él—Mg—§1:+:ilj—CH3 —— (CH3),0—MgCl,
CH,
(d) Fe +5:C=0: — Fe(C=0:)s

Notice that in each of the products there is at least one element that does not have its usual covalence—this is typical
of coordinate covalent bonding.

Recall that an ionic bond results from a transfer of electrons (M- + A- — M* + A7), Although C usually forms
covalent bonds, it sometimes forms an ionic bond (see Section 3.2). Other organic ions, such as CH,COO~ (acetate
ion), have charges on heteroatoms.

Problem 1.10 Show how the ionic compound Li*F~ forms from atoms of Li and F. <

These elements react to achieve a stable noble-gas electron configuration (NGEC). Li(3) has one electron more
than He and loses it. F(9) has one electron less than Ne and therefore accepts the electron from Li.

Li- +F — Li* :F:~  (or simply LiF)

1.4 FUNCTIONAL GROUPS

Hydrocarbons contain only C and hydrogen (H). H’s in hydrocarbons can be replaced by other atoms or
groups of atoms. These replacements, called functional groups, are the reactive sites in molecules. The C-
to-C double and triple bonds are considered to be functional groups. Some common functional groups are
given in Table 1-3. Compounds with the same functional group form a homologous series having similar
characteristic chemical properties and often exhibiting a regular gradation in physical properties with
increasing molecular weight.

Problem 1.11 Methane, CH,; ethane, C,H,; and propane, C;H; are the first three members of the alkane
homologous series. By what structural unit does each member differ from its predecessor? <
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These members differ by a C and two H’s; the unit is —CH,— (a methylene group).

Problem 1.12 (a) Write possible Lewis structural formulas for (1) CH,O; (2) CH,0; (3) CH,0,; (4) CHsN; (5)
CH,SH. (b) Indicate and name the functional group in each case. <

The atom with the higher valence is usually the one to which most of the other atoms are bonded.

lil H\ //d: PI{ lil
@ (1) H—?—(:):—H @ =0: () H—=C (4 H—lc—iTj—H ) H—?——:S:H
H H O—H H H H
H\ ”6:
» () —OH @ /c=o': (3) —C—0—H (4 —NH, (5) —S§H
alcohol aldehyde carboxylic amine thiol
acid

1.5 FORMAL CHARGE

The formal charge on a covalently bonded atom equals the number of valence electrons of the unbonded
atom (the Group number) minus the number of electrons assigned to the atom in its bonded state. The
assigned number is one half the number of shared electrons plus the total number of unshared electrons.
The sum of all formal charges in a molecule equals the charge on the species. In this outline formal charges
and actual ionic charges (e.g., Na™) are both indicated by the signs + and —.

Problem 1.13 Determine the formal charge on each atom in the following species: (a) H;NBF;; (b) CH,NHY; and

(c) SO:~. <
}l{ :il-":
o
H F
GROUP UNSHARED 172 SHARED = FORMAL
NUMBER ELECTRONS / ELECTRONS CHARGE
H atoms 1 — 0 + 1 = 0
F atoms 7 — 6 + 1 = 0
N atom 5 — 0 + 4 = +1
B atom 3 — 0 + 4 = -1

|
(b) H—C—N"—H
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and the species is an unchanged molecule.

GROUP UNSHARED 12 SHARED = FORMAL
NUMBER ~ | ELECTRONS +1/ ELECTRONS CHARGE
C atoms 4 - 0 + 4 = 0
N atoms 5 - 0 + 4 = +1
H atoms 1 — 0 + 1 = 0
Net charge on specics = +1
I(lj; )
© Q=80
:QZ
GROUP UNSHARED 12 SHARED = FORMAL
NUMBER ~ | ELECTRONS + ELECTRONS CHARGE
S atoms 6 — 0 + 4 = +2
each O atom 6 - 6 =+ 1 = —1
Net charge is +2 +4(—1) = -2

These examples reveal that formal changes appear on an atom that docs not have its usual covalence and does not have
more than an octet of valence electrons. Formal charges always occur in a molecule or ion that can be conceived to be
formed as a result of coordinate covalent bonding.

Problem 1.14 Show how (¢) H;NBF; and () CH;NH/ can be formed from coordinate covalent bonding. Indicate
the donor and acceptor, and show the formal charges. «

donor  accepror

(@) H;N: + BF, —= H;N—BF,
() CH,NH, + H* — [CH,NH,]

Supplementary Problems

Problem 1.15 Why arc the compounds of carbon covalent rather than ionic? «

With four valence electrons, it would take too much energy for C to give up or accept four electrons. Therefore
carbon shares electrons and forms covalent bonds.

Problem 1.16 Classify the following as (i) branched chain, (ii) unbranched chain, (iii) cyclic, (iv) multiple bonded,
or (v) heterocyclic:

CH,
. 7
H‘w(,\ HC
“I>NH ¢

HZC H‘_)C_CH3

/C{rl: (EH‘ ?HE
H3(|: ?HZ CHy—C—CHy llgC—CHg—CI‘H3
HC=CH CH, CH,
(@) " (¢} () (e) <

(a) (i) and (iv): (b) (1); (¢) (1) (d) (v): (e) (iv) and (ii).
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Table 1-3 Some Common Functional Groups
Example
Functional General General
Group Formula Name Formula IUPAC Name' Commy
None C,H,,,2 Alkane CH,CH, Ethane Ethane
>c=c< C,H,, Alkene H,C=CH, Ethene Ethyler
—C=C— C,H,, > Alkyne HC=CH Ethyne Acetyle
—Ci R—Cl Chloride CH,;CH,Cl Chloroethane Ethyl ¢
—Br R—Br Bromide CH;Br Bromomethane Methyl
—OH R—OH Alcohol CH,CH,0H Ethane! Ethyl a
—0— R—O—R Ether CH;CH,0CH,CH; Ethoxyethane Diethy!
—NH, RNH, Amine’ CH,CH,CH;NH, 1-Aminopropane’ Propyl:
—NR; X~ RyNTX™ Quaternary CH;{CH,)gN{CH,); Cl~ Decyltrimethyl- Decyitr
ammonium ammonium amm
salt chloride chlol
—?20 R—$=O Aldehyde CH3CH2(‘IH =0 Propanal Propior
H H H
—C=0 }f $H3 2-Butanone Methyt
| R—C=0 Ketone CH;CH,C=0 keto
([‘) i (|-|) Ethanoic acid Acetic
—C—OH R—C—OH Carboxylic acid CH;—C—OH
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Table 1-3 (continued)

Example

Functional General General

Group Formula Name Formula IUPAC Name' Commi
i 0 I

—C—ORrR’ R—C—OR’ Ester CH;—C—0C;H; Ethyl ethanoate Ethyl a
i i i

—C—NH, R—C—NH, Amide CH;—C—NH, Ethanamide Acetarr
2 7 2

—C—l R—C—Cl Acid chloride CH;—C—Cl Ethanoy! chloride Acetyl
ﬁ Il ? I ﬁ 1l

—C—0—C— R—C—0—C—R Acid anhydride CH;—C—0—C—CHj; Ethanoic anhvdride Acetic

—C= R—C=N Nitnle CH;C=N Ethanenitrile Aceton

—NO, R—NQO, Nitro CH;—NO, Nitromethane Nitrom

—SH R—SH Thiol CH;—SH Methanethiol Methyl

—8— R—S—R Thioether CH;—S—CH; Dimethyl thioether Dimeth

(sulfide)
—S§—S8— R—S—S—R Disulfide CH,—S—S—CH; Dimethyl disulfide Dimeth
. I

—ﬁ—OH R—ﬁ—OH Sulfonic acid CH3—ISI—OH Methanesulfonic acid Methar
o 0 0 acid
i i i

—S— R—S—R Sulfoxide CH;—S—CH;j; Dimethyl sulfoxide Dimett
(I-I) (I-I) i

——ﬁ—— R—ﬁ—R Sulfone CH3—ﬁ—CH3 Dimethyl sulfone Dimeth
0] 0 0]

"'The italicized portion indicates the group.
ZA primary (1°) amine; there are also secondary (2°), R,NH, and tertiary (3°), R;N, amines.
Another name is propanamine.
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Problem 1.17 Refer to a Periodic Chart and predict the covalences of the following in their hydrogen compounds:
(@) O; (b) S; (c) CL; (d) C; (e) Si; (f) P; (g) Ge; (h) Br; (i) N; () Se. <

The number of covalent bonds typically formed by an element is 8 minus the Group number. Thus: (a) 2; (b) 2;

OL@4E@O4NZE@4M LG 3 0)2

Problem 1.18 Which of the following are isomers of 2-hexene, CH;CH—=CHCH,CH,CH,?

(@ CH;CH,CH=CHCH,CH, (b) CH,=CHCH,CH,CH,CH,
(¢) CH,;CH,CH,CH=CHCH, (d) H\ /CH; (e) }I[
< H,C—C—CHj
H¢ CHy H.C—C—CH,
H,C—CH, i <

All but (c), which is 2-hexene itself.

Problem 1.19 Find the formal charge on each element of
B
:Ar:B:F:
‘F:
and the net charge on the species (BF;Ar). 4

Group # Unshared 1 # Shared Formal Charge

Atom Number | Electrons Electrons | =  of Atom
each F 7 6 1 0
B 3 0 4 -1
Ar 8 6 1 +1

0 = net charge

Problem 1.20 Write Lewis structures for the nine isomers having the molecular formula C;H(O, in which C, H,
and O have their usual covalences; name the functional group(s) present in each isomer. <

One cannot predict the number of isomers by mere inspection of the molecular formula. A logical method runs as
follows. First write the different bonding skeletons for the multivalent atoms, in this case the three C’s and the O.
There are three such skeletons:

By C—C—C—0 @iy C—0—C—C (i) C—-(IT—C
0

To attain the covalences of 4 for C and 2 for O, eight H’s are needed. Since the molecular formula has only six H’, a
double bond or ring must be introduced onto the skeleton. In (i) the double bond can be situated three ways, between
either pair of C’s or between the C and O. If the H’s are then added, we get three isomers: (1), (2), and (3). In (ii) a
double bond can be placed only between adjacent C’s to give (4). In (iii), a double bond can be placed between a pair
of C’s or C and O giving (5) and (6) respectively.

(1) H,C=CHCH,OH (2) CH;CH=CHOH (3) CH;CH,CH,CH=0 (4) CH;0CH=CH,

alkene alcohols(enols) an aldehyde an alkene ether
(5) H2C=('7HCH3 (6) CH3(”7CH3
OH :O:

an enol a ketone
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In addition three ring compounds are possible

(7) HyC—CHOH (8) HC—CHCH;  (9) Hﬁ?—?:
CHZ 0 HzC‘—‘CHz
a ¢yclic aleohol heterocyclic ethers

[CHAP 1
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The s orbital is a sphere around the nucleus, as shown in cross section in Fig. 2-1(a). A p orbital is two
spherical lobes touching on opposite sides of the nucleus. The three p orbitals are labeled p,, p,, and p,
because they are oriented along the x-, y-, and z-axes, respectively [Fig. 2-1(b)]. In a p orbital there is no
chance of finding an electron at the nucleus—the nucleus is called a node point. Regions of an orbital
separated by a node are assigned + and — signs. These signs are not associated with electrical or ionic
charges. The s orbital has no node and is usually assigned a +.

y-axis

z-axis
x-axis

(a) s Orbital

Px Py P
(b) p Orbitals

Fig. 2-1

Three principles are used to distribute electrons in orbitals.

1. “Aufbau” or building-up principle. Orbitals are filled in order of increasing energy: ls, 2s, 2p,
3s,3p, 4s, 3d, 4p, 55, 4d, 5p, 6s,4f, 5d, 6p, etc.

2. Pauli exclusion principle. No more than two electrons can occupy an orbital and then only if they
have opposite spins.

3. Hund’s rule. One electron is placed in each equal-energy orbital so that the electrons have paralle!
spins, before pairing occurs. (Substances with unpaired electrons are paramagnetic—they are
attracted to a magnetic field.)

Problem 2.1 Show the distribution of electrons in the atomic orbitals of (&) carbon and (b) oxygen. «

A dash represents an orbital; a horizontal space between dashes indicates an energy difference. Energy increases
from left to right.

(a) Atomic number of C is 6,

ot

1s 25 2p, 2p, 2p,
The two 2p electrons are unpaired in each of two p orbitals (Hund’s rule).
(b) Atomic number of O is 8.

LR 2 R TR

ls 2s 2p, 2p, 2p,

2.2 COVALENT BOND FORMATION — MOLECULAR ORBITAL (MO) METHOD

A covalent bond forms by overlap (fusion) of two AO’s—one from each atom. This overlap produces a new
orbital, called a molecular orbital (MO), which embraces both atoms. The interaction of two AO’s can
produce two kinds of MO’s. If orbitals with like signs overlap, a bonding MO results which has a high
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electron density between the atoms and therefore has a lower energy (greater stability) than the individual
AQ’s. If AQ’s of unlike signs overlap, an antiboding MO* results which has a node (site of zero electron
density) between the atoms and therefore has a higher energy than the individual AO’. Asterisk indicates
antibonding,

Head-to-head overlap of AO’ gives a sigma (0) MO—the bonds are called o bonds, Fig. 2-2(@). The
corresponding antibonding MO* is designated o*, Fig. 2-2(). The imaginary line joining the nuclei of the
bonding atoms is the bond axis, whose length is the bond length.

+
@ and @ - ® + @

s a(s)
B m (OO — O
5 o(sp)
) ma @@ > E» &
P o(pp)

(u) o Bonding

® - O — @B’

s 5 o'(s)

G w O 0D

s o (sp)
o’(pp)

(b) ¢" Antibonding
Fig. 2-2

Two parallel p orbitals overlap side-by-side to form a pi (7} bond, Fig. 2-3(a), or a n* bond, Fig.
2-3(b). The bond axis lies in a nodal plane (plane of zero electronic density) perpendicular to the cross-
sectional plane of the @ bond.

Single bonds are ¢ bonds. A double bond is one ¢ and one = bond. A triple bond is one ¢ and two ©
bonds (a 7, and a =, if the triple bond is taken along the x-axis).

Although MO’ encompass the entire molecule, it is best to visualize most of them as being localized
between pairs of bonding atoms. This description of bonding is called linear combination of atomic

orbitals (LCAO).
%—\ bond axis
and

Dy Py
(a) = Bonding

TRy

Py Py
(h) * Antibonding

Fig. 2-3
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Problem 2.2 What type of MO results from side-to-side overlap of an s and a p orbital? <

The overlap is depicted in Fig. 2-4. The bonding strength generated from the overlap between the +s AO and the
+ portion of the p orbital is canceled by the antibonding effect generated from overlap between the +s and the —
portion of the p. The MO is nonbonding (»); it is no better than two isolated AO’s,

N

%

S

Fig. 24 7
Problem 2.3 List the differences between a ¢ bond and a = bond. <
o Bond n Bond
1. Formed by head-to-head overlap of AO’s. 1. Formed by lateral overlap of p orbitals (or p and
d orbitals).
2. Has cylindrical charge symmetry about bond 2. Has maximum charge density in the cross-
axis. sectional plane of the orbitals.
3. Has free rotation. 3. No free rotation,
4. Lower energy. 4. Higher energy.
5. Only one bond can exist between two atoms. 5. One or two bonds can exist between two atoms.

Problem 2.4 Show the electron distribution in MO’ of (a) H,, (&) Hj, (¢) Hy, (d) He,. Predict which are
unstable. <

Fill the lower-energy MO first with no more than two electrons.

(@) H, has a total of two electrons, therefore

™
g o*
Stable (excess of two bonding electrons).
(b) HF, formed from H* and H-, has onc electron:
T
o o*

Stable (excess of one bonding electron). Has less bonding strength than H,.
(¢) Hj, formed theoretically from H:™ and H., has three electrons:

T
g o*

Stable (has net bond strength of one bonding electron). The antibonding electron cancels the bonding strength of
one of the bonding electrons.
(d) He, has four electrons, two from each He atom. The electron distribution is

iR

g

—
-

|

Q
*

Not stable (antibonding and bonding electrons cancel and there is no net bonding). Two He atoms are more
stable than a He, molecule.
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Problem 2.5 Since the 6 MO formed from 2s AO’ has a higher energy than the ¢* MO formed from ls AO,
predict whether (a) Li,, (b) Be, can exist. <

The MO levels are: gy,0%,0,,6%,, with energy increasing from left to right.
(a) Li, has six electrons, which fill the MO levels to give
th e 1y

*
Ol O1s O2 G}Ss

designated (GU)Z(G’{‘S)Z(GZS)Z. Li, has an excess of two electrons in bonding MO’s and therefore can exist; it is by
no means the most stable form of lithium.
(b) Be, would have eight electrons:

Tyt
Tis O-T.\' 025 0'3‘3-

There are no net bonding electrons, and Be, does not exist.
Stabilities of molecules can be qualitatively related to the bond order, defined as

(number of valence electrons in MO’s) — (number of valence electrons in MO*'s)
2

Bond order =

The bond order is usually equal to the number of ¢ and = bonds between two atoms; i.e., | for a single bond, 2 fora
double bond, 3 for a triple bond.

Problem 2.6 The MO’ formed when the two sets of the three 2p orbitals overlap are

* *
o, M2p,02p, V3 M35, 0%,

(the 7 and ©* pairs are degenerate). (a) Show how MO theory predicts the paramagnetism of O,. (b) What is the bond
order in O,? <
The valence sequence of MO’s formed from overlap of the n = 2 AO’s of diatomic molecules is:

* * *
02,0 %70y, M2p, 025,73, 13,0,
O, has 12 elecrons to be placed in these MO, giving

(025) (64,2 (my, V(3 (03, ) (5, ) (14, )}

(@) The electrons in the two, equal-energy, n* MO*% are unpaired; therefore, O, is paramagnetic.

(b) Electrons in the first two molecular orbitals cancel each other’s effect. There are 6 electrons in the next 3 bonding
orbitals and 2 electrons in the next 2 antibonding orbitals. There is a net bonding effect due to 4 electrons, The
bond order is 1/2 of 4, or 2; the two O’s are joined by a net double bond.

2.3 HYBRIDIZATION OF ATOMIC ORBITALS

A carbon atom must provide four equal-energy orbitals in order to form four equivalent ¢ bonds, as in
methane, CH,. Tt 1s assumed that the four equivalent orbitals are formed by blending the 25 and the three
2p AO’s give four new hybrid orbitals, called sp? HO’s, Fig. 2-5. The shape of an sp? HO is shown in Fig.
2-6. The larger lobe, the “head,” having most of the electron density, overlaps with an orbital of its
bonding mate to form the bond. The smaller lobe, the “tail” is often omitted when depicting HO’s (see Fig.
2-11). However, at times the “tail” plays an important role in an organic reaction.

The AO’s of carbon can hybridize in ways other than sp?, as shown in Fig. 2-7. Repulsion between
pairs of electrons causes these HOs to have the maximum bond angles and geometries summarized in
Table 2-2. The sp* and sp HO’s induce geometries about the C% as shown in Fig. 2-8. Only ¢ bonds, not =
bonds, determine molecular shapes.
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>
3
:%“ 2sp UL S DU A
2s f ‘
ground-state valence sp*-hybridized state of
shell of carbon atom carbon atom (before bonding)
Fig. 2-5
“Tail”’ “‘Head”’
Fig. 2-6
e A N - -~
o’ I
2 P
sp — —
2s ﬁ P
Ground state Hybridized states
Fig. 2-7
Table 2-2
Number of Type of
Type | Bond Angle Geometry Remaining p’s | Bond Formed
sp? 109.5° Tetrahedral* 0 o]
sp? 120" Trigonal planar 1 o
sp 180° Linear 2 g
* See Fig. 1-2.
Py Py

P
R
A
R

O—Q—C% (180° angle between o bonds)

9

&

120°

sp? sp

Fig. 2-8
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Problem 2.7 The H,0 molecule has a bond angle of 105”. (@) What type of AO’s does O use to form the two
equivalent ¢ bonds with H? () Why is this bond angle less than 109.5°? <

R 2 R A |

O=——- — — — (ground stat
(a) 8 s 25 2, 2, 2. (ground state)
O has two degenerate orbitals, the p, and p_, with which to form two equivalent bonds to H. However, if O used
these AO’s, the bond angle would be 90°, which is the angle between the y- and z-axes. Since the angle is actually
105°, which is close to 109.5°, O is presumed to use sp® HO's.

Ne) :_T_L. _T_L. T_J’ 1 I (Sp} HO’s)

(b) Unshared pairs of electrons exert a greater repulsive force than do shared pairs, which causes a contraction of
bond angles. The more unshared pairs there are, the greater is the contraction.

Problem 2.8 Each H—N—H bond angle in :NH; is 107°. What type of AO’s does N use? <

N = nwr 1 (ground state)

Is 25 2p, 2p, 2p,
If the ground-state N atom were to use its three equal-energy p AO’s to form three equivalent N—H bonds, each
H—N—H bond angle would be 90°. Since the actual bond angle is 107" rather than 90 , N, like O, uses sp® HO's

N = IR % 1 (sp° HO’s)
ls 2sp
Apparently, for atoms in the second period forming more than one covalent bond (Be, B, C, N, and O), a hybrid
orbital must be provided for each 6 bond and each unshared pair of electrons. Atoms in higher periods also often use

HO.

Problem 2.9 Predict the shape of (a) the boron trifluoride molecule (BF;) and (k) the boron tetrafluoride anion
(BF3). All bonds are equivalent. <

(@) The HO’s used by the central atom, in this case B, determine the shape of the molecule.

B=— “~F — — — d stat

> Is 2s 2p, 2p, 2p, (ground state)
There are three sigma bonds in BF; and no unshared pairs; therefore, three HO's are needed. Hence, B uses sp°
HO, and the shape is trigonal planar. Each F—B—F bond angie is 120°.

B hr rr (sp” hybrid state)

ls 2sp? 2p.

The empty p, orbital is at right angles to the plane of the molecule.
() B in BF; has four ¢ bonds and needs four HO’. B is now in an sp* hybrid state.

—

_tortrt
B = Is 25p°

— (sp° hybrid state)
used for bonding
The empty sp® hybrid orbital overlaps with a filled orbital of F~ which holds two electrons,
::F::_ + BF; — BF; (coordinate covalent bonding)

The shape is tetrahedral; the bond angles are 109.5°.

Problem 2,10 Arrange the s, p, and the three sp-type HO’ in order of decreasing energy. <
The more s character in the orbital, the lower the energy. Therefore, the order of decreasing energy is

p>sp>spi>sp>s
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Problem 2.11 What effect does hybridization have on the stability of bonds? <

Hybrid orbitals can (a) overlap better and (b) provide greater bond angles, thereby minimizing the repulsion
between pairs of electrons and making for great stability.

By use of the generalization that each unshared and o-bonded pair of electrons needs a hybrid orbital,
but m bonds do not, the number of hybrid orbitals (HON) needed by C or any other central atom can be
obtained as

HON = (number of ¢ bonds) + (number of unshared pairs of electrons)

The hybridized state of the atom can then be predicted from Table 2-3. If more than four HO’s are
needed, d orbitals are hybridized with the s and the three p’s. If five HO’s are needed, as in PCls, one d
orbital is included to give trigonal-bipyramidal sp*d HO’s, Fig. 2-9(a). For six HO’, as in SF, two d
orbitals are included to give octahedral sp*d? HO’s, Fig. 2-9(b).

90

(a) sp3d HO’s (h) sp3¢/ 2HO's
Fig. 2-9
Table 2-3

HON Predicted Hybrid State

2 sp

3 sp?

4 sp

5 spid

6 spld?

The above method can also be used for the multicovalent elements in the second and, with few
exceptions, in the higher periods of the periodic table.

Problem 2.12 Use the HON method to determine the hybridized state of the underlined elements:

(@) CHCl; (b) H,C=CH, (c) 0=C=0 (d) HC=N: (¢) H,0" <
Number of ¢ Bonds +  Number of Unshared Electron Pairs =  HON Hybrid State
(a) 4 0 4 sp’
(b) 3 0 3 sp?
(c) 2 0 2 sp
@ C 2 0 2 sp
(d) N | l 2 sp
(e) 3 1 4 sp?
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2.4 ELECTRONEGATIVITY AND POLARITY

The relative tendency of a bonded atom in a molecule to attract electrons is expressed by the term
electronegativity. The higher the electronegativity, the more effectively does the atom attract and hold
electrons. A bond formed by atoms of dissimilar electronegativities is called polar. A nonpolar covalent
bond exists between atoms having a very small or zero difference in clectronegativity. A few relative
electronegativities are

F(4.0) > 0(3.5) > Cl, N(3.0) > Br(2.8) > S. C, [(2.5) > H(2.1)

The more electronegative element of a covalent bond is relatively negative in charge, while the less
electronegative element is relatively positive. The symbols 0+ and d— represent partial charges (bond
polarity). These partial charges should not be confused with ionic charges. Polar bonds are indicated by
+— ; the head points toward the more electronegative atom.

The vector sum of all individual bond moments gives the net dipole moment of the molecule.

Problem 2.13 What do the molecular dipole moments u = 0 for CO, and ¢t = 1.84 D for H,O tell you about the
shapes of these molecules? <

In CO,
0=C=0:

O is more electronegative than C, and cach C—O bond is polar as shown, A zero dipole moment indicates a
symmetrical distribution of é— charges about the d+ carbon. The geometry must be lincar; in this way, individual
bond moments cancel:

-—f o
0=C=0

H,O also has polar bonds. However, since there is a net dipole moment, the individual bond moments do not
cancel, and the molecule must have a beni shape:

I

H H 1 resultant moment

2.5 OXIDATION NUMBER

The oxidation number {(ON) is a value assigned to an atom based on relative electronegativities. It equals
the group number minus the number of assigned clectrons. when the bonding electrons are assigned to the
more electronegative atom. The sum of all (ON)’s equals the charge on the species.

Problem 2.14 Determine the oxidation number of each C, (ON)., in: (¢} CH,. (b) CH,OH, (¢) CH3NH,, (o)
|

H,C=CH,. Use the data (ON)y = —3; (ON),, = I; (ON), = —2.
All examples are molecules; therefore the sum of all (ON) values is 0.
(@) (ON). + 4ON), =0, (ON)e + (@ x 1)=0; (ON). = —4
= ——2

(b) (ON)i+ (ON)y + 4(ON),; = 0: (ON)¢ +(=2) +4 = 0; (ON)
(€) (ON)¢ + (ON)y -+ S(ON); =0; (ON) +(~=3)+5 = 0. (ON).
(d) Since both C atoms are equivalent,

o]

“

I

2(ON)¢ +4(ON);; = 0; 2(0N)- +4 =0; (ON). = =2
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2.6 INTERMOLECULAR FORCES

(a) Diplole-dipole interaction results from the attraction of the 6+ end of one polar molecule for the
0— end of another polar molecule.

(b) Hydrogen-bond. X—H and Y may be bridged X—H---'Y if X and Y are small, highly
electronegative atoms such as F, O, and N. H-bonds also occur intramolecularly.

(¢) London (van der Waals) forces. Elcctrons of a nonpolar molecule may momentarily cause an
imbalance of charge distribution in neighboring molecules, thereby inducing a temporary dipole moment.
Although constantly changing, these induced dipoles result in a weak net attractive force.

The greater the molecular weight of the molecule, the greater the number of electrons and the greater
these forces.

The order of attraction is

H-bond > dipole-dipole > London forces

Problem 2.15 Account for the following progressions in boiling point. (@) CH,;, —161.5°C; Cl,, —34°C;
CH,Cl, —-24°C. (b) CH,CH,0H, 78"C; CH;ClI,F, 46 C; CH,CH,CH,, —42°C. <

The greater the intermolecular force, the higher the boiling point. Polarity and molecular weight must be
considered.

(a) Only CH,Cl is polar, and it has the highest boiling point. CH, has a lower molecular weight (16 g/mole) than
has Cl, (71 g/mole) and thereforc has the lowest boiling point.

(h) Only CH,CH,OH has H-bonding, which is a stronger force of intermolecular attraction than the dipole-dipole
attraction of CH;CH,F. CH,CH,CH, has only London forces, the weakest attraction of all.

Problem 2.16 The boiling points of n-pentane and its isomer neopentane are 36.2°C and 9.5°C, respectively.
Account for this difference (see Problem 1.4 for the structural formulas.) |

These isomers are both nonpolar. Therefore, another factor, the shape of the molecule, influences the boiling
point. The shape of n-pentane is rodlike, whereas that of neopentane is spherelike. Rods can touch along their entire
length; spheres touch only at a point. The more contact between molecules, the greater the London forces. Thus, the
boiling point of n-pentane is higher.

2.7 SOLVENTS

The oppositely charged ions of salts are strongly attracted by electrostatic forces, thereby accounting for
the high melting and boiling points of salts. These forces of attraction must be overcome in order for salts
to dissolve in a solvent. Nonpolar solvents have a zcro or very small dipole moment. Protic solvents are
highly polar molecules having an H that can form an H-bond. Aprotic solvents are highly polar molecules
that do not have an H that can from an H-bond.

Problem 2.17 Classify the following solvents: (a) (CH;),S=0, dimethy! sulfoxide; (b) CCl,, carbon tetra-
chloride; (¢) C¢Hg, benzene; (d) HCN{CH,), Dimethylformamide; (¢) CH,OH, methanol; (/) liquid NH,. <

I
0]

Nonpolar: (b) Because of the symmetrical tetrahedral molecular shape, the individual C—Cl bond moments
cancel. (¢) With few exceptions, hydrocarbons are nonpolar. Protic: (€) and (f). Aprotic: (a) and (d). The S=0 and
C=0 groups are strongly polar and the H’s attached to C do not typically form H-bonds.

Problem 2.18 Mineral oil, a mixture of high-molccular-weight hydrocarbons, dissolves in n-hexane but not in
water or ethyl alcohol, CH,CH,OH. Explain. <
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Attractive forces between nonpolar molecules such as mineral oil and n-hexane are very weak. Therefore, such
molecules can mutually mix and solution is easy. The attractive forces between polar H,O or C;H;OH molecules are
strong H-bonds. Most nonpolar molecules cannot overcome these H-bonds and therefore do not dissolve in such
polar protic solvents.

Problem 2.19 Explain why CH,CH,OH is much more soluble in water than is CH4(CH,);CH,OH. <

The OH portion of an alcohol molecule tends to interact with water-—it is hydrophilic. The hydrocarbon portion
does not interact, rather it is repelled—it is hydrophobic. The larger the hydrophobic portion, the less soluble in water
is the molecule.

Problem 2.20 Explain why NaCl dissolves in water. <

Water, a protic solvent, helps separate the strongly attracting ions of the solid salt by solvation. Several water
molecules surround each positive ion (Na*) by an ion-dipole attraction. The O atoms, which are the negative ends of
the molecular dipole, are attracted to the cation. H,O typically forms an H-bond with the negative ion (in this case
Cl7).

ion-dipole H-bond
attraction attraction
&+ - o
6—/H Cl-- 'H\
Na*--Q  and
\5+ &/
H H
Problem 2,21 Compare the ways in which NaCl dissolves in water and in dimethy! sulfoxide. «

The way in which NaCl, a typical salt, dissolves in water, a typical protic solvent, was discussed in Problem 2.20.
Dimethy! sulfoxide also solvates positive ions by an ion-dipole attraction; the O of the S==0 group is attracted to the
cation. However, since this is an aprotic solvent, there is no way for an H-bond to be formed and the negative ions are
not solvated when salts dissolve in aprotic solvents. The S, the positive pole, is surrounded by the methyl groups and
cannot get close enough to solvate the anion.

The bare negative ions discussed in Problem 2.2]1 have a greatly enhanced reactivity. The small
amounts of salts that dissolve in nonpolar or weakly polar solvents exist mainly as ion-pairs or ion-
clusters, where the oppositely charged ions are close to each other and move about as units, Tight ion-pairs
have no solvent molecules between the ions; loose ion-pairs are separated by a small number of solvent
molecules.

2.8 RESONANCE AND DELOCALIZED = ELECTRONS

Resonance theory describe species for which a single Lewis electron structure cannot be written. As an
example, consider dinitrogen oxide, N,O:

- +— ] 4 -
’ N—N—_Q' resonance =N—O
Calculated
Bond Length 0.120 0.115 0.110 0.147
Observed

Bond Length  0-112 0.119 0.112 0.119
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A comparison of the calculated and observed bond lengths show that neither structure is correct.
Nevertheless, these contributing (resonance) structures tell us that the actual resonance hybrid has some
double-bond character between N and O, and some triple-bond character between N and N. This state of
affairs is described by the non-Lewis structure

IN=N=0:

in which broken lines stand for the partial bonds in which there are delocalized p electrons in an extended
n bond created from overlap of p orbitals on each atom. See also the orbital diagram, Fig. 2-10. The
symbol < denotes resonance, not equilibrium.

The energy of the hybrid, £, is always less than the calculated energy of any hypothetical contributing
structure, £.. The difference between these energies is the resonance (delocalization) energy, E,

E.=E. —E,

The more nearly equal in energy the contributing structures, the greater the resonance energy and the
less the hybrid looks like any of the contributing structures. When contributing structures have dissimilar
energies, the hybrid looks most like the lowest-energy structure.

Contributing structures (a) differ only in positions of electrons (atomic nuclei must have the same
positions) and (b) must have the same number of paired electrons. Relative energies of contributing
structures are assessed by the following rules.

1. Structures with the greatest number of covalent bonds are most stable. However, for second-period
elements (C, O, N) the octet rule must be observed.

2. With a few exceptions, structures with the least amount of formal charges are most stable.

3. If all structures have formal charge, the most stable (lowest energy) one has — on the more
electronegative atom and + on the more electropositive atom.

4. Structures with like formal charges on adjacent atoms have very high energies.

5. Resonance structurcs with electron-deficient, positively charged atoms have very high energy, and
are usually ignored.

Problem 2.22 Write contributing structures, showing formal charges when necessary, for (a) ozone, O;; (b) CO,;
(c) hydrazoic acid, HN;; (d) isocyanic acid, HNCO. Indicate the most and least stable structures and give reasons for

your choices. Give the structure of the hybrid. <
T s 5 x &
(@) ‘0050 = 070=0: (equal-energy structures). The hybridis :0=0=0: .
+ (/— = )+
b) {0=C=0: “o—c=0" :6=C~0:
( ‘Q=C=0: :0—C=0: :0=C—0:
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(1) is most stable; it has no formal charge. (2) and (3) have equal energy and are least stable because they have
formal charges. In addition, in both (2) and (3), one O, an electronegative element, bears a + formal charge.
Since (1) is so much more stable than (2) and (3), the hybrid is :0=C=0:, which is just (1).

.o+ oo -+ + o+ P
(c) H—N=N=N. =— H—N—N=N: =— H—N=N—N. =-—= H—N=N—N:
(1) (2) (3) 4

(1) and (2) have about the same energy and are the most stable, since they have the least amount of formal
charge. (3) has a very high energy since it has + charge on adjacent atoms and, in terms of absolute value, a total
formal charge of 4. (4) has a very high energy because the N bonded to H has only six electrons. The hybrid,
composed of (1) and (2), is:

& | &
(d) H—N==N=N:

H—N=C=0: = H—N—C=0: - H—N=C—0:
(1 2) (3)

(1) has no formal charge and is most stable. (2) is least stable since the — charge is on N rather than on the more
electronegative O as in (3). The hybrid is H—N=C=0: (the same as (1)), the most stable contributing structure.

Problem 2.23 (@) Write contributing structures and the delocalized structure for (i) NO; and (i) NO3 . (b) Use p
AO’s to draw a structure showing the delocalization of the p electrons in an extended m bond for (i} and (ii). (¢)
Compare the stability of the hybrids of each. <

Soae . .. o -2 -2
(a) i O—N=0: — :0=N—0: or [:()'—=N*—'Q:]

The — is delocalized over both O’s so that each can be assumed to have a — 1 charge. Each N—O bond has the
same bond length.

~2/3

.. +//O‘ . +/Q = +/Q. -3 +'//O

(ii) I_Q—N\ — 0= N I iQ——N\\ or :O'—=N\\\
o7 o7 o: o:

=213

The ~ charges are delocalized over three O’s so that each has a —% charge.

(b) See Fig. 2-11.

(c) We can use resonance theory to compare the stability of these two ions because they differ in only one feature—
the number of O’ on each N, which is related to the oxidation numbers of the N’s. We could not, for example,
compare NO; and HSOj, since they differ in more than one way; N and S are in different groups and periods of
the periodic table. NOj is more stable than NO; since the charge on NOj is delocalized (dispersed) over a
greater number of O and since NO7 has a more extended 7 bond system.

Problem 2.24 Indicate which one of the following pairs of resonance structures is the less stable and is an unlikely
contributing structure. Give reasons in each case.
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.. 2+/Q:_ .. +'/Q:_ + .- R
@ N = N B) HlC—07 ~—— H,C—0:
O: O: 1 v
I 1
(¢) HyC=CH—CH, =—» H,C—CH—CH, (d) H—C:N: ~—— H—C::N:
v VI Vil VI
(e) H:;C"Cl - H:;é:él |
IX X

(b)

Fig. 2-11

(@) I has fewer covalent bonds, more formal charge and an electron-deficient N,

(b) 1V has + on the more electronegative O.

(¢) VIhas similar — charges on adjacent C’s, fewer covalent bonds, more formal charge and an electron-deficient C.
(d) VII has fewer covalent bonds and a + on the more electronegative N, which is also electron-deficient.

() C in X has 10 electrons; this is not possible with the elements of the second period.

Supplementary Problems

Problem 2.25 Distinguish between an AO, an HO, an MO and a localized MO. |

An AO is a region of space in an atom in which an electron may exist. An HO is mathematically fabricated from
some number of AO’s to explain equivalency of bonds. An MO is a region of space about the entire molecule capable
of accommodating electrons. A localized MO is a region of space between a pair of bonded atoms in which the
bonding electrons are assumed to be present.
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Problem 2.26 Show the orbital population of electrons for unbonded N in (a) ground state, (b) sp*, (c) sp?, and (d)
sp hybrid states.

@ MTTT 11
ls 2s  2p ls 2sp? 2p
it it

LT DT 2 2

Note that since the energy difference between hybrid and p orbitals is so small, Hund’s rule prevails over the
Aufbau principle.

Problem 2.27 (a) NOJ is linear, (b) NO;j is bent. Explain in terms of the hybrid orbitals used by N. «

(a) NO7, :O'zltlzdi. N has two ¢ bonds, no unshared pairs of electrons and therefore needs two hybrid orbitals. N
uses sp hybrid orbitals and the ¢ bonds are linear. The geometry is controlled by the arrangement of the sigma
bonds.

(b) NOj, :0=N:0:". N has two ¢ bonds, one unshared pair of electrons and, therefore, needs three hybrid orbitals.
N uses sp’ hybrid HO’s, and the bond angle is about 120°.

Problem 2.28 Draw an orbital representation of the cyanide ion, :C=N:". <

See Fig. 2-12. The C and N each have one ¢ bond and one unshared pair of electrons, and therefore each needs
two sp hybrid HO’s. On each atom one sp hybrid orbital forms a & bond while the other has the unshared pair. Each
atom has a p, AO and a p, AO. The two p, orbitals overlap to form a =, bond in the xy-plane; the two p, orbitals
overlap to form a 7, bond in the xz-plane. Thus, two & bonds at right angles to each other and a o bond exist between
the C and N atoms.

P,
+
- ;‘
N '@sp
L“head" only

Fig. 2-12

Problem 2.29 (a) Which of the following molecules possess polar bonds: F,, HF, BrCl, CH,, CHCl,, CH,OH?
(b) Which are polar molecules? <

(a) HEF, BrCl, CHy, CHCl,, CH;0H.
(b) HF, BrCl, CHCl,, CH;OH. The symmetrical individual bond moments in CH, cancel,

Problem 2.30 Considering the difference in electronegativity between O and S, would H,O or H,S exhibit greater
(a) dipole-dipole attraction, () H-bonding? «

(@) H;0, (b) H,O
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Problem 2.31 Nitrogen trifluoride (NF;) and ammonia (NH,) have an electron pair at the fourth corner of a
tetrahedron and have similar electronegativity diffrences between the elements (1.0 for N and F and 0.9 for N and H).
Explain the larger dipole moment of ammonia (1.46 D) as compared with that of NF; (0.24 D). <

The dipoles in the three N—F bonds are toward F, see Fig. 2-13(a), and oppose and tend to cancel the effect of
the unshared electron pair on N. In NH;, the moments for the three N—H bonds are toward N, see Fig. 2-13(b), and

add to the effect of the electron pair.
Net dipole moment N ; i
is very small; actual N
direction of moment / . / N Net moment
:F .I F: 1
" H
‘F b

is not known,
(a) (b)

Fig. 2-13

H

Problem 2.32 NH; salts are much more soluble in water than are the corresponding Na* salts. Explain. <
Na* is solvated merely by an jon-dipole interaction. NH} is solvated by H-bonding
5 o
HN*—H ~0—H
H

which is a stronger attractive force.

Problem 2.33 The F~ of dissolved NaF is more reactive in dimethyl sulfoxide,

0
CH,SCH;

and in acetonitrile, CH;C=N, than in CH,OH. Explain. «

H-bonding prevails in CH;OH (a protic solvent), CH,OH---F~, thereby decreasing the reactivity of F~.
CH,SOCH; and CH,CN are aprotic solvents; their C—H H’s do not H-bond.

Problem 2.34 Find the oxidation of the C in (a) CH;C}, (b) CH,Cl,, (¢) H,CO, (d) HCOOH, and (e) CO,, if
(ON)¢ = —1. <

From Section 2.5:

(@ ON)e+@xD+(-=1)=0; (ON).=-2 (d) (ON)-+2+(—4)=0; (ON); =2
(h) (ON)e +(2x 1)+ [2(=1)]=0; (ON). =0 (6) (ON)¢ +(—4)=0; (ON)¢ =4
(¢} (ON)c +(2 x 1) +[1(=2)] = 0; (ON)c =0

Problem 2.35 Give a True or False answer to each question and justify your answer. (2) Since in polyatomic
anions XY?%,~ (such as SO2~ and BF}), the central atom X is usually less electronegative than the peripheral atom Y, it
tends to acquire a positive oxidation number. () Oxidation numbers tend to be smaller values than formal charges. (¢)
A bond between dissimilar atoms always leads to nonzero oxidation numbers. (<) Fluorine never has a positive
oxidation number. <
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(a) True. The bonding electrons will be alloted to the more electronegative peripheral atoms, leaving the central
atoms with a positive oxidation number.

(b) False. In determining formal charges an electron of each shared pair is assigned to each bonded atom. In
determinating oxidation numbers pairs of electrons are involved, and more electrons are moved to or away from
an atom. Hence Jarger oxidation numbers result,

(c) False. The oxidation numbers will be zero if the dissimilars atoms have the same electronegativity, as in PH;.

(d) True. F is the most electronegative element; in F, it has a zero oxidation number.

Problem 2.36 Which of the following transformations of organic compounds are oxidations, which are reductions,
and which are neither?

(@ H,C=CH, — CH,CH,0H  (¢) CH,;CHO — CH,COOH (¢) HC=CH — H,C=CH,
(b)) CH,CH,0H —~ CH;CH=0  (d) H,C=CH, — CH,CH,CI <

To answer the question determine the average oxidation numbers (ON) of the C atoms in reactant and in product.
An increase (more positive or less negative) in ON signals an oxidation; a decrease (more negative or less positive)
signals a reduction; no change means neither.

(@) and (d) are neither, because (ON),. is invariant at —2. (b) and (c) are oxidations, the respective changes being
from —2 to —1 and from —1 to 0. (e) is a reduction, the change being from —1 to —2,

Problem 2.37 Irradiation with ultraviolet (uv) light permits rotation about a 7 bond. Explain in terms of bonding
and antibonding MO’s <

Two p AO% overlap to form two pi MO’s, 7 (bonding) and 7* (antibonding). The two electrons in the original p
AO’s fill only the # MO (ground state). A photon of uv causes excitation of one electron from 7 to n* (excited state).

-T— — (ground state) L 1 —JL (excited state)
nor* o

(Initially the excited electron does not change its spin.) The bonding effects of the two electrons cancel. There is now
only a sigma bond between the bonded atoms, and rotation about the bond can occur.

Problem 2.38 Write the contributing resonance structures and the delocalized hybrid for (¢) BCl,, (b) H,CN,
(diazomethane). <

(a) Boron has six electrons in its outer shell in BCly and can accommodate eight electrons by having a B—Cl bond
assume some double-bond character.

:C: :C1: :Cr :Cl: &

B B B 5 B
" Lo 4 L. e . .. — 3 = §r,Bi
To et To alo T So T Te g U ¢ il ¢

all equivalent

+ - o+ - + &
(h) H,C=N=N: =— H,C—N=N: = C==N=N:

Problem 2.39 Arrange the contributing structures for (a) viny! chloride, H,C=CHCIl, and (b) formic acid,
HCOOH, in order of increasing importance (increasing stability) by assigning numbers starting with | for most
important and stable. <

~~ e . + + .
(@) H,C=CH—Cl: ~— H,C—CH=Cl: =—— H,C—CH=CI
I 11 111
I is most stable because it has no formal charge. III is least stable since it has an electron-deficient C. In III, Cl

uses an empty 3d orbital to accommodate a fifth pair of electrons. Fluorine could not do this. The order of
stability is
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I(1) > 1(2) > I(3)

+

0 :'Cl): :C|): :Cl):
(h) H-C—0—H =~ H—C=0—H =—+ H—C—0—H =— H—(C—0—H
v Vi Vi VI

Vand VI have the greater number of covalent bonds and arc more stable than either Vil or VIIIL. V has no formal
charge and is more stable than V1. VIII is less stablc than VII since VIII’s electron deficiency is on O, which is a
more electronegative atom than the electron-deficient C of VII. The order of stability is

V(1) = VI(2) > VII(3) > VIiII4)

Problem 2.40 What is the difference between isomers and contributing resonance structures? «

Isomers are real compounds that differ in the arrangment of their atoms. Contributing structures have the same
arrangement of atoms; they differ only in the distribution of their electrons. Their imaginary structures are written to
give some indication of the electronic structure of certain species for which a typical Lewis structure cannot be
written.

Problem 2.41 Use the HON method to determine the hybridized state of the underlined elements:

(@ HC=CH (b) H,C=0 (¢) HC=C" (d) AICE~ () PFs  (f) cm(_)jcn3 <
Number of o Bonds + Number of Unshared Electron Pairs = HON Hybrid State
(a) 2 0 2 sp
(h) 3 0 3 sp?
(c) 1 1 2 sp
(d) 6 0 6 spid?
(e) 5 0 5 spid
) 2 2 4 sp®
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2. Carbanions are negatively charged ions containing a carbon atom with three bonds and an
unshared pair of electrons:

3. Radicals (or free radicals) are species with at least one unparied electron. This is a broad category
in which carbon radicals,

are just one example.
4, Carbenes are neutral species having a carbon atom with two bonds and two electrons. There are
two kinds: singlet

i

in which the two electrons have opposite spins and are paired in one orbital, and triplet

___C__

?

in which the two electrons have the same spin and are in different orbitals.

Problem 3.1 Determine the hybrid orbital number (HON) of the five C-containing intermediates tabulated below
and give the hybrid state of the C atom. Unpaired electrons do not require an HO and should not be counted in your

determination. >
Number of + Number of Unshared = HON Hybrid State
o Bonds Electron Pairs
(@) carbocation 3 0 3 sp?
(b) carbanion 3 1 4 sp?
(c) radical 3 0 3 sp?
(d) singlet carbene 2 1 3 sp?
(e) triplet carbene 2 0 2 sp

Recall that the two unshared electrons of the triplet carbene are not paired and, hence, are not counted; they are in
different orbitals.

Problem 3.2 Give three-dimensional representations for the orbitals used by the C’s of the five carbon
intermediates of Problem 3.1. Place all unshared electrons in the appropriate orbitals. <

(@) A carbocation has three trigonal planar sp> HO’s to form three o bonds, and an empty p AO perpendicular to the
plane of the o bonds. See Fig. 3-1(a).

(b) A carbanion has four tetrahedral sp® HO’; three form three ¢ bonds and one has the unshared pair of electrons.
See Fig. 3-1(b).

(¢) A radical has the same orbitals as the carbocation. The difference lies in the presence of the odd electron in the p
orbital of the radical. See Fig. 3-1(c).
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Fig. 3-1

(d) A singlet carbene has three sp> HO’s; two form two ¢ bonds and the third holds the unshared pair of electrons. It
also has an empty p AO perpendicular to the plane of the sp> HO%. See Fig. 3-1(d).

(e) A triplet carbene uses two sp HO’ to form two linear ¢ bonds. Each of the two unhybridized p AO’s has one
electron. See Fig. 3-1(e).

Problem 3.3 Write formulas for the species resulting from the (@) homolytic cleavage, (b} heterolytic cleavage of
the C—C bond in ethane, C,H,, and classify these species. <

(a) H}C:CHS —_— H}C + CH3
Ethane Methyl radicals

() H,C:CH, — H,C* + ~:CH,

Ethane Carbocation Carbanion

3.3 TYPES OF ORGANIC REACTIONS

1. Displacement (substitution). An atom or group of atoms in a molecule or ion is replaced by
another atom or group.

2. Addition. Two molecules combine to yield a single molecule. Addition frequently occurs at a
double or triple bond and sometimes at small-size rings.

3. Elimination. This is the reverse of addition. Two atoms or groups are removed from a molecule. If
the atoms or groups are taken from adjacent atoms (f-elimination), a multiple bond is formed; if they are
taken from other than adjacent atoms, a ring results. Removal of two atoms or groups from the same atom
(a-elimination) produces a carbene.

4. Rearrangement. Bonds in the molecule are scrambled, converting it to its isomer.

5. Oxidation-reduction (redox). These reactions involve transfer of electrons or change in oxidation
number. A decrease in the number of H atoms bonded to C and an increase in the number of bonds to other
atoms such as C, O, N, Cl, Br, F, and S signals oxidation.
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Problem 3.4 The following represents the steps in the mechanism for chlorination of methane:

Initiation (N 2:C:l:¢:l: +energy —~ Cl+C|
Step Chlorine radicals
H - H
2) H:C:H + -Cl: — H:(Cl + HC
H H
Propagation Methyl radical
Steps
H H
(3) H:C- + CCk ——= HC:Ch + -Ch:
H H

The propagation steps constitute the overall reaction. (a) Write the equation for the overall reaction. () What are the
intermediates in the overall reaction? (¢) Which reactions are homolytic? (d) Which is a displacement reaction? (e) In
which reaction is addition taking place? (/) The collision of which species would lead to side products? <

(a) Add Steps 2 and 3: CH, + Cl, -» CH,Cl 4+ HCL.

(6) The intermediates formed and then consumed are the H,C- and radicals.

(c) Each step is homolytic. In Steps 1 and 3, Cl, cleaves; in Step 2, CH, cleaves.

(d) Step (3) involves the displacement of one -Cl: of Cl, by a -CH, group. In Step 2, -Cl: displaces a -CH, group
from an H.

(¢) None.

(/) H;C.-+ -CH; — H;CCHj; (ethane)

Problem 3.5 Identify each of the following as (1) carbocations, (2) carbanions, (3) radicals or (4) carbenes:

(@) (CH;),C: (d) (CH3),C:” (&) C4Hs;CHCH,
() (CH;),C-  (¢) CH,CH,CH, (k) CH,CH
(¢) (CHy);C* (/) CH;CH=CH «

D @, N @) G)®)(e) (&) @) (a) (b

Problem 3.6 Classify the following as substitution, addition, elimination, rearrangement, or redox reactions. (A
reaction may have more than one designation.)
() C,H;OH + HCl —= C,H,Cl + H,0
(¢) CH,;CHCICHCICH; + Zn — CH;CH=CHCH; + ZnCl,
(d) NH4 (CNO)y™ — HzNﬁNHz
O

(e) CH}CH2CH2CH3 e (CH})}CH

S
(f) HC—CH, +Br, —= BrCH,CH,CH,Br
(g) 3CH,;CHO + 2MnOj + OH~ —2= 3CH,CO0~ + 2MnO, + 2H,0 (A means heat.)
(h) HCCl; 4 OH™ — :CCl, + H,0 + CI~

CH,
/N
() BrCH,CH,CH;Br+Zn —— H,C—CH, + ZnBn;
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(a) Addition and redox. In this reaction the two Br’s add to the two double-bonded C atoms (1,2-addition). The
oxidation number (ON) for C has changed from 4 — 2(2) —2 = -2 to 4 — 2(2) — | = —1; (ON) for Br has
changed from7-7=0to 7— 8 = —1.

(6) Substitution of a Cl for an OH.

(¢) Elimination and redox. Zn removes two Cl atoms from adjoining C atoms to from a double bond and ZnCl, (a §-
elimination). The organic compound is reduced and Zn is oxidized.

(d) Rearrangement (isomerization).

(e) Rearrangement (isomerization).

(f) Addition and redox. The Br’s add to two C atoms of the ring. These C’s are oxidized and the Br’s are reduced.

(g) Redox. CH;CHO is oxidized and MnO; is reduced.

(A Elimination. An H* and Cl~ are removed from the same carbon (x-elimination).

(/) Elimination. The two Br’s are removed from nonadjacent C’s giving a ring. Redox [see (¢)].

3.4 ELECTROPHILIC AND NUCLEOPHILIC REAGENTS

Reactions generally occur at the reactive sites of molecules and ions. These sites fall mainly into two
categories. One category has a high electron density because the site (a) has an unshared pair of electrons
or (b) is the 6— end of a polar bond or (¢) has C=C = electrons. Such electron-rich sites are nucleophilic
and the species possessing such sites are called nucleophiles or electron-donors. The second category (a)
is capable of acquiring more electrons or (b) is the d+ end of a polar bond. These electron-deficient sites
are electrophilic and the species possessing such sites are called electrophiles or electron-acceptors.
Many reactions occur by coordinate covalent bond formation between a nucleophilic and an electrophilic
site.

Nu: + E — Nu:E

Problem 3.7 Classify the following species as being (1) nucleophiles or (2) electrophiles and give the reason for
your classification: (@) HO:~, (b) :C=N:", (c) :Br*, (d) BF;, () H,0:, (f) AICl;, (g) :NH;, (h) H;C:™ (a carbanion),
(9) SiF,, (j) Ag™, (k) HyC* (a carbocation), (/) H,C: (a carbene), (m) I:™. <

() (@), (&), (e), (g), (h), and (m). They all have unshared pairs of electrons. All anions are potential
nucleophiles.

(2) (d) and (f) are molecules whose central atoms (B and Al) have only six electrons rather than the more
desirable octet; they are electron-deficient. (c), (j) and (k) have positive charges and therefore are electron-
deficient. Most cations are potential electrophiles. The Si in (i) can acquire more than eight electrons by
utilizing its d orbitals, e.g.

SiF, (an electrophile) + 2:F:~ — SiF;~

Although the C in (/) has an unshared pair of electrons, (/) is electrophilic because the C has only six electrons.

Problem 3.8 Why is the reaction CH;Br + OH™ — CH;0H + Br™ a nucelophilic displacement? <

The :OH~ has unshared electrons and is a nucleophile. Because of the polar nature of the C—Br bond,

ek

C acts as an electrophilic site. The displacement of Br~ by OH™ is initiated by the nucleophile HO:™.

Problem 3.9 Indicate whether reactant (1) or (2) is the nucleophile or electrophile in the following reactions:

(@) H,C=CH, (1) + Br; (2) - BrCH,—CH,Br
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(b)) CH;NH? (1) + CH,COO~ (2) — CH;NH, + CH;COOH

() CH3|c|—jc): (1) + AlCL 2) — CH3|C|+ +AICI”
0 0
(d) CH3CH=O (1) +:SOH" (2) — CHy—CHSO3H <
o

@ | ® | © | @

Nucleophile | (1) | ) | (1) | (2)

Electrophile | (2) [ (1) | (2) | (1)

3.5 THERMODYNAMICS

The thermodynamics and the rate of a reaction determine whether the reaction proceeds. The thermo-
dynamics of a system is described in terms of several important functions:

(1) AF, the change in energy, equals g,, the heat transferred to or from a system at constant volume:
AE =g,

(2) AH, the change in enthalpy, equals ¢, the heat transferred to or from a system at constant
pressure: AH = g,,. Since most organic reactions are performed at atmospheric pressure in open
vessels, AH is used more often than is AE. For reactions involving only liquids or solids:
AE = AH. AH of a chemical reaction is the difference in the enthalpies of the products, Hp, and
the reactants, Hp:

AH:HP_HR

If the bonds in the products are more stable than the bonds in the reactants, energy is released,
and AH is negative. The reaction is exothermic.

(3) AS is the change in entropy. Entropy is a measure of randomness. The more the randomness, the
greater is S; the greater the order, the smaller is S. For a reaction,

AS =5, - 8;
(4) AG = G, — Gy is the change in free energy. At constant temperature,
AG = AH — TAS (T = absolute temperature)

For a reaction to be spontaneous, AG must be negative.

Problem 3.10 State whether the following reactions have a positive or negative AS and give a reason for your
choice.

(a) H2+H2C=CH2 - H';CCH:’,
CH,
/N A

(b) H,C—CH, -~ H;C—CH=CH,

(¢) CH3COO7(ag) + H3O*(aq) —— CH,;COOH + H,0
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(¢) Negative. Two molecules are changing into one molecule and there is more order (less randomness) in the
product (S, < S).

(b)Y Positive. The rigid ring opens to give compound having free rotation about the C—C single bond. There is now
more randomness (S, > Sg).

(c) Positive. The ions are solvated by more H,0O molecules than is CH; COOH. When ions form molecules, many of
these H,O molecules are set free and therefore have more randomness (S, > Sg).

Problem 3.11 Predict the most stable state of H,O (steam, liquid, or ice) in terms of («) enthalpy, (b) entropy, and
(¢) free energy. |

() Gas — Liquid — Solid are exothermic processes and, therefore, ice has the least enthalpy. For this reason, ice
should be most stable.

(b) Solid — Liquid — Gas shows increasing randomness and therefore increasing entropy. For this reason, steam
should be most stable.

(¢) Here the trends to lowest enthalpy and highest entropy are in opposition; neither can be used independently to
predict the favored state. Only G, which gives the balance between H and S, can be used. The state with lowest G
or the reaction with the most negative AG is favored. For H,O, this is the liquid state, a fact which cannot be
predicted until a calculation is made using the equation G = H — TS.

3.6 BOND-DISSOCIATION ENERGIES

The bond-dissociation energy, AH, is the energy needed for the endothermic homolysis of a covalent
bond A:B — A- + -B; AH 1s positive. Bond formation, the reverse of this reaction, is exothermic and the
AH values are negative. The more positive the Af{ value, the stronger is the bond. The AH of reaction is
the sum of all the (positive) AH values for bond cleavages plus the sum of all the (negative) AH values for
bond formations.

Problem 3.12 Calculate AH for the reaction CH, + Cl, — CH;Cl + HCl. The bond-dissociation energies, in
kJ/mol, are 427 for C—H, 243 for CI—Cl, 339 for C—Cl, and 431 for H—CI. <«

The values are shown under the bonds involved:

H,C-—H + Cl—Cl —= H,C—Cl 4+ H—Cl
427 + 243 + (—339) + (—431) = —-100

cleavage (endothermic) formations (exothermic)

The reaction is exothermic, with AH = —100 kJ/mol.

Problem 3.13 Compare the strengths of bonds between similar atoms having: (2) single bonds between atoms with
and without unshared electron pairs; () triple, double, and single bonds. |

(@) Bonds are weaker between atoms with unshared electron pairs because of interelectron repulsion.
(b) Overlapping of p orbitals strengthens bonds, and bond energies are greatest for triple and smallest for single
bonds.

3.7 CHEMICAL EQUILIBRIUM

Every chemical reaction can proceed in either direction, dA + ¢B = fX + gY, even if it goes in one
direction to a microscopic extent. A state of equilibrium is reached when the concentrations of A, B, X,
and Y no longer change even though the reverse and forward reactions are taking place.
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Every reversible reaction has an equilibrium expression in which X, the equilibrium constant, is
defined in terms of molar concentrations (mol/L) as indicated by the square brackets:

dA +eB—= X +gY

_[XVIYP Products favored; K, is large
- [A]d [B]¢ Reactants favored; K, is small

K, varies only with temperature.
The AG of a reaction is related to X, by
AG = -2.303 RT logKk,

where R is the molar gas constant (R = 8.314 J mol~! K~') and 7 is the absolute temperature (in K).

Problem 3.14 Given the reversible reaction

C,H;0OH + CH;COOH === CH;COOC,H; + H,0
what changes could you make to increase the yield of CH;COOC,H;? |

The equilibrium must be shifted to the right, the side of the equilibrium where CH;COOC,Hy exists. This is
achieved by any combination of the following: adding C,H;OH, adding CH;COOH, removing H,0, removing
CH,COOC,H;.

Problem 3.15 Summarize the relationships between the signs of AH, TAS, and AG, and the magnitude of X, and
state whether a reaction proceeds to the right or to the left for the reaction equation as written. |

See Table 3-1.

Problem 3.16 At 25°C the following reactions have the indicated K, values:

(a) CH3;CH,OH + CH;COOH =——= CH;COOCH,CH; + H,0 K,=4.0
Ethanol Acetic Ethyl Water
acid acetate
H, H,
b) Hz(lf COOH — Hz(lf (II—O +H,0O K,=1000
H,C——OH H,C——0
a lactone

Since the changes in bonding in these reactions are similar, both reactions have about the same AH. Use

thermodynamic functions to explain the large difference in the magnitude of X,. |
Table 3-1
AH —TAS = AG Reaction Direction K,
- + — Forward — right > 1
+ — + Reverse — left <

— — Usually — if AH < —60 kJ/mol Depends on conditions ?

+ + Usually + if AH > 460 kJ/mol Depends on conditions ?
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A larger K, means a more negative AG. Since AH is about the same for both reactions, a more negative AG
means that AS for this reaction is more positive. A more positive AS (greater randomness) is expected in reaction (b)
because one molecule is converted into two molecules, whereas in reaction (¢) two molecules are changed into two
other molecules. When two reacting sites, such as OH and COOH, are in the same molecule, the reaction is
intramolecular. When reaction sites are in different molecules, as in (u), the reaction is intermolecular.
Intramolecular reactions often have a more positive AS than similar intermolecular reactions.

3.8 RATES OF REACTIONS

The rate of a reaction is how fast reactants disappear or products appear. For the general reaction
dA + eB — fC + gD, the rate is given by a rate equation

Rate = A[A]'[B}

where & is the rate constant at the given temperature, 7', and [A] and [B] are molar concentrations.

Exponents x and y may be integers, fractions, or zero; their sum defines the order of the reaction. The

values of x and y are found experimentally, and they may differ from the stoichiometric coefficients d and e.
Experimental conditions, other than concentrations, that affect rates of reactions are:

Temperature. A rough rule is that the value of & doubles for every rise in temperature of 10°C.

Particle size. Increasing the surface area of solids by pulverization increases the reaction rate.

Catalysts and inhibitors. A catalyst is a substance that increases the rate of a reaction but is recovered
unchanged at the end of the reaction. Inhibitors decrease the rate.

At a given set of conditions, the factors that determine the rate of a given reaction are:

1. Number of collision per unit time. The greater the chances for molecular collision, the faster the
reaction. Probability of collision is related to the number of molecules of each reactant and is proportional
to the molar concentrations.

2. Enthalpy of activation (activation energy, E,.,) (AH*). Reaction may take place only when
colliding molecules have some enthalpy content, AH*, in excess of the average. The smaller the value of
AH*, the more successful will be the collisions and the faster the reaction. (AH* = E, ., at constant
pressure.)

3. Entropy of activation (AS?), also callled the probability factor. Not all collisions between
molecules possessing the requisite AH* result in reaction. Often collisions between molecules must also
occur in a certain orientation, reflected by the value of AS}. The more organized or less random the
required orientation of the colliding molecules, the lower the entropy of activation and the slower the
reaction.

Problem 3.17 Predict the effect on the rate of a reaction if a change in the solvent causes: () an increase in AH*
and a decrease in AS?, (b) a decrease in AH+ and an increase in AS*, (¢) an increase in AH* and in AS*, (d) a decrease
in AH* and in ASY. <

(@) Decrease in rate. (b) Increase in rate. (¢) The increase in AH* tends to decrease the rate but the increase in AS*
tends to increase the rate. The combined effect is unpredictable. (d) The rends here are opposite to those in part (¢),
the effect is also unpredictable. In many cases the change in AH? is nore important than the change in AS! in
affecting the rate of reaction,

3.9 TRANSITION-STATE THEORY AND ENTHALPY DIAGRAMS

When reactants have collided with sufficient enthalpy of activation (AH*) and with the proper orientation,
they pass through a hypothetical transition state in which some bonds are breaking while others may be
forming.

The relationship of the transition state (TS) to the reactants (R) and products (P) is shown by the
enthalpy (energy) diagram, Fig. 3-2, for a one-step exothermic reaction A + B — C + D. At equilibrium,
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Hpyp—— ——— — — — Transition Stale

.‘IIH:HH"IIR

Enthalpy

JHnnuln-n = Hl’_HR
B = === = - == (C+D)

N
xd

Progress ol Reaction (Reaction Coordinate)

Fig. 3-2

formation of molecules with lower enthalpy is favored, i.c., C + D. However, this applies only if AH of
reaction predominates over TAS of reaction in determining the cquilibrium state. The reaction rate is
actually related to the free encrgy of activation, AG#, where AG' = AIl* — TAS.

In multistep reactions, cach step has its own transition state. The step with the highest-enthalpy

transition state is the slowest step and determines the overall reaction rate.
The number of species colliding in a step is called the molecularity (of that step). If only one species

breaks down, the reaction is unimolecular. If two species collide and react, the reaction is bimolecular.

Rarely to three species collide (termolecular) at the same instant,
The rate equation gives molecules and ions and the number of each (from the exponents) involved in

the slow step and in any preceding fast step(s). Infermediates do not appear in rate equations, although

products occasionally do appear.

Problem 3.18 Draw an enthalpy diagram for a one-step endothermic reaction. Indicate AH of reaction and
AH'. <
See Fig. 3-3.

Problem 3.19 Draw a reaction-enthalpy diagram for an exothermic two-step reaction in which (a) the first step is
slow, (b) the second step is slow. Why do these reactions occur? <«

Set Fig. 3-4, in which R = reactants, 1 = intermediates. P = products, TS, = transition state of first step,
TS, = transition state of second step. Because the reactions are exothermic, H, < Hp.

Problem 3.20 In Problem 3.19(A). the first step is not only fast but is also reversible. Explain. <
A~ TS » TSI
TS,
E Z 2
= = =
= = =
£ = =R {
len‘.lclixm
Rf— ==X P p
— Reaction Progress Reaction Progrcss’
Progress of Reaction () (b
Fig. 3-4

Fig. 3-3
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The AH? for [ to revert to reactants R is less than that for 1 to form the products P. Therefore, most I's re-form R,
so that the first step is fast and reversible. A few I's have enough enthalpy to go through the higher-enthalpy TS, and
form the products. The AH? for P to revert to | is prohibitively high; hence the products accumulate, and the second
step is at best insignificantly reversible.

Problem 3.21 Catalysts generally speed up reactions by lowering AH¥, Explain how this occurs in terms of
ground-state and transition-state enthalpies (H, and Hrg). |

AH?* can be decreased by (a) lowering Hrg, (b) raising Hy or (c) both of these.

Problem 3.22 The reaction A + B — C 4 D has (a) rate =k[A][B], or (b) rate = k[A]. Offer possible mechanisms
consistent with these rate expressions. |

(a) Molecules A and B must collide in a bimolecular rate-controlling step. Since the balanced chemical equation
calls for reaction of one A molecule with one B molecule, the reaction must have a single (concerted) step.

(6) The rate-determining step is unimolecular and involves only an A molecule. There can be no prior fast steps.
Molecule B reacts in the second step, which is fast. A possible two-step mechanism is:

Step 1 : A——= C+1 (I = intermediate)
Step 2: B+1—D

Adding the two steps gives the balanced chemical equation: A+ B — C+ D.

Problem 3.23 For the reaction 2A + 2B — C + D, rate = k[A]*[B]. Give a mechanism using only unimolecular
or bimolecular steps. |

One B molecule and two A molecules are needed to give the species for the slow step. The three molecules do not
collide simultaneously since we are disregarding the very rare termolecular steps. There must then be some number of
prior fast steps to furnish at least one intermediate needed for the slow step. The second B molecule which appears in
the reaction equation must be consumed in a fast step following the slow step.

Mechanism 1 Mechanism 2
A+B ™. AB (intermediate) A+A —2U A, (intermediate)
AB+A “*L AB (intermediate) A, +B 2L A,B (intermediate)
AB+B =L C4D AB+B - 4D

Problem 3.24 For the reaction A + 2B — C + D, rate = k[A][B)>. Offer a mechanism in which the rate-
determining step is unimolecular. |

The slow step needs an intermediate formed from one A molecule and two B molecules. Since the rate expression
involves the same kinds and numbers of molecules as does the chemical equation, there are no fast steps following the
slow step.

Mechanism 1 Mechanism 2
A+B =L AB B+B —% B,
AB+B —- AB, B, +A —= A,B

AB, 2 c4+D AB TZLcyD

Notice that often the rate expression is insufficient to allow the suggestion of an unequivocal mechanism. More
experimental information is often needed.
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3.10 BRONSTED ACIDS AND BASES

In the Bronsted definition, an acid donates a proton and a base accepts a proton. The strengths of acids
and bases are measured by the extent to which they lose or gain protons, respectively. In these reactions
acids are converted to their conjugate bases and bases to their conjugate acids. Acid-base reactions go in
the direction of forming the weaker acid and the weaker base.

Problem 3.25 Show the conjugate acids and bases in the reaction of H,O with gaseous (a) HC], (b) :NH,. <

(a) H,0, behaving as a Bronsted base, accepts a proton from HCI, the Bronsted acid. They are converted to the
conjugate acid H;O' and the conjugate base Cl~, respectively.

HCl + H,O —— H30+ +CI”
—
acid;  bases acid»  base,

(stronger) (stronger) (weaker) (weaker)
| |

The conjugate acid-base pairs have the same subscript and are bracketed together. This reaction goes almost to
completion because HC! is a good proton donor and hence a strong acid.

() H,0 is amphoteric and can also act as an acid by donating a proton to :NH;. H,O is converted to its conjugate
base, OH~, and :NHj to its conjugate acid, NH].

H:OH + NH; ==_ NHj+:0H"
 —
acid, hase acid; base,;
L J

:NH, is a poor proton acceptor (a weak base); the arrows are written to show that the equilibrium lies mainly to
the left,

To be called an acid, the species must be more acidic than water and be able to donate a proton to water. Some
compounds, such as alcohols, are not acidic toward water, but have an H which is acidic enough to react with
very strong bases or with Na.

Problem 3.26 Write an equation for the reaction of ethanol with (a) NH;, a very strong base; (b) Na. <

(@) CH,CH,0H + :NH; — CH,CH,0:™ + :NH,
() 2CH,CH,OH + 2Na — 2CH,CH,0:™ + 2Na* + H,

Relative quantitative strengths of acids and bases are given either by their ionization constants, K, and K}, or by
their pK,, and pK,, values as defined by:

pKu = lOg Ku pKh = lOg Kh

The stronger an acid or base, the larger its ionization constant and the smaller its pX value. The strengths of bases can
be evaluated from those of their conjugate acids: the strengths of acids can be evaluated from those of their conjugate
bases. The strongest acids have the weakest conjugute bases and the strongest bases have the weakest conjugate acids.
This follows from the relationships

Kw = (Ku)(Kh) = IO_M pKa + pKh = pKu = 14

in which K|, the ion-product of water= [H;O*][OH"].
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3.11 BASICITY (ACIDITY) AND STRUCTURE

The basicity of a species depends on the reactivity of the atom with the unshared pair of electrons, this
atom being the basic site for accepting the H*. The more spread-out (dispersed, delocalized) is the electron
density on the basic site, the less basic is the species.

The acidity of a species can be determined from the basicity of its conjugate base,

DELOCALIZATION RULES

(1) For bases of binary acids (H, X) of elements in the same Group, the larger the basic site X, the
more spread-out is the charge. Compared bases must have the same charge.

(2) For like-charged bases of binary acids in the same period, the more unshared pairs of electrons the
basic site has, the more delocalized is the charge.

(3) The more s character in the orbital with the unshared pair of electrons, the more delocalized the
electronic charge.

(4) Extended p-p 7 bonding between the basic site and an adjacent 7 system (resonance) delocalizes
the electronic charge.

(5) Extended p-d n bonding with adjacent atoms that are able to acquire more than an octet of
electrons delocalizes the electronic charge.

(6) Delocalization can occur via the inductive effect, whereby an electronegative atom transmits its
electron-withdrawing eftect through a chain of ¢ bonds. Electropositive groups are electron-donating and
localize more electron density on the basic site.

With reference to (4) and (5), some common 7 systems that participate in extended 7 bonding are

| 9
—C=0 —C=N —N=0 ~—8=0 —C=C— —C=C—
carbonyl nitrile 0 6 | ’
nitro sulfonyl

(p-d © bonding)

Problem 3.27 Compare the basicities of the following pairs () RS~ and RO™; (b) :NH; (N uses sp® HO's) and
:PH; (P uses p AQ’s for its three bonds); (¢) NH; and OH™, |

(@) S and O are in the same periodic group, but S is larger and its charge is more delocalized. Therefore, RS™ is a
weaker base than RO~ and RSH is a stronger acid than ROH.

(b) Since the bonding pairs of electrons of :PHj; are in p AO’s, the unshared pair of electrons is in an s AO. In :NH,
the unshared pair is in an sp* HO. Consequently, the orbital of P with the unshared electrons has more s character
and PH, is the weaker base. In water PH, has no basic property.

(¢) :OH™ has more unshared pairs of electrons than :NHj7, its charge is more delocalized, and it is the weaker
base.

Problem 3.28 Compare and account for the acidity of the underlined H in:
(@) R—O—H and R—"(HE—O—-H

0]
(b) H—CH;y—C=CH,  H—CH,~CH—CH;  H—CH,—C=CH

CH, CH; 0
[¢)) (In (I1I) >
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Compare the stability of the conjugate bases in each case.

O O ,0

¢ R—C -
(@) In R A . or \
o 0]

the C and O’s participate in extended n bonding so that the — is distributed to each O. In RO~ the — is localized
on the O. Hence RCOO™ is a weaker base than RO~, and the RCOOH is a stronger acid than ROH.
(h) The stability of the carbanions and relative acidity of these compounds is

(D > (1) > (I

Both (I) and (HI) have a double bond not present in (II) that permits delocalization by extended 7 bonding.
Delocalization is more effective in (I11) because charge is delocalized to the electronegative O.

CH; CH; CH;
—~ | _ | | _
(h B:+ H—CHz_C:CHz = B:H*+ :CHZ_C:CHz -~ H2C:C—_CH2:
CH; CH;
(D B:+H—CH;,—CH—CH; == B:H"+ :CH;—CHCHj; (- localized on one C)
i (n) :(I).f
() B-+H~CH,—C—CH; == B:H'+ |:CH,—C—CH; ~—= H;C=C—CHj

Problem 3.29 Account for the decreasing order of basicity in the following amines: CH;NH, > NH; > NF;. d

The F’s are very electronegative and, by their inductive effects, they delocalize electron density from the N atom.
The N in NF; has less electron density than the N in NHs; NF; is a weaker base than NH;. The CH, group, on the
other hand, 1s electron-donating and localizes more electron density on the N of CH;NH,, making CH;NH, a stronger
base than NH;.

Problem 3.30 Account for the decreasing order of acidity: HC=CH > H,C=CH, > CH;CH,. <

We apply the HON rule to the basic site C of the conjugate bases. For HC=C:", the HON is 2 and the C uses sp
HO’s. For H,C=CH", the HON is 3 and the C uses sp? HO’. For CH;CHj3, the HON is 4 and the C uses sp* HO’s.
As the s character decreases, the basicities increase and the acidities decrease.

3.12 LEWIS ACIDS AND BASES

A Lewis acid (electrophile) shares an electron pair furnished by a Lewis base (nucleophile) to form a
covalent (coordinate) bond. The Lewis concept is especially useful in explaining the acidity of an aprotic
acid (no available proton), such as BF.

HF
H F S
HN:+ BiF —= HN:B—F
H F
Lewis Lewis H F
base acid

The three types of nucleophiles are listed in Section 3.4.
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Problem 3.31 Given the following Lewis acid-base reactions:

Lewis base + Lewis acid —  Product
4H;3N: + Cu*t ——  Cu(NHq){*
2F:- + SiFy —  SiFy
H:0: +:10=C=Q: —— 0—C=0:

OH
H

+ |
H,C=CH, + H* (from a —— Hy;C—CH,
Bronsted acid)

H,C=0: + BF; — - H,C=0BF,

(a) Group the bases as follows: (1) anions, (2) molecules with an unshared pair of electrons, (3) negative end of a
bond dipole, and (4) available 7 electrons. (b) Group the acids as follows: (1) cations, (2) species with electron-
deficient atoms, (3) species with an atom capable of expanding an octet, and (4) positive end of a = bond dipole.

<

@ ()OH,F~  (2) NH;,H,C=0 (3)H,C=0: (4)H,C=CH,
() (1)Cw* H*  (2) BF, (3) SiF, (4) :0==C =O:

Supplementary Problems

Problem 3.32 Which of the following reactions can take place with carbocations? Give examples when reactions
do occur. (a) acts as an acid; (b) reacts as an electrophile; (¢) reacts as a nucleophile: (4) undergoes rearrange-
ment. |

Carbocations may undergo (a), (b), and (d).

$H3 ?Ha $H3 (|3H3
@ CH—C" LI CHy=C () CHy—C* +OH — CH3—(|:—6H:
CHj CH; CH, CH,4
G
(d) CH;—C—CHCH; —= CH3—C—CH,CHs
H +

Problem 3.33 Give three-dimensional representations for the orbitals used by the C’s in (@) H,C=CH" and (b)

In both (a) and (b) the C of the CH, group uses sp? HO’s to form ¢ bonds with two H's and the other C. In (a) the
charged C uses two sp HO’s to form two o bonds, one with H and one with the other C. One p AO forms a 7 bond
with the other C, and the second unhybridized p AO has no electrons, see Fig. 3-5(a). In (b) the charged C uses three
sp? HOs: two form o bonds with the H and the other C, and the third has the unshared pair of electrons, see Fig.
3-5(b).
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empty
orbital
(@)

Problem 3.34 Write the formula for the carbon intermediate indicated by ?, and label as to type.

(@) H,C—N=N—CH; — ? + :N=N:

(b) (CHy),Hg —?+ Hg:

(¢) H,C-—N=N:—= 24N,

(@ (CH3)3COH +H" — 24+ H,0:

(e) H—C=C— H+Na-—»"+Na++%H2
W H2C=CH2 + D—Br— ? + Br~

(8) H,CL + Zn: — ? 4 Zn?** 4 21~

(h) (CH;);C—Cl + AICl; —= ? + AICl;

sp? HO with lone electron pair

4 @_@ .
.l - - .
4

Seves”

/@ @\

()

Fig. 3-5

[CHAP. 3

<

(@) and (b) H,C-, a radical. (c) and (g) H,C", a carbene. (d) and (h) (CH,4),C*, a carbocation. (¢) H—C=C:"

a carbanion. (f) H2 —CH,—D, a carbocation.

Problem 3.35 Classify the following reactions by type.

(a) HZ(]:—CHZ_BF +0OH —— H2C\—/CH2 + H,0 + Br~

OH

Cu.heat

(b) (CH,),CHOH-"%_(CH,),C=0 + H,

heat

(¢) HlC—CH, —=~ HyC=CHCH;
CH2

(d) HyC—CH,Br +:H~ —» H,C—CH, + Br-

() H,C=CH, + H, —~ H,C—CH
2 2 3 3
(f) CeH, +HNO; —2%_ ¢, H;NO, + H,0
(g) HCOOH 2. H,0+ CO
(#) CH,=C=0 + H,0 —» CH,COOH

() H,C=O0 + 2Ag(NH,)} + 30H~ —~ HCOO™ + 2Ag + 4NH; + 2H,0

(/) H,C=0+ HCN — H,C(OH)CN

<

(@) Elimination and an intramolecular displacement; a C—O bond is formed in place of a C—Br bond. (b)
Elimination and redox; the alcohol is oxidized to a ketone. (¢) Rearrangement. (d) Displacement and redox;
H,CCH,Br is reduced. (¢) Addition and redox; H,C=CH, is reduced. () Substitution. (g) Elimination. (#) Addition.

(¥) Redox. (j) Addition.
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Problem 3.36 Which of the following species behave as (1) a nucleophile, (2) an electrophile, (3) both, or (4)
neither?

(@ (CL:™ (d) AlBr, (g) Brt () NoOf (m) CH,=CHCH;
() H,0: (¢) CH,OH (h) Fe** (k) H,C=0 (1) CH,
(¢) H* (f) BeCl, (h SnCl, () CHyC=N (o) H,C=CHCH, <

(1): (a), (b), (e), (0). (2): (c), (@), (f), (), (h), (i), (), (m). (3): (k) and {]) (because carbon is electrophilic; oxygen
and nitrogen are nucleophilic). (4): (n).

Problem 3.37 Formulate the following as a two-step reaction and label nucleophiles and electrophiles.

H2C:CH2 + Brz - HZ(I:_—(\:HZ <
Br Br

/\
Stepl H,C=CH;+ BrrBr — Hz(lj—éHz + Br

Br
nucleophile; electrophile;  electrophile; nucleophile,

Step 2 H2c|—6H2+Br— —= HiC—CHy
Br Br Br

electrophile; nucleophile;

Problem 3.38 The addition of 3mol of H, to 1 mol of benzene, C4Hj,

Pd(rt)
3H, + CeH, Ryves CeHy

occurs at room temperature (1t); the reverse elimination reaction proceeds at 300°C. For the addition reaction, AH and
AS are both negative. Explain in terms of thermodynamic functions: (a) why AS is negative and (b) why the addition
doesn’t proceed at room temperature without a catalyst. <4

(@) A negative AH tends to make AG negative, but a negative AS tends to make AG positive. At room temperature,
AH exceeds TAS and therefore AG is negative. At the higher temperature (300°C), TAS exceeds AH, and AG is
then positive. AS is negative because four molecules become one molecule, thereby reducing the randomness of
the system.

(b) The addition has a very high AH*, and the rate without catalyst is extremely slow.

Problem 3.39 The reaction CH, + I, — Ch,I 4 HI does not occur as written because the equilibrium lies to the
left. Explain in terms of the bond dissociation energies, which are 427, 151, 222, and 297 kJ/mol for C—H, 1—],
C—I, and H—], respectively. <
The endothermic, bond-breaking energies are +427(C—H) and +151(I—1I), for a total of +578 kJ/mol. The
exothermic, bond-forming energies are —222(C—1I) and —297(H—1I), for a total of —519 kJ/mol. The net AH is

+578 — 519 = 459 kJ/mol

and the reaction is endothermic. The reactants and products have similar structures, so the AS term is insignificant.
Reaction does not occur because AH and AG are positive.

Problem 3.40 Which of the isomers ethyl alcohol, H;CCH,OH, or dimethyl ether, H;COCHj;, has the lower
enthalpy? The bond dissociation energies are 356, 414, 360, and 464 kJ/mol for C—C, C—H, C—0O and O—H,
respectively. |
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C,HsOH has | C—C bond (356 kJ/mol), 5 C—H bonds (5 x 414 kJ/mol), one C—O bond (360 kJ/mol) and
one O—H bond (464 kJ/mol), giving a total energy of 3250 kJ/mol. CH,;OCH; has 6 C—H bonds (6 x 414 kJ/mol)
and 2 C—O bonds (2 x 360 kJ/mol}, and the total bond encrgy is 3204 kJ/mol. C,HsOH has the higher total bond
energy and therefore the lower enthalpy of formation. More energy is needed to decompose C,H;OH into its
elements.

Problem 3.41 Consider the following sequence of steps:

() A—B (2) B+C X D4+E (3) E+A—=2F

(@) Which species may be described as (1) reactant, (ii) product and (iii) intermediate? (b) Write the net chemical
equation. (c) Indicate the molecularity of each step. (d) If the second step is rate-determining, write the rate
expression. (¢) Draw a plausible reaction-enthalpy diagram. <

(@) (1) A, C; (i) D, F; (iii) B, E.

(b) 2A 4+ C — D + 2F (add steps 1, 2, and 3).

(¢) (1) unimolecular, (2) bimolecular, (3) bimolecular.

(d) Rate = k[C][A], since A is needed to make the intermediate, B.
(e) See Fig. 3-6.

~ TSZ

Enthalpy

>

Reaction Progress

Fig. 3-6

Problem 3.42 A minor step in Problem 3.41 is 2E — G. What is G? |
A side product.

Problem 3.43 The rate expression for the reaction

(CH;);C—Br + CH,CO0™ + Agt —= CH,;COOC(CH;); + AgBr

Rate = k[(CH;),C—Br][Ag*]
Suggest a plausible two-step mechanism showing the reacting electrophiles and nucleophiles. <

The rate-determining step involves only (CH;);C—Br and Ag*. The acetate ion CH;COO™ must participate in
an ensuing fast step.

slow

5 &
Step1 (CH3);C—Br: + Agt — (CHj3)3C* + AgBr

nucleophilic electrophile
site
fast

+
Step2 CH;COO™ + C(CH3); —— CH;3;COOC(CHs);
nucleophile electrophile
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Problem 3.44 Give the conjugate acid of (a) CH;NH,, (b) CH;07, (¢) CH;0H, (d) H™, (e) :CHj,
(ﬁHzC:CHz 4

(a) CH;NH{, (b) CH,OH, (c) CH;0H7 , (d) H,, (¢) CH,, (f) H;CCHY .

Problem 3.45 What are the conjugate bases, if any, for the substances in Problem 3.44? «

(a) CH;NH™, (b) :CH,0%, (¢) CH;0™, (d) none, (e) H,C:2~, (f) H,C==CH". The bases in (b) and (¢) are extremely
difficult to form; from a practical point of view CH;0~ and H;C:™ have no conjugate bases.

Problem 3.46. Are any of the following substances amphoteric? (a) H,0, (b) NH;, (¢) NH}, (d) C17, (¢) HCO7,
(f) HE. P

(a) Yes, gives H,O* and OH™. (b) Yes, gives NH} and H,N~. (¢) No, cannot accept H". (d) No, cannot donate H*.
(e) Yes, gives H,CO, (CO, + H,0) and COZ~. (f) Yes. gives H,F+ and F-.

Problem 3.47 Account for the fact that acetic acid, CH,;COOH, is a stronger acid in water than in methanol,
CH,OH. <

The equilibrium
CH,COOH + H,0 —= CH,C00~ +H,0"
lies more to the right than does
CH;COOH + CH;OH ——== CH,COO™ + CH;0H7

This difference could result if CH;OH were a weaker base than H,O. However, this might not be the case. The
significant difference arises from solvation of the ions. Water solvates ions better than does methanol; thus the
equilibrium is shifted more toward the right to form ions that are solvated by water.

Problem 3.48 Refer to Fig. 3-7, the enthalpy diagram for the reaction A — B. (a) What do states |, 2, and 3
represent? (b) Is the reaction exothermic or endothermic? (¢) Which is the rate-determining step, A — 2 or 2 — B?
(d) Can substance 2 ever be isolated from the mixture? (¢) What represents the activation enthalpy of the overall
reaction A — B? (f) Is step A — 2 reversible? «

(¢) 1 and 3 are transition states; 2 is an intermediate.

(b) Since the overall product, B, is at lower energy than reactant, A, the reaction is exothermic.

(¢) The rate-determining step is the one with the higher enthalpy of activation, 2 — B.

(d) Yes. The activation enthalpy needed for 2 to get through transition state 3 may be so high that 2 is stable enough
to be isolated.

(€) The AH? is represented by the difference in enthalpy between A, the reactant, and the higher transition state, 3.

(f) The AH* for 2 -+ A is less than the AH*for 2 — B; therefore, 2 returns to A more easily than it goes on to B.
The step 4 — 2 is fast and reversible.

QN

Enthalpy

B

Reaction Progress ——»

Fig. 3-7
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(h) CHicH3cHicH! ¥ CH,CH,CH,CH,
+[CHy] n-Pentane
CHicH3CHCH! 2! CH;CHCH,CH;
+ [CHy] Isopentane
CH3

‘ |
CHiCH’CHi 2 CH,CH.CH,

+[CHj] I[sopentane
(ljgh (':H3
CH;CCH, 8 CH3(|ICH3
4 +ICH
H¢  +[CH) CH,
Neopentane

(c) Three: n-pentane, isopentane, and neopentane.

Sigma-bonded C’s can rotate about the C—C bond and hence a chain of singly bonded C’ can be
arranged in any zigzag shape (conformation). Two such arrangements, for four consecutive C’s, are shown
in Fig. 4-1. Since these conformations cannot be isolated, they are not isomers.

N/
\ /C\C/C\* ) /\C\/\C/
SN N AN
M\
Fig. 4-1

The two extreme conformations of ethane—called eclipsed [Fig. 4-2(a)] and staggered [Fig. 4-
2(b)}——are shown in the “wedge” and Newman projections. With the Newman projection, we sight along
the C—C bond, so that the back C is hidden by the front C. The circle aids in distinguishing the bonds on
the front C (touching at the center of the circle) from those on the back C (drawn to the circumference of
the circle). In the eclipsed conformation, the bonds on the back C are, for visibility, slightly offset from a
truly eclipsed view. The angle between a given C—H bond on the front C and the closest C—H bond on the
back C is called the dihedral (torsional) angle (0). The 0 values for the closest pairs of C—H bonds in the
eclipsed and staggered conformations are 0° and 60°, respectively. All intermediate conformations are
called skew; their # values lie between 0° and 60°. (see Fig. 4-2.)

H g=1° H
[ H.. H
H ‘a ‘/ H H
H ., { H
- \ O
7, I
H H H
C H C
q’. \H H HH \H H
H H
(@) Eclipsed () Staggered
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Figure 4-3 traces the energies of the conformations when one CHj; of ethane is rotated 360°.

1 Lclipsed Fclipsed
1
5 12 kI/mol
£ '

Staggered Staggered
] A A 5 1 Y
0° 60° 120° 180° 240° 3000
Angle of Rotation (Dihedral Angle)
Fig. 4-3

Problem 4.3 (a) Are the staggered and eclipsed conformations the only ones possible for ethane? (b) Indicate the
preferential conformation of ethane molecules at room temperature. (¢) What conformational changes occur as the
temperature rises? () s the rotation about the ¢ C—C bond, as in ethane, really “free”? <

(a) No. There is an infinite number with energies between those of the staggered and eclipsed conformations. For
simplicity we are concemned only with conformations at minimum and maximum energies.

(b) The staggered form has the minimal energy and hence is the preferred conformation.

(¢) The concentration of eclipsed conformations increases.

(¢) There is an energy barrier of 12 klJ/mol (enthalpy of activation) for one staggered conformation to pass through
the eclipsed conformation to give another staggered conformation. Therefore, rotation about the sigma C—C
bond in ethane is somewhat restricted rather than “free.”

Problem 4.4 How many distinct compounds do the following structural formulas represent?

(a) CH;—(FH*CHZ—(IIH—CHQ—CH_; » (leg—-(lfH—-CHz—(‘IH-—CH_;

CH, CH; CH; CH; CH,
(€) CHy—CH—CHy—CH—CHy—CH; (&) CHy~ CH—CH—CH,—CH,
CH, CH; CH,
(€)  CHy—CH—CH, (/) CHy—CH H <
CH;—CHZ—(E—CH3 CHy—~C—CHy
H CH;,
CHy

Two. (a), (b), (¢), (e), and (/) are conformations of the same compound. This becomes obvious when the longest
chain of carbons, in this case six, is written in a linear fashion. () represents a different compound.

Problem 4.5 (a) Which of the following compounds can exist in different conformations? (1) hydrogen peroxide,
HOOH; (2) ammonia, NH;; (3) hydroxylamine, H,NOH; (4) methyl alcohol, H;COH. (b) Draw two structural
formulas for each compound in (a) possessing conformations. 4
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(a) A compound must have a sequence of at least three consecutive single bonds, with no = bonds, in order to exist
in different conformations. (1). (3), and (4) have such a sequence. In (2).

!
H—N—H

the three single bonds are not consecutive.

H_ H H H /H
\
by (H H H 0—0_ 3) N N0
0—0 H 4 4
H H
H H
l? (l) H. M 0
4 N — C,’—-"
@ g |
H H H

The first-drawn structure in each case is the eclipsed conformation; the second one is staggered.

Problem 4.6 Explain the fact that the calculated entropy for ethane is much greater than the experimentally
determined value. <

The calculated value incorrectly assumes unrestricted free rotation so that all conformations are equally probable.
Since most molecules of ethane have the staggered conformation, the structural randomness is less than calculated,
and the actual observed entropy is less. This discrepancy led to the concept of conformations with different energies.

Figure 4-4 shows extreme conformations of n-butane. The two eclipsed conformations, I and I, are
least stable. The totally eclipsed structure I, having eclipsed CH;’s, has a higher energy than 11, in which
CH; eclipses H. Since the other three conformations are staggered, they are at encrgy minima and are the
stable conformations (conformers) of butane. The anti conformer, having the CH; farthest apart, has the
lowest energy, is the most stable, and constitutes the most numerous form of butanc molecules. In the two,
higher-energy, staggered, gauche conformers the CHs’s are closer than they are in the more stable anti
form.

CH, CH, CH, H CH,
CH, H Hy oy CH, ™ H H
= H
£ H H H HH H H CH,H H
= H H H
Iy
- H eclipsed H CH,
= gauche gauche eclipsed anti
g
53]
8
e
W
=
a
1 1 1 1 i 1
[\] 60 120 180 240 300 360

Rotation, degrees

Fig. 4-4



54 ALKANES [CHAP 4

Problem 4.7 Give two factors that account for the resistance to rotation through the high-energy eclipsed
conformation,

Torsional strain arises from repulsion between the bonding pairs of electrons, which is greater in the ectipsed
form because the electrons are closer. Steric strain arises from the proximity and bulkiness of the bonded atoms or
group of atoms. This strain is greater in the eclipsed form because the groups arc closer. The larger the atom or group,
the greater is the steric strain.

Problem 4.8 How does the relative population of an eclipsed and a staggered conformation depend on the energy
difference between them? <

The greater the energy difference, the more the population of the staggered conformer exceeds that of the
eclipsed.

Problem 4.9 Draw a graph of potential energy plotted against angle of rotation for conformations of (a) 2,3-
dimethylbutane, (5) 2-methylbutane. Point out the factors responsible for energy differences.

Start with the conformer having a pair of CH; s anti. Write the conformations resulting from successive rotations
about the central bond of 60°.

(a¢) As shown in Fig. 4-5(u), structure 1V has each pair of CH, s eclipsed and has the highest energy. Structures I
and VI have the next highest energy; they have only one pair of eclipsed CH; 5. The stable conformers at energy
minima are 1, IT1, and V. Structure | has both pairs of CH, groups anti and has the lowest energy. Structures 111
and V have one pair of CH; s anti and one pair gauche.

(b) As shown in Fig. 4-5(b), the conformations in decreasing order of energy are:

IX and XI; have eclipsing CH,s.

XIII; CH; and H eclipsing.

X, CHj’s are all gauche.

VIII and XII; have a pair of anti CH;’s.

B =

4.2 NOMENCLATURE OF ALKANES

The letter n (for normal), as in n-butane, denotes an unbranched chain of C atoms. The prefix iso-(i-)
indicates a CH; branch on the second C from the end; e.g., isopentane is
CH_;?HCHzCH_;
CH;

Alkyl groups, such as methyl (CH;) and ethyl (CH;CH,), are derived by removing one H from alkanes.

The prefixes sec- and tert- before the name of the group indicate that the H was removed from a
secondary or tertiary C, respectively. A secondary C has bonds to two other C’s, a tertiary to three other
C’s, and a primary either to three H’s or to two H’ and one C.

The H’s attached to these types of carbon atoms are also called primary, seconary and tertiary (1°, 2°
and 3°), respectively. A quaternary C is bonded to four other C.

The letter R is often used to represent any alkyl group.

Problem 4.10 Name the alkyl groups originating from (a) propane, (b) n-butane, (¢) isobutane. A |
[
(a¢) CH;CH,CH,— is n-propyl (n-Pr); CH;CHCH, is isopropy! (i-Pr).

|
(h) CH;3CH,CH,CH,— is n-butyl (n-Bu); CH;CHCH,CHj; is sec-butyl (s-Bu).

(c) CH3‘(}:HCH2— is isobutyl (i-Bu); CH3C,CH3 is tert-buty! (-Bu).
CH; CH;
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(a) 2,3-Dimethylbutane
1 CH, CH,
H H
CH CH c
3 H
H CH,CH, HCH, i CH,H
H an H (1v) (VD H
H H
CH, CH, H CH, CH, CH, CH,
CH,
(b) 2-Methylbutane
H H CH,
H H H
CH, CH, . CH,
H H
H CR.CH; CH; CH, CH,
H (IX) (X1) (X11I)
H CH, H H H
H H CH, H CH,
CH CH,
> H CH; CH, CH, CH, CH; CH,
(Vi) ax CH, X1) H H
(XID) (VIID
(X111)
——————————————————————————————————— (VIID
o pre 2o 150 2400 3000 w0
Angle of Rotation
Fig. 4-5
Problem 4.11 Use numbers I, 2, 3, and 4 to desigante the 1°,2°,3°, and 4° C’s, respectively, in

CH,CH,C(CH,),CH,CH(CH;),. Use letters a, b, ¢, etc., to indicate the different kinds of 1° and 2°C’s.

CH3
{ 2a
c‘ihCHz——c’—CHz-(f CH,

CH3 CH3
1b Ic

D]
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Problem 4.12 Name by the [UPAC system the isomers of pentane derived in Probiem 4.2. |
(a) CH;CH,CH,CH,CHj; Pentane (IUPAC does not use n)
(b) The longest consecutive chain in
CHj
¢usCHlH,CH,

has 4 C’s and therefore the [UPAC name is a substituted butane. Number the C’s as shown so that the branch CH,
is on the C with the lower number, in this case C2. The name is 2-methylbutane and not 3-methylbutane. Note
that numbers are separated from letters by a hyphen and words are run together.

(¢) The longest consecutive chain in

g
CHy—C—CH,
CH;
has three C’s; the parent is propane. The IUPAC name is 2,2-dimethylpropane. Note the use of the prefix di- to

show two CH, branches, and the repetition of the number 2 to show that both CH;’s are on C2. Commas separate
numbers and hyphens separate numbers and words.

Problem 4.13 Name the compound in Fig. 4-6(a) by the IUPAC system. |
H CH,CH, H  CHCH;
CH—t——d—cn, cu,——é—é‘—é—«c %
(‘IH,éH,(liH, ) ‘Clu,__."éi{";'-. (l:'i{,
Cl‘H_,(‘IH,‘CH, ’C|‘H,:‘-‘.Cl‘H,,:§ CH,
(a) (l; ;..’
Fig. 4-6

The longest chain of consecutive C’s has 7 C’s [see Fig. 4-6(b)], and so the compound is named as a heptane.
Note that, as written, this longest chain is bent and not linear. Circle the branch alkyl groups and consecutively number
the C’s in the chain so that the lower-numbered C’s hold the most branch groups. The name is 3,3,4,5-tetramethyl-4-
ethylheptane.

4.3 PREPARATION OF ALKANES
REACTIONS WITH NO CHANGE IN CARBON SKELETON

1. Reduction of Alkyl Halides (RX, X = Cl, Br, or I) (Substitution of Halogen by Hydrogen)

(@@ RX+Zn+H" — RH + Zn** + X~
(b) 4RX + LiAIH, — 4RH + LiX + AlX,
or RX + H:™ — RH + X~ (H:™ comes from LiAlH,)
(¢) RX + (n-C4Hg);SnH — RH + (n-C4Hy),SnX
(d) Via organometallic compounds (Grignard reagent). Alkyl halides react with either Mg or Li in dry
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ether to give organometallics having a basic carbanionic site.

RX + 2Li dry ether

R:Li*+ LiX then R:Li+ H,0 — RH + LiOH
Alkyllithium

RX + Mg 2 R:(MgX)" then R(MgX)+ H,0 — RH + (MgX)"(OH)"

Grignard reagent

The net effect is replacement of X by H.

. /
2. Hydrogenation of >C=C\ (alkenes) or —C=C— (alkynes)
g g
P
CHy—C=CH, +H, —— CH,—CH—CH,
Isobutylene Isobutane
Pt
CH;—C=C—H +2H, —~ CH;—CH,—CH,
Propyne Propane

PRODUCTS WITH MORE CARBONS THAN THE REACTANTS

Two alkyl groups can be coupled by indirectly reacting two molecules of RX, or RX with R’X; to give
R—R or R—R’, respectively. The preferred method is the Corey-House synthesis, which uses the
organometallic lithium dialkylcuprates, R,CulLi, as intermediates.

hi
2R—Li+ Cul == R,CuLi +Lil (MostR groups are possible.)

ether

RyCuLi + R—X —= R—R +RCu+LiX (All groups except 3°.)

[(CH3)2C|]2CUL1 + BF_CHQCH2CH3 — (CH})zCI_CHQCHch:; + (CH])zCHCU + LiBr

H H
Lithium diisopropylcuprate 2-Methylpentane

Problem 4.14 Write equations to show the products obtained from the reactions:

(a) 2-Bromo-2-methylpropane 4 magnesium in dry ether
(b) Product of (a) + H,O

(¢) Product of (a) + D,O «
CH; CH;,
(@) CHg*C:I—-Br +Mg — CH_;—(:?—MgBr tert-Butylmagnesium bromide
CH; CH;
CH;, CH,
b) CH3—(:?:~ (MgBn*+HOH — CH3—"C:I—H + (MgBr*)OH™)
CH,4 CH;
base; acid, acid, base;

(¢) The t-butyl carbanion accepts a deuterium cation to form 2-methyl-2-deuteropropane, (CH,),CD.
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Problem 4.15 Usc |-bromo-2-methylbutane and any other one- or two-carbon compounds, if needed, to synthesize
the following with good yields:

(a) 2-methylbutane (b) 3,6-dimethyloctane (¢) 3-methylhexane <

CH, CH, CH;
M H,0
(¢) BrCH,CHCH,CH; —2» BrMgCH,CHCH,CH; —=> CH3;CHCH,CH;
?{3 CH; leH_;
i Cul
() BrCH,;CHCH,CH,4 Tlme—r’ LiCH,CHCH,CH; —— CuLi(CH,CHCH,CH3),
BrCH,CHCH,CH;
Cli;
CH;CHzClHCHz—CHzCIHCH2CH3
CH3 CH}

CH3 CH}
. | CH+CH,Br |
(¢) CuLi(CH;CHCH,CH;), CH3;CH>CH>CHCH,CH;

Problem 4.16 Give the different combinations of RX and R'X that can be used to synthesize 3-methylpentane.
Which synthesis is “best”? <

From the structural formula

I 2 2 /
CH3—~CH3—$H~—CH2—CH3
3
CH,

we see that there are three kinds of C—C bonds, labeled /, 2, 3. The combinations are: for bond /, CH;X and
XCH,CH(CH,)CH,CH;: for bond 2, CH;CH,X and XCH(CH;)CH,CH;, for bond 3, CH;X and XCH(CH,CHj3),.
The chosen method utilizes the simplest, and least expensive, alkyl halides. On this basis, bond 2 is the one to form on
coupling.

4.4 CHEMICAL PROPERTIES OF ALKANES
Alkanes are unreactive except under vigorous conditions.

1. Pyrolytic Cracking [heat (A) in absence of O,; used in making gasoline]

A .
Alkane —~ mixture of smaller hydrocarbons

2. Combustion

600 C

CH4 + 20, — - CO, 4+ 2H,0 AH of combustion = —809.2 kJ/mol

Problem 4.17 (a) Why are alkanes inert? (b) Why do the C—C rather than the C—H bonds break when alkanes
are pyrolyzed? (¢} Although combustion of alkanes is a strongly exothermic process, it does not occur at moderate
temperatures. Explain. <

(a) A reactive site in a molecule usually has one or more unshared pairs of electrons, a polar bond, an electron-
deficient atom or an atom with an expandable octet. Alkanes have none of these.
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(b) The C—C bond has a lower bond energy (AH = 4347 klJ/mol) than the C—H bond (AH = + 414 kJ/mol).
(c) The reaction is very slow at room temperature because of a very high AH*.

3. Halogenation

uy

'A RX + HX

RH + X,

or

{Reactivity of X,: F, > Cl, > Br,. 1, does not react; F, destroys the molecule)

Chlorination (and bromination) of alkanes such as methane, CH,, has a radical-chain mechanism, as
follows:

INITIATION STEP

Cl:Cl —=—~ 2Cl. AH = +243 kJ/mol

or A

The required enthalpy comes from ultraviolet (uv) light as heat.

PROPAGATION STEPS

(i) H;C:H+ Cl -— H,C- 4- H:Cl AH = —4 kJ/mol (rate-determining)
(i) H,C- + CL.C} — H,C:Cl + Cl- AH = —96 kJ/mol

The sum of the two propagation steps is the overall reaction,
CH, + Cl, — CH;Cl + HCI AH = —100 kJ/mol

In propagation steps, the same free-radical intermediates, here Cl- and H;C", are being formed and
consumed. Chains terminatc on those rare occasions when two free-radical intermediates form a covalent
bond:

Inhibitors stop chain propagation by reacting with free-radical intermediates, e.g.
H;C- + -0-0 — H;CO-0

The inhibitor—here O,—must be consumed before chlorination can occur.

In more complex alkanes, the abstraction of each difterent kind of H atom gives a different isomeric
product. Three factors determine the relative yields of the isomeric product.

(1) Probability factor. This factor is based on the number of each kind of H atom in the molecule. For
example, in CH;CH,CH,CH; there are six equivalent |* H's and four equivalent 2 H%. The odds on
abstracting a 1’ H are thus 6 to 4, or 3 to 2.

(2) Reactivity of H. The order of reactivity of His 3" > 2 > 1 .

(3) Reactivity of X-. The more reactive Cl- is less selective and more influenced by the probability
factor. The less reactive Br- is more selective and less influenced by the probability factor. As summarized
by the reactivity-selectivity principle: If the attacking species is mnore reactive, it will be less selective,
and the yields will be closer to those expected from the probability factor.

Problem 4.18 (a) List the monobromo derivatives of (i) CH;CH,CH,CH, and (ii) (CH;),CHCH;. (b) Predict the
predominant isomer in cach case. The order of reactivity of H for bromination is

37(1600) > 2°(82) > 1 (1) «

(a) There are two kinds of H’, and there are two possible isomers for each compound: (i) CH;CH,CH,CH;Br and
CH;CHBIrCH,CHy; (ii) (CH;3),CHCH,Br and (CH,),CBrCH;.

(p) In bromination, in general, the difference in reactivity completely overshadows the probability effect in
determining product yields. (i) CH;CHBrCH,CH; is formed by replacing a 2° H; (ii) (CH;),CBrCH; is
formed by replacing the 3 H and predominates.
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Problem 4.19 Using the bond dissociation energies for X,,

Xz F2 Clz Brz 12

AH,kJ/mol +155 +243 +193 +151

show that the initiation step for halogenation of alkanes,

X, —+ 2X-
or A

is not rate-determining. «

The enthalpy AH* (Section 3.8) is seldom related to AH of the reaction. In this reaction, however, AH? and AH
are identical. In simple homolytic dissociations of this type, the free radicals formed have the same enthalpy as does
the transition state. On this basis alone, iodine, having the smallest AH and AH?, should react fastest. Similarly,
chlorine, with the largest AH and AH?*, should react slowest. But the actual order of reaction rates is

F2 > CI2 > Br2 > 12

Therefore, the initiation step is not rate-determining; the rate is determined by the first propagation step,
H-abstraction.

Problem 4.20 Draw the reactants, transition state, and products for

Br- + CH, — HBr + -CH, <

In the transition state, Br is losing radical character while C is becoming a radical; both atoms have partial radical
character as indicated by &-. The C atom undergoes a change in hybridization as indicated:

REACTANTS TRANSITION STATE PRODUCTS
H
H H . t.x)nd forming |
C—H+Br —= | ~H\/§r ——~ .G +H—Br
H l!l H \H bond|breaking H \H
Cissp’ C is becoming sp? Cissp?
(tetrahedral) (trigonal planar) (trigonal
planar)

Problem 4.21 Bromination of methane, like chlorination, is exothermic, but it proceeds at a slower rate under the
same conditions. Explain in terms of the factors that affect the rate, assuming that the rate-controlling step is

Given the same concentration of CH, and CI- or Br-, the frequency of collisions should be the same. Because of
the similarity of the two reactions, AS* for each is about the same. The difference must be due to the AH*, which is
less (17 kJ/mol) for Cl. than for Br- (75 ki/mol).

Problem 4.22 2-Methylbutane has 1°, 2, and 3° H’ as indicated:
1" o

(CH3);CHCH,CH,

(@) Use enthalpy-reaction progress diagrams for the abstraction of each kind of hydrogen by - X. (b) Summarize the
relationships of relative (i) stabilities of transition states, (ii) AH* values, (iii) stabilities of alkyl radicals, and (iv)
rates of H-abstraction. D)
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(a)
()

Enthalpy, H

See Fig. 4-7.
(i) 3- > 2 > 1 since the enthalpy of the TS, is the greatest and the enthalpy of the TS;. is the smallest.
(1) AH; < AH; < AH{ . (iii)3 > 2" > 17 (iv) 3° > 2% > |".

TS, IS, 5
H
I LE 8.
(CH.\)!CHCH’_C---H--X
: g

—
(CH,),CHC---H--X

. M
(CH,),CHCH,CH, + HX c

(CH,),CHCHMe + HX

(CH,),CEt + HX

o AHL AHL

/| AN A—"

3

Reaction Progrcs;
Fig. 4-7

Problem 4.23 List and compare the differences in the properties of the transition states during chlorination and
bromination that account for the differerent reactivities for 1<, 2° and 3> H’s. «

[

The differences may be summarized as follows:

Chlorination Bromination
Time of formation of Earlier in reaction Later in reaction
transition state
Amount of breaking of Less, H,C---H-----Cl More, H;C----H---Br
C—H bond
Free-radical character (5-) Less More
of carbon
Transition state more Reactants Products

closely resembles

These show that the greater selectivity in bromination is attributable to the greater free-radical character of carbon.
With greater radical character, the differences in stability between 1¢, 2%, and 3° radicals become more important, and
reactivity of H (3* > 2" > 1°) also become more significant.

4. Isomerization

Oy

AICIy, HCI
——= CH;—CH—CH;

CH;CH,CH,CH;
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45 SUMMARY OF ALKANE CHEMISTRY

PREPARATION PROFPERTIES

. Thermal Dehydrogenation
H,C=CH—CH=CH, + 2H>

1. C Skeleton Preserved
(a) Direct Replacement of X by H

CH;CH,CH,CH,X
or . Combustion
CH;CH;CHXCH3,4 +0; — CO; + H,O
flics %
(b) From Organometallics . Halogenation (X = C1, Br)
(M= Li, MgX) X, ™+ CHyCH,CHXCH, (major)
+ Xy —~ 3Lk 3 (major
CH;CH,CH,CH,M*
PR o + CH3CH,;CH,CH,X
or : CH;CH,CH,CH; Butane
CH,CH,CHMCH;

(¢) Hydrogenation of Alkenes?
CH;3CH,CH=—CH,

or ’
CH3;CH=CHCH; e

2. Coupling of RX 4, Isomerization

(a) With Cuprate (Corey—House) (CH3);CH

LLi

CH3CH2X ml_— (CH3CH2)2CUL] + C2H5X

(a) With Na (Wurtz)—poor yield
Na

2 CH;CH,X

* From RX with Li or Mg.
1 Also from corresponding alkynes.

Supplementary Problems

Problem 4.24 Assign numbers, ranging from (1) for LOWEST to (3) for HIGHEST, to the boiling points of
the following hexane isomers: 2,2-dimethylbutane, 3-methylpentane, and n-hexane. Do not consult any tables for
data. <4

Hexane has the longest chain, the greatest intermolecular attraction, and, therefore, the highest boiling point, (3).
2,2-Dimethylbutane is (1), since, with the most spherical shape, it has the smallest intermolecular contact and
attraction. This leaves 3-methylpentane as (2).

Problem 4.25 Write structural formulas for the five isomeric hexanes and name them by the I[UPAC system. <

The isomer with the longest chain is hexane, CH;CH,CH,CH,CH,CH;. If we use a five-carbon chain, a CH,
may be placed on either C? or C* to produce 2-methylpentane, or on C° to give another isomer, 3-methylpentane.

CH; CH;
roo2l 3 4 s !oo2 3 4 s
CH3;CHCH,CH,CH; CH;CH,CHCH,CH;
2-Methylpentane 3-Methylpentane
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With a four-carbon chain either a CH;CH, or two CH,’s must be added as branches to give a total of 6 C’. Placing
CH,CH, anywhere on the chain is ruled out because it lengthens the chain. Two CH;’s are added, but only to central
C’s to avoid extending the chain. If both CH;’s are introduced on the same C, the isomer is 2,2-dimethylbutane.
Placing one CH; on each of the central C’s gives the remaining isomer, 2,3-dimethylbutane.

('3H3 (IIH3 (|3H3
CH3—$—CH2CH3 CH3—$——IC—CH3
CH; H H
2,2-Dimethylbutane 2,3-Dimethylbutane

Problem 4.26 Write the structural formulas for (a) 3,4-dichloro-2,5-dimethylhexane; (b) 5-(1,2- dlmethylpropyl)-
6-methyldodecane. (Complex branch groups are usually enclosed in parentheses.)
(@) CHy €I €I CHy

CH;—CH—CH—CH—CH—CH;

(b) The group in parentheses is bonded to the fifth C. It is a propyl group with CHj3’s on its first and second C’s
(denoted /' and 2’y counting from the attached C.

H CH,
CH;CH,CH,CH,—C—CHCH,CH,CH,CH,CH,CH;

H# CH,

H%’—CH3

CH;

Problem 4.27 Write the structural formulas and give the [UPAC names for all monochloro derivatives of (a)

isopentane, (CH,;),CHCH,CHj; () 2,2,4-trimethylpentane, (CH;);CCH,CH(CHjs),. <
(a) Since there are four kinds of equivalent H’s,
! 2 3 4
(CH3);CHCH,CH;
there are four isomers:
o G o
ClCHzélCHzCH_; CH;—?—CHZCHZ CH3—$—$HCH3 CH3—$—CH2CHZC1
H Cl H Cl H
1-Chloro-2-methyl- 2-Chloro-2-methyi- 2-Chloro-3-methyl- 1-Chloro-3-methyl-
butane butane butane butane

I 2 1 4
(b) There are four isomers because there are four kinds of H’s (CH;);CCH,CH(CHj),.

$H3 $H3 $H3}|{ $H3 ?Hs ?Ha
C]CHZ—]C—CHZ——$—CH3 CH3—$——$—$—CH3 CH3—$-—CH2—$—CH3
CH3 H CH;Cl H CH3 Cl
1-Chloro-2,2.,4- 3-Chloro-2,2 4- 2-Chloro-2,4,4-
trimethylpentane trimethylpentane trimethylpentane
o
CH3—$—CH2—-$—CH2CI
CH; H

1-Chloro-2.4,4-
trimethylpentane
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Problem 4.28 Give topological structural formulas for (a) propane, (b) butane, (¢) isobutane, (d) 2,2-dimethyl-
propane, () 2,3-dimethylbutane, (/) 3-ethylpentane, (g) I-chloro-3-methylbutane, (k) 2,3-dichloro-2-methylpentane,
(/) 2-chloro-2,4-trimethylpentane. S

In this method one writes only the C—C bonds and all functional groups bonded to C. The approximate bond
angles are used

@ ™~ ) 7 () )\ ) 0 (o) )\r f) /K\
Cl
(g) )\/\Cl (h) /f\h D) Cl/}\/)\

Cl

Problem 4.29 Synthesize (a) 2-methylpentane from CH,CH=CH—CH(CH;),, () isobutane from isobutyl
chloride, (¢) 2-methyl-2-deuterobutane from 2-chloro-2-methylbutane. Show all steps. D

(a) The alkane and the starting compound have the same carbon skeleton.

$H3 ?Hz
Ha/Pt

(b) The alkyl chloride and alkane have the same carbon skeleton.

CHj; CHj;
7Zn, HCI

[ [
CH;CHCH,—C1 i~ CH;CHCH—H

(¢) Deuterium can be bonded to C by the reaction of D,O with a Grignard reagent.

CHiCH,C—Cl 5e CHLCHyC—MeCl >0 CH;CH,C—D
CH; CH; CH,
2-Chloro-2-methyl- Grignard 2-Deutero-2-methyl-
butane reagent butaie

Problem 4.30 RClis treated with Li in ether solution to form RLi. RLi reacts with H,O to form isopentane. Using
the Corey—House method, RCl is coupled to form 2.7-dimethyloctane. What is the structure of RCI1? L

To determine the structure of a compound from its reactions, the structures of the products are first considered
and their formation is then deduced from the reactions. The coupling product must be a symmetrical molecule whose
carbon-to-carbon bond was formed between C* and C’ of 2.7-dimethyloctanc. The only RCI which will give this
product is isopentyl chloride:

?H}} ?H; ?H? tormed hond |CH1
b 5
CH3CHCH2CH2 gCuLi + C]CH2CH2CHCH3 — CHRCHCHZCHZ_CHQCHQCHCFh

Lithium diisopentylcuprate 2,7-Dimethyloctane

This alkyl halide will also yield isopentane.
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CH,4 CH;
| H,0 |
CH,;CHCH,CH;Li —— CH;CHCH,CH;
(Isopentane)

Problem 4.31 Give steps for the following syntheses: (@) propane to (CH;),CHCH(CH,),, (b) propane to 2-
methylpentane, (c) '*CH,Cl to '*CH;'*CH}*CH,"*CH;. <

(a¢) The symmetrical molecule is prepared by coupling an isopropy! halide. Bromination of propane is preferred over
chlorination because the ratio of isopropyl to n-propyl halide is 96%/4% in bromination and only 56%/44% in

chlorination.
CH; CH;
Br, (127 °C) 1. Li
CH;CH,CH; — (CH3),CHBr > CH,CH—CHCH;
3. CH;CHBrCH,

Cl
(6) CH;CH,CH; ——— CH;CH,CH,Cl + (CH3),CHCI (separate the mixture)

uv

g
(CH3),CHCI ——= (CH3),CHLI

ether
. L cu
CH;),CHLi —————— (CH;3),CHCH,CH,CH
(CH;),CHLi 2 CRCHICH,Cl (CHa) 2CH;CH,4
Clz ]
(€) “CHiCl T '“CH3'%CH; — — "CH;'“CH,CI T ol "“CH(**CHyp),'*CH,
3. eyl 3. "CH,MCH,Cl
Problem 4.32 Synthesize the following deuterated compounds: (a) CH,CH,D, (b) CH,DCH,D. <

(@) CH,CH,Br —%~ CH;CH,MgBr 20, CH,CH,D
(b) H,C=CH, + D, —+ H,CDCH,D

Problem 4.33 In the dark at 150 °C, tetraethyl lead, Pb(C,Hj),, catalyzes the chiorination of CH,. Explain in terms
of the mechanism. <

Pb(C,H;), readily undergoes thermal homolysis of the Pb—C bond.
Pb(C,Hs), — ‘Pb- 4+ 4CH,CH,-
The CH;CH,- then generates the Cl- that initiates the propagation steps.
CH;CH,- + CI:Cl — CH;3CH,Cl + CI

CH, + Cl —~ H,C- + HCi

ropagation steps
H3C~+Cl:Cl——H3CCl+Cl-l (propagation steps)

Problem 4.34 Hydrocarbons are monochlorinated with tert-butyl hypochlorite, +-BuOCI.

t-BuOCl + RH — RCl + -BuOH
Write the propagating steps for this reaction if the initiating step is

t-BuOCl —— -BuO- + Cl. <
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The propagating steps must give the products and also form chain-carrying free radicals. The formation of ¢-
BuOH suggests H-abstraction from RH by r-BuQ-, not by Cl.. The steps are:

RH + r-BuQO- — R + +-BuOH
R + +-BuOCl —— RCl + ¢-BuQ-

R: and r-BuQ- are the chain-carrying radicals.

Problem 4.35 Calculate the heat of combustion of methane at 25 C. The bond energies for C—H, 0=0, C=0,
and O—H are respectively 413.0, 498.3, 803.3, and 462.8 kl/mol. <

First, write the balanced equation for the reaction.
CH; +20, — CO, 4 2H,0
The energies for the bonds broken are calculated. These arc endothermic processes and AH is positive.

CHy — C +4H AH = 4(+431.0) = +1652.0 kJ/mol
20, — 40 Al = 2(4498.3) = +996.6 kJ/mol

Next, the energies are calculated for the bonds formed. Bond formation is exothermic, so the AH values are made
negative.

C+20 — 0=C=0 AH = 2(—803.3) = —1606.6 kJ/mol
4H 4+ 20 — 2H—0—H AH = 4(—462.8) = —1851.2 kJ/mol

The enthalpy for the reaction is the sum of these values:

+1652.0 +996.6 — 1606.6 — [851.2 = —809.2 kl/mol (Reaction is exothermic)

Problem 4.36 (a) Deduce structural formulas and give [UPAC names for the nine isomers of C;H 4. (5) Why is
2-ethylpentane not among the nine?

(a) seven-C chain 1. CH,;CH,CH,Cl11,CH,CH,CH; Heptanc

CH;,
six-C chain 2. CH3C|‘HCH3CH3CH3CH3 2-Methylhexanc
CH;
3. CH;CHQCIHCHp_CHQCH3 3-Methylhexane
CH;
five-C chain 4. CH;C“HCHCHzCH3 2.3-Dimethylpentane
i,
CH; CH;
S. CH;CHCH>CHCHj; 2,4-Dimethylpentane
CH;,
6. CH;C:CH;CH;CH; 2,2-Dimethylpentane

CH;
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o
7. CH3CH2C‘CH2CH3 3,3-Dimethylpentane
CH;

8. CH;CH,;CHCH,CHj; 3-Ethylpentane
o g
four-C chain 9. CH3C'—'—CHCH3 2,2,3-Trimethylbutane
CH;

(b) Because the longest chain has six C’s, and it is 3-methylhexane.

Problem 4.37 Singlet methylene, :CH, (Section 3.2), may be generated from diazomethane, CH,N,; the other
product is N,. It can insert between C—H bonds of alkanes:

:CHZ +—C—H — ‘_?‘CHZ__H

Determine the selectivity and reactivity of :CH, from the yields of products from methylene insertion in pentane:

;o2 3 2 I
CH3CH2CH2CH2CH3 + :CH2 - HCH2CH2CH2CH2CH3 + CH}CHCH2CH2CH3 + CH3CH2CHCH2CH3

HCH, HCH,

Name, Kind of CH insertion Hexane, CH' 2-Methylpentane, CH” 3-Methylpentane, CH’

Yield 48% 35% 17%

<

Calculate the theoretical % yield based only on the probability factor and then compare the theoretical and
observed % yields.

H’s of Pentane
Product Kind Number Proportion x 100% = Calc.% Yield Observed % Yield
Hexane ! 6 6/12 = 50 48
2-Methylpentane 4 4/12 = 333 35
3-Methylpentane 3 2 2/12 = 16.7 17
Total 12

The almost identical agreement validates the assumption that methylene is one of the most reactive and least selective
species in organic chemistry.
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Problem 4.38 How would the energy-conformation diagrams of ethane and propane differ? <

They would both have the same general appearance showing minimum energy in the staggered form and
maximum energy in the eclipsed form. But the difference in energy between these forms would be greater in propane
than in ethane (13.8 versus 12.5kJ/mol). The reason is that the eclipsing strain of the Me group and H is greater than
that of two H’s.

Problem 4.39 1,2-Dibromoethane has a zero dipole moment, whereas ethylene glycol, CH,OHCH,OH, has a
measurable dipole moment. Explain. <

1,2-Dibromoethane exists in the ant/ form, so that the C — Br dipoles cancel and the net dipole moment is zero.
When the glycol exists in the gauche form, intramolecular H-bonding occurs. Intramolecular H-bonding is a
stabilizing effect which cannot occur in the anti conformer.

H
Br o~ |
H H H O—H
H H H H
Br H

anti CHzBI‘CHgBl‘ gau('he CH,0OHCH,0OH
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| |
H plane H
planes /’ I
planes |
I
H\ /H
—Hww——(C === H— Cwmr— C e (] — —/C+C\‘ -—
H | H
center |
| plane of paper
H Cl
(@) (b) | (©)
Fig. 5-1

5.2 OPTICAL ISOMERISM

Plane-polarized light (light vibrating in only one plane) passed through a chiral substance emerges
vibrating in a different plane. The enantiomer that rotates the plane of polarized light clockwise (to the
right) as seen by an observer is dextrorotatory; the enantiomer rotating to the left is levorotatory. The
symbols (+) and (—) designate rotation to the right and left, respectively. Because of this optical activity,
enantiomers are called optical isomers. The racemic form (&) is optically inactive since it does not rotate
the plane of polarized light.

The specific rotation [o]] is an inherent physical property of an enantiomer which, however, varies
with the solvent used, temperature (T in °C), and a wavelength of light used (4). It is defined as the
observed rotation per unit length of light path, per unit concentration (for a solution) or density (for a pure
liquid) of the enantiomer; thus;

r_%
[a]ﬁ _lc

where o = observed rotation, in degrees

| = length of path, in decimeters (dm)
¢ = concentration or density, in g/mL = kg/dm’

and where, by convention, the units deg-dm?/kg of [«]] are abbreviated to degrees (°).

Problem 5.3 A 1.5-g sample of an enantiomer is dissolved in ethanol to make S0 mL of solution. Find the specific
rotation at 20 °C for sodium light (1 = 589.3 nm, the D line), if the solution has an observed rotation of +2.79° in a
10-cm polarimeter tube. <

First change the data to the appropriate units: 10 cm = 1 dm and 1.5 g/50 mL = 0.03 g/mL. The specific
rotation is then
o« +2.79%°

[ = o= D003 = 493° (in ethanol)

Problem 5.4 A 0.5-g sample of cholesterol isolated from an atherosclerotic arterial specimen yields an observed
rotation of —0.76° when dissolved in 20 mL of chloroform and placed in a 1-dm cell. Determine the specific rotaiton
[«] of cholesterol for: (@) the entities as defined above; (b) an increase in solute from 0.5 g to 1.0 g; (¢) an increase in
solvent from 20mL to 40 mL; and (d) an increase in path length from 1 dm to 2dm. <



CHAP 5] STEREOCHEMISTRY 71

From the equation employed in Problem 5.3, simple substitution of the defined values yields: (a) —30.4°; (b)
—15.2°; (¢) —60.8°; and (d) —15.2°.

Problem 5.5 How could it be decided whether an observed dextrorotation of +60” is not actually a levorotation of
—-300°? <

Halving the concentration or the tube length would halve the number of optically active molecules and the new
rotation would be +30° if the substance was dextrorotatory or —150¢ if levorotatory.

Many chiral organic molecules have at least one carbon atom bonded to four different atoms or groups,
called ligands. Such a carbon atom is called a chiral center and is indicated as C*. A chiral center is a
particular stereocenter, defined as an atom for which interchange of a pair of ligands gives a different
stereomer. In the case of a chiral center, the new stereomer is the enantiomer. Enantiomers can be depicted
by planar projection formulas, as shown for lactic acid, H;CCH(OH)COOH, in Fig. 5-2 [see also Fig. 1-2].
In the Fischer projection, Fig. 5-2(c), the chiral C is at the intersection; horizontal groups project toward
the viewer; vertical groups project away from the viewer.

Problem 5.6 Draw (a) Newman and (b) Fischer projections for enantiomers of CH;CHIC,Hs. «
See Fig. 5-3.

Problem 5.7 Determine if the configuration of the left-hand enantiomer of Fig. 5-3(b) is changed by a rotation in
the plane of the paper of (i) 90° and (ii) 180°. <

Rotations of 90° and 180° give the following Fischer projections:

I

Cng;
C2H5 +CH3 H+_l

H CH;
) (i1

The best way to see if the configuration has changed is to determine how many swaps of groups must be made to go
from the initial to the final Fischer projection. An even number of swaps leaves the configuration unchanged, while an
odd number results in a changed configuration. Convince yourself that to get (i) takes three swaps, while to get (i)
takes two swaps (the horizontal pairs and the vertical pairs).

Mirror ) Mirror
in back —H  in front
H in back H in front
HsC COOH HOOC CHj3 H tn Dack ——=1
HOOC” :CH; H,C”: YCOOH
OH HO
OH HO
(a) Newman Projection (h) Wedge Projection
Mirror .
H . H ,infront
in hack —e ¥
H3C+COOH HOOC+CH3
OH HO

(¢) Fischer Projection

Fig. 5-2
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Mirror Mirror

HgC CH?
H;C CH;
I+H H“’—I

I H H 1 C,Hs C,Hs
CyHs Cy_HS
() (h)
Fig. 5-3

Problem 5.8 Write structural formulas for the monochloroisopentanes. Place an asterisk on any chiral C and

indicate the 4 different groups about the C*. <
?H} ?H"; CH‘; ICH3
ClCHz—?*—CHZCm CH3—$—CHZ——CH3 CH;—CH—(FH—CH; CH;—CH—CH,—CH,Cl
H Cl Cl
1-Chloro-2-methyl- 2-Chloro-2-methyl- 2-Chloro-3-methyl- 1-Chloro-3-methyl-
butane (1) butane (11) butane (11 butane (IV)
(H, CH3, CH,CH;, CICH>) (H, C. CH,, (CH5),CH)

In looking for chirality one considers the entire group, e.g. CH,CH,, attached to the C* and not just the attached
atom.

5.3 RELATIVE AND ABSOLUTE CONFIGURATION

Configuration is the spatial arrangement of ligands in a stercoisomer. Enantiomers have opposite
configurations. For enantiomers with a single chiral site, to pass from one configuration to the other
(inversion) requires the breaking and interchanging of two bonds. A second interchange of bonds causes a
return to the original configuration. Configurations may change as a result of chemical reactions. To
understand the mechanism of reactions, it is necessary to assign configurations to enantiomers. For this
purpose, the sign of rotation cannot be used because there is no relationship between configuration and
sign of rotation.

Problem 5.9 Esterification of (+)-lactic acid with methyl alcohol gives (—)-methyl lactate. Has the configuration
changed?

H H
| & |
CH,—C=COOH non CH,—C*-COOCH,
OH OH
(+)-Lactic acid = +3.3° (-)-Methyl lactate = —8.2° <

No; even though the sign of rotation changes, there is no breaking of bonds to the chiral C*.

The Cahn-Ingold-Prelog rules (1956) are used to designate the configuration of each chiral C in a
molecule in terms of the symbols R and §. These symbols come from the Latin, R from rectus (right) and §
from sinister (left). Once told that the configuration of a chiral C is R or S, a chemist can write the correct
projection or Fischer structural formulas. In our statement of the three rules the numerals 1, 2, 3, and 4 are
used; some chemists use letters a, b, ¢, and d in their place.
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Ruie 1

Ligands to the chiral C are assigned increasing priorities based on increasing atomic number of the atom
bonded directly to the C. (Recall that the atomic number, which is the number of protons in the nucleus,
may be indicated by a presubscript on the chemical symbol; e.g., sO. For isotopes, the one with higher
mass has the higher priority, e.g., deuterium over hydrogen.) The priorities of the ligands will be given by
numbers in parentheses, using (1) for the highest priority (the heaviest ligand) and (4) for the lowest
priority (the lightest ligand). The lowest-priority ligand, (4), must project away from the viewer, behind the
paper, leaving the other three ligands projecting forward. In the Fischer projection the priority-(4) ligand
must be in a vertical position (if necessary, make two interchanges of ligands to achieve this configuration).
Then, for the remaining three ligands, if the sequence of decreasing priority, (1) to (2) to (3), is
counterclockwise, the configuration is designated S; if it is clockwise, the configuration is designated R.
The rule is illustrated for 1-chloro-1-bromoethane in Fig. 5-4. Both configuration and sign of optical
rotation are included in the complete name of a species, e.g., (S)-(+)-1-chloro-1-bromoethane.

— Br( 1 Br( l)\
C](Z"!—-CH;“) CH;”’—!—'C]Q’
REY EEY
Counterclockwise, S Clockwise, R
Fig. 5-4

Rule 2

If the first bonded atom is the same in at least two ligands, the priority is determined by comparing the next
atoms in each of these ligands. Thus, ethyl (H;CCH,—), with one C and two H’s on the first bonded C, has
priority over methyl(—CHj), with three H’s on the C. For butyl groups, the order of decreasing priority (or
increasing ligand number) is

(CH";)*;C_ > CH;CHch— > CH]CHCHQ— > CH;CH]CHQCHQ_

Ruie 3

For purposes of assigning priorities, replace:

| ] £
—C=Cc— by —{

C

| o)
—C=0 by —C

—C=C by —CC

Problem 5.10 Structures of CHCIBIF are written below in seven Fischer projection formulas. Relate structures
(b) through (g) to structure (a).
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H Br F F

(a) F4|—Cl (h) F+Cl () H+Cl (d) H+Br
Br H Br Cl
Br H Cl

(€) CI+F N Cl+Br () H+Br
H F F

If two structural formulas differ by an odd number of interchanges, they are enantiomers; if by an even number,
they are identical. See Table 5-1.

Table 5.1
Number of
Sequence of Group Interchanges Interchanges Relationship to (a)
(h) H. Br 1 (odd) Enantiomer
() H. F 1 (odd) Enantiomer
(d) H, F; Br, CI 2 (even) Same
(e) H, Br; CI, F 2 (cven) Same
N F, Br: F, Cl 2 (even) Same
(@) F. Br: Br, CI; H, Cl 3 (odd) Enantiomer

Problem 5.11 Put the following groups in decreasing order of priority.

(a) N\ / (h) —CH=CH, (¢) —C=N () —CHal

(€) _$-_—O (N —$:O (¢) —CH,NH, () —C—NH, (O —?:0

I
H OH 0 CH, <

In each case, the first bonded atomn is a C. Therefore, the second bonded atom determines the priority. In
decreasing order of priority, these are 531 > (O > ;N < C. The equivalencies are

e _H N H _H
@ —CC (h —CC () —CTN ) —CZH (@ —CZO
N N
c c N | 0
0 H 0 c
. / s
(f) —C=0 (@ —C=H i —cZ0 i) —Cc=o
0 N N 0

The order of decreasing priority is: (d) > (f) > (h) > (i} > (¢) > (¢) > (g) > (@) > (b). Note that in (d), one |
has a greater priority than 3 O’ in (f).
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Problem 5.12 Designate as R or S the configuration of

cl H NH,

(@) (‘ICH2+CH(CH3)2 b H3C=CH—-*—CHQCH3 () II+CO()H

CH; Br COOCHs <

(a) The decreasing order of priorities is Cl (1), CH,Cl (2), CH(CH;), (3), and CH;(4). CHj. with the lowcst
priority, is projected in back of the plane of the paper and is not considered in the sequence. The sequence of
decreasing priority of the other groups is counterclockwise and the configuration is S.

(h

-

€3] (3

(4)

The compound is (S)-1,2-dichloro-2.3-dimethylbutane.
(h) The sequence of priorities is Br (1), H,C=CH— (2), CH;CH,— (3) and H (4).
The name is (R)-3-bromo-1-pentene.

4)

@) (3)

\m

(¢) Hisexchanged with NH, to put H in the vertical position. Then the other two ligands arc swapped, so that, with
two exchanges, the original configuration is kept. Now the other three groups can be projected forward with no
change in sequence. A possible identical structure is

H(4|
Q)] ()
HZN:FCOOCZH_s
Acoon
The sequence is clockwise or R.

An alternative approach would leave H horizontal, thus generating an answer known to be wrong. If the
wrong answer is R or S, the right answer is § or R.

Problem 5.13 Draw and specify as R and § the enantiomers, if any, of all the monochloropentanes. «

n-Pentane has 3 monochloro-substituted products, 1-chloro, 2-chloro, and 3-chloropentane

CICH,CH,CH,CH,CH,  CH,CHCICH,CH,CH,  CH,CH,CHCICH,CH,

Only 2-chloropentane has a chiral C, whose ligands in order of decreasing priority arc Cl (1), CH;CH, (2), CH; (3)
and H (4). The configurations are:

(H (1)

'—\ ~7 ()

@ (2 .

(3,CH; CH,CH.CH; CH:CH,CH- CH; f
\n

(g/ M/

(R)-2-Chloropentane (5)-2-Chloropentane
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The structures of the monochloroisopentanes are given in Problem 5.8. The sequence of decreasing priority of
ligands for structure I is CICH, > CH,CH, > CH, > H, while for Il is Cl > (CH;);CH > CH; > H. The

configurations are:

cHY cH? cr” l‘”
() (2) ) M 2 3) )
CICH, CH,CH; CH;CH, CH,Cl (CH;)ZCH CH; CH, CH(CH3)2
H® H@ H® H

$)-(D (R)-(1) (S)-(111) (R)-(IIT)
Neopentyl chloride, (CH;),CCH,Cl, has no chiral C and therefore no enantiomers.

Relative configuration is the experimentally determined relationship between the configuration of a
given chiral molecule and the arbitrarily assigned configuration of a reference chiral molecule. The DL
system (1906) uses glyceraldehyde, HOCH,C*H(OH)CHO, as the reference molecule. The (+)- and (—)-
rotating enantiomers were arbitrarily assigned the configurations shown below in Fischer projections, and

were designated as D and L, respectively.

Mirror
CHO OHC
H+OH HO‘}-H
CH,0H HOH,C

D-(+)-Glyceraldehyde  1-(—)-Glyceraldehyde

Relative configurations about chiral C’s of other compounds were then established by synthesis of
these compounds from glyceraldehyde. It is easy to see that D-(+)-glyceraldehyde has the R configuration
and the L-(—) isomer is S. This arbitrary assignment was shown to be correct by Bijvoet (1951), using X-
ray diffraction. Consequently, we can now say that R and S denote absolute configuration, which is the

actual spatial arrangement about a chiral center.

Problem 5.14 D-(+)-Glyceraldehyde is oxidized to (—)-glyceric acid, HOCH,CH(OH)COOH. Give the D,L
designation of the acid. <

Oxidation of the D-(+)-aldehyde does not affect any of the bonds to the chiral C. The acid has the same D
configuration even though the sign of rotation is changed.

CHO COOH
H OH oxidalion H OH
CH,OH CH,OH
D-(+)-Glyceraldehyde D-(-)-Glyceric acid

Problem 5.15 Does configuration change in the following reactions? Designate products (D,L) and (R,S).

c1?

i 3) 2
(a) citV — - CH3CH2+CH2CI
(2) (3) H
CH;CH» CH;
H
H r A @ 3)
) (D/S) ™ CH;CH, CH;

|
48]
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Cl(l) H
(3 (2) ON- [€)] )
(¢) CHs COOCH; —— = CH, COOCH;
H CN
(D/R) =

<

(a) No bond to the chiral C is broken and the configuration 1s unchanged. Therefore, the configuration of both
reactant and product is D. The product is R: § converts to R because there is a priority change. Thus, a change
from R to S does not necessarily signal an inversion of configuration; it does only if the order of priority is
unchanged.

() A bond to the chiral C is broken when |~ displaces Cl~. An inversion of configuration has taken place and there
is a change from D to L. The product is R. This change from S to R also shows inversion, because there is no
change in priorities.

(¢) Inversion has occurred and there is a change from D to L. The product is R. Even though an inversion of
configuration occurred, the reactant and product are both R. This 1$ so because there is a change in the order of
priority. The displaced CI has priority (1) but the incoming CN~ has priority (2).

In general, the D,L convention signals a configuration change, if any, as follows: D — D or L — L means no
change (retention), and D — L or L — D means change (inversion). The RS conversion can also be used, but it
requires working out the priority sequences.

Problem 5.16 Draw three-dimensional and Fischer projections, using superscripts to show priorities, for (@) (5)-2-

bromopropanaldehyde, (b) (R)-3-iodo-2-chloropropanol. <
- ) [BY]
CH=0 Cl
CH=0 Cl
CH3+Br . HOCH3—~’~CH31
3) N (2
HC™ T Br''" H HOCH 1,1 H
H' ) Hm

(a) (h)

5.4 MOLECULES WITH MORE THAN ONE CHIRAL CENTER

With » dissimilar chiral atoms the number of stereoisomers is 2" and the number of racemic forms is 27—,
as illustrated below for 2-chloro-3-bromobutane (# = 2). The R.S configuration is shown next to the Cs.

Mirror Mirror
CH, CH; CH;,4 CH;
Cl——H (R) H——CI1 (%) H——Cl (&) Cl— H R)
H——Br (R) Br——H ) H——Br (R) Br H ($)
CH; CH; CH, CH;
1 11 1 v
enantiomers, enuntiomers.
racemic form [ racemic form 2

If n = 2 and the two chiral atoms are identical in that each holds the same four different groups, there
are only 3 stereoisomers, as illustrated for 2,3-dichlorobutanc.
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Mirror Mirror
CH;3 CH; CH; CH;
c——1 ®) H——Cl (S) H—1—C1 (S) Cl——H (R) Symmetry
H——CI (R) Cl——H (S) H——Cl (R) Cl—t—H (S) FPlane
CH, CH;, CH; CH;
\% VI VIl VIII
enantiomers meso
2(R)-3(R)- 2(S)-3(5)- 2(S)-3(R)- 2(R)-3(8)-
Dichlorobutane Dichlorobutane Dichlorobutane Dichlorobutane

Structures VII and VIII are identical because rotating either one 180° in the plane of the paper makes it
superposable with the other one. VII possesses a symmetry plane and is achiral. Achiral stereoisomers
which have chiral centers are called meso. The meso structure is a diastereomer of either of the
enantiomers. The meso structure with two chiral sites always has the (RS) configuration.

Problem 5.17 For the stereoisomers of 3-iodo-2-butanol, (2) assign R and S configurations to C? and C>. ()
Indicate which are (i) enantiomers and (i1) diastereomers. (¢) Will rotation about the C—C bond alter the
configurations? <

I i 11 v
H CH; CHs I
InGoCHy  Halblel  InpileH  HalbeCHs
| | | !
C 2 ¢z 3
CHY NoH CHY I H”:I>cH, H”:“oH
i OH on CH;

(@

(b) (i) Tand IV; I and III. (ii) I and IV diastereomeric with II and III; II and III diastereomeric with I and IV.
(¢) No.

Problem 5.18 Compare physical and chemical properties of (¢) enantiomers, (b) an enantiomer and its racemic
form, and (c) diastereomers. «

(a) With the exception of rotation of plane-polarized light, enantiomers have identical physical properties, e.g.,
boiling point, melting point, solubility. Their chemical properties are the same toward arhiral reagents, solvents,
and conditions. Towards chiral reagents, solvents, and catalysts, enantiomers react at different rates. The
transition states produced from the chiral reactant and the individual enantiomers are diastereomeric and hence
have different energies; the AH ¥ values are different, as are the rates of reaction.

(b) Enantiomers are optically active; the racemic form is optically inactive. Other physical properties of an
enantiomer and its racemic form may differ depending on the racemic form. The chemical properties are the
same toward achiral reagents, but chiral reagents at different rates.

(¢) Diastercomers have different physical properties, and have different chemical properties with both achiral and
chiral reagents. The rates are different and the products may be different.
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Problem 5.19 How can differences in the solubilities of diastereomers be used to resolve a racemic form into
individual enantiomers? «

The reaction of a racemic form with a chiral reagent, for example, a racemic (+) acid with a (—) base, yields two
diastereomeric salts (+)(—) and (—)(—) with different solubilities. These salts can be separated by fractional
crystallization, and then each salt is treated with a strong acid (HCl) which liberates the enantiomeric organic
acid. This is shown schematically:

Racemic Form Chiral Base Diastereomeric Salts
(x)RCOOH  + (-)B — (+)RCOO~(-)BH* + (-)RCOO~(-)BH*
)
separated
HCll lHCl

BH*CI™ + (+)RCOOH  (-)RCOOH + BH*CI™

separated enantiomeric acids

The most frequently used chiral bases are the naturally occurring, optically active alkaloids, such as strychnine,
brucine, and quinine, Similarly, racemic organic bases are resolved with naturally occurring, optically active, organic
acids, such as tartaric acid.

5.5 SYNTHESIS AND OPTICAL ACTIVITY

1. Optically inactive reactants with achiral catalysts or solvents yield optically inactive products.
With a chiral catalyst, e.g., an enzyme, any chiral product will be optically active.

2. A second chiral center generated in a chiral compound may not have an equal chance for R and S
configurations; a 50 ;50 mixture of diastereomers is not usually obtained,

3. Replacement of a group or atom on a chiral center can occur with retention or inversion of
configuration or with a mixture of the two (complete or partial racemization), depending on the mechanism
of the reaction.

Problem 5.20 (z) What two products are obtained when C* of (R)-2-chlorobutane is chlorinated? () Are these
diastereomers formed in equal amounts? (¢) In terms of mechanism account for the fact that

rac(i)-ClCH2$(Cl)CH2CH3

CH;
is obtained when (R)-CICH,-CH(CH;)CH,CHj is chlorinated. <

Cl Cl H Cl Cl

. o 3 4 ! 2l 3 2 L2 3 #
(a) CHj CH;CH; —™ CHj CH; + CH; CH;

H H Cl H H

(R) (RR) (RS)

optically active meso

enantiomer

In the products C? retains the R configuration since none of its bonds were broken and there was no change in
priority. The configuration at C°, the newly created chiral center, can be either R or S. As a result, two
diastereomers are formed, the optically active RR enantiomer and the optically inactive RS meso compound.

(b) No. The numbers of molecules with S and R configurations at C’ are not equal. This is so because the presence
of the C’-stereocenter causes an unequal likelihood of attack at the faces of C’. Faces which give dise to
diastereomers when attacked by a fourth ligand are diastereotopic faces.

(¢) Removal of the H from the chiral C leaves the achiral free radical CICH,C(CH;3)CH,CHj;. Like the radical in
Problem 5.21, it reacts with Cl, to give a racemic form.
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The C’ of 2-chlorobutane, of the gencral type RCH,R’, which becomes chiral when one of its H’s is
replaced by another ligand, is said to be prochiral.

Problem 5.21  Answer True or False to cach of the following statements and explain your choice. (a) There are two
broad classes of stereoisomers. (H) Achiral molecules cannot possess chiral centers. (¢} A reaction catalyzed by an
enzyme always gives an optically active product. («/) Racemization of an enantiomer must result in the breaking
of at least one bond to the chiral center. (¢) An attempted resolution can distinguish a racemate from a meso
compound. <

(a) True: Enantiomers and diastercomers.

(b) False: Meso compounds are achiral, yct they possess chiral centers.

(c) False: The product could be achiral.

(d) True: Only by breaking a bond could the configuration be changed.

(e) True: A racemate can be resolved but a meso compound cannot be, because it does not consist of enantiomers.

Problem 5.22 In Fig. 4-4 give the stercochemical relationship between (a) the mo gauche conformers; (b) the anti
and either gauche conformer. «

(a) They are stercomers, becausc they have the same structural formulas but different spatial arrangements.
However, since they readily interconvert by rotation about a ¢ bond, they are not typical, isolatable,
configurational stereomers; rather they are conformational stereomers. The two gauche forms are non-
superimposable mirror images; they arc conformational enantiomers.

(b) They arc conformational diastereomers. because they arc stercomers but not mirror images.

Configurational stereomers differ from conformational stereomers in that they are interconverted only
by breaking and making chemical bonds. The energy needed for such changes is of the order of 200-
600 kJ/mol, which is large enough to permit their isolation, and is much larger than the energy required for
interconversion of conformers.

Supplementary Problems

Problem 5.23 (a) What is the nceessary and sufticient condition for the existence of enantiomers? () What is the
necessary and sufficient condition for measurement of optical activity? (¢) Are all substances with chiral atoms
optically active and resolvable? () Are enantiomers possible in molecules that do not have chiral carbon atoms? (e)
Can a prochiral carbon every be primary or tertiary? (/) Can conformational enantiomers ever be resolved? <

(a) Chirality in molecules having nonsuperimposable mirror images. (b) An excess of one enantiomer and a
specific rotation large enough to be measured. (¢') No. Racemic forms are not optically active but are resolvable. Meso
compounds are inactive and not resolvable. (d) Yes. The presence of a chiral atom is a sufficient but not necessary
condition for enantiomerism. For example, properly disubstituted allenes have no plane or center of symmetry and are
chiral molecules even though they have no chiral Cs:

Mirror

AN -H H-.. e
/ R R” N

« chiral allene
(nonsuperimpasable enanliomers)

(e) No. Replacing one H of ¢ 1 CH; group by an X group would leave an achiral —CH,X group. In order for a
3° CH group to be chiral when the 11 is replaced by X. it would already have to be chiral when bonded to the H.
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Fig. 5-5

(f) Yes. There are molecules which have a large enthalpy of activation for rotating about a ¢ bond because of severe
steric hindrance. Examples are properly substituted biphenyls, e.g. 2.2’-dibromo-6,6’-dinitrobiphenyl. Fig. 5-5. The
four bulky substituents prevent the two flat rings from being in the same plane, a requircment for free rotation.

Problem 5.24 Select the chiral atoms in each of the following compounds:

Cl
CH;
H-., [CH3C|HCHZNCH?_CHQCH;]+ cr
OH OH CH,CHj3 Cl
Cholesterol quaternary ammoniim salt 1.4-Dichlorocyclohexane
(@) h) ()

(@) There are eight chiral C’s: three C’s attached to a CH; group, four C’s attached to lone H's, and one C attached
to OH. (b) Since N is bonded to four different groups; it is a chiral center, as is the C bonded to the OH. (¢) There are
no chiral atoms in this molecule. The two sides of the ring —CH,CH,— joining the C’s bonded to ClI’s are the same.
Hence, neither of the C’s bonded to a Cl is chiral.

Problem 5.25 Draw examples of (a) a meso alkane having the molecular formula CigH g and (b) the simplest
alkane with a chiral quaternary C. Name each compound. «

CH; ?H_;
(@) CH;CH,CH—CHCH,CH»
3.4-Dimethylhexane

(b) The chiral C in this alkane must be attached to the four simplest alkyl groups. These are CH;—, CH;CH;—,
CH,CH,CH,—, and (CH;),CH—, and the compound is

CH, ?H3
CH,CH,CH, —}"‘——CHCH;
CH,CHj

2,3-Dimethyl-3-ethylhexane

Problem 5.26 Relative configurations of chiral atoms are sometimes established by using reactions in which there
is no change in configuration because no bonds to the chiral atom are broken. Which of the following reactions can be
used to establish relative configurations? «
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(@) ($)-CH;CHCICH,CHj + NatOCH; —= CH;CH(OCH;)CH,CH; 4+ Na' C1™
CHy CH;

(b) (5)-CH;CH-CHO Na* + CH3Br —— CH3CH,CHOCH; + Na*Br~
CH; CH;

- |
(¢) (R)-CH;CH-COHCH-Cl + PCly ———-= CH3CH,CCICH>Cl + POCl, + HCI

(d) (S)=(CH3)>C(OH)YCHBICH+ 4+ Na"CN" —= (CH;),C(OH)CH(CN)CH; + Na'Br -
(e) (R)-CH;CH,CHCH + Na > CH3CH;CHCH; + iH,
OH O"Na*
(h) and (e). The others involve breaking bonds to the chiral C.

Problem 5.27 Account for the disappearance of optical activity observed when (R)-2-butanol is allowed to stand in
aqueous H,SO, and when (S)-2-1odooctanc is treated with aqueous KI solution. <

Optically active compounds become inactive if they lose their chirality because the chiral center no longer has
four different groups, or if they undergo racemization. In the two reactions cited, C remains chiral and it must be
concluded that in both reactions racemization occurs.

Problem 5.28 For the following compounds, draw projection formulas for all stereoisomers and point out their R,S
specifications, optical activity (where present), and meso compounds: (a) 1.2,3,4-tetrahydrozybutane, (£) 1-chloro-
2,3-dibromobutane, (¢) 2.4-diiodopentane, (d) 2,3 4-tribromohexane, (¢) 2,3 4-tribromopentane. <

* *
(¢) HOCH,CHOHCHOHCH,OH. with two similar chiral C, has one meso form and two optically active

enantiomers.
/ CH>OH 1 CH,OH  CH,OH
H—=+—OH H——OH HO—+—H
H——O0OH HO—4—H H——0H
+CH-OH 4 CH,OH 41CH,OH
(2S,3R) (25.38) (2R,3R
meso K Y ) J

Racemic form

* *
(b) CICH,CHBrCHBrCH; has two different chiral C’s. There are four (2°) optically active enantiomers.

CH.CI CHACl CHC1 CH,CI
H——Br Br——H H——Br Br—r—H
H——Br Br—71—H Br—1—H H—L—Br

CH, CH, CH; CH;

(25,3R) (2R.35) (25.35) (2R.3R)
ervthro enantiomers threo enantiomers

The two sets of diastereomers are differentiated by the prefix ervthro for the set in which at least two
identical or similar substituents on chiral C's are eclipsed. The other set is called threo.

* ® 3
(¢} CH3;CHICH,CHICH; has two similar chiral Cs. C7 and C?, separated by a CH, group. There are two
enantiomers comprising a (4) pair and one meso compound.
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! CHy CH; CH;
H—2—1 H | I——H
3 CH, CH, CH,
H—L—1 1~'—H H——1

3 CH, CH; CHs

(25,4R) (25,45) (2RA4R)

meso \ ~— _J
Racematc

(d) With three different chiral C’ in CH3E‘THBrE‘THBréHBrCH3C}{3, there are eight (2%) enantiomers and four
racemic forms.

/CH, CH; CH, CH;
H—4—Br Br——H H——Br Br—+—H
H——Br Br—r—H Br—t+—H H——Br
H—4—Br Br——H H——Br Br——H

CoHs C,Hs C2Hs C,H;s
I I 1 v
(25,35,4R) (2R.3R 45) (2S,3R 4R) (2R,35.45)
— N J/ A
Racemate Racemate
CH; CH; CH; CH,
H——Br Br——H H—r—Br Br——H
H——Br Br—t—H Br——H H——Br
Br—L—H H—LBr Br——H H——Br
C,Hs C,Hs C-Hs C,Hs
\% VI VIl Vil
(25.35.48) (2R.3R 4R) (28.3R 48) (2R 35.4R)
AN _ o
Racemate Racemate

? 4
! % 3 * 3 L. . . . . .
(¢) CH,CHBrCHBrCHBrCH, has two similar chiral atoms (C” and C*). There are two enantiomers in which the
configurations of C? and C* are the same, RR or SS. When C? and C* have different configurations, one R and
one S, C* becones a stereocenter and there are two meso forms,

CHj; CHj; CH, CH,
Br—r—H Hﬂ—Br H—Br H—1—Br
H—1—Br H——Br H——Br Br——H
H—1—Br Br——H H——Br H——Br

CH; CH;, CH; CH,
(2R 4R) (25.45) (25,4R) (2S,4R)
~" meso | meso 2

Racemate

Problem 5.29 The specific rotation of (R)-(—)-2-bromooctane is —36°. What is the percentage composition of a
mixture of enantiomers of 2-bromooctane whose rotation is + 187 <
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Let x = mole fraction of R, 1 — x = mole fraction of §.
x(—36")+ (1 —x)36 )= 18" or «x :}1

The mixture has 25% R and 75% S; it is 50% racemic and 50% §.

Problem 5.30 Predict the yield of stereoisomeric products, and the optical activity of the mixture of products,
formed from chlorination of a racemic mixture of 2-chlorobutane to give 2,3-dichlorobutane. <

The (S5)-2-chlorobutane comprising 50% of the racemic mixture gives 35.5% of the meso (SR) product and 14.5%
of the RR enantiomer. The R enantiomer gives 35.5% meso and 14.5% RR products. The total yield of meso product is
71% and the combination of 14.5% RR and 14.5% SS§ gives 29% racemic product. The total reaction mixture is
optically inactive. This result confirms the generalization that optically inactive starting materials, reagents and
solvents always lead to optically inactive products.

Problem 5.31 For the following reactions give the number of stereoisomers that are isolated, their R,S
configurations and their optical activities. Use Fischer projections.

oxidation

(a) meso-HOCH,CHOHCHOHCH,OH — -~ HOCH,CHOHCHOHCOOH

(6) (R)-CICH,CH(CH,)CH,CH, 1 CH,CH,CH(CH;)CH,CH,CH(CH,)CH,CH,
cuprate

il #N
(©)  rac()-CH,—C—CHOH—CH; 2w CH,CH(OH)CH(OH)CH;

CH,

- HaNi
(@ (S)-CHyCHa—C—CH(CH3)CH,CHy ~—~m CH,CH,CH(CH)CH(CH,)CH,CH,

<

(a) This meso alcohol is oxidized at either terminal CH,OH to give an optically inactive racemic form. The chiral C
next to the oxidized C undergoes a change in priority order, CH,OH (3) goes to COOH (2). Therefore, if this C
is R in the reactant, it becomes S in the product; if S it goes to R.

(h 0 th
HO OH HO OH HO OH

(3 ) 0] (2 ) @ @
HOCH, CH,OH —— HOOC CH,OH + HOCH, COOH
H H H H H H
meso; (2R ,38) (25,35) (50%) (2R,3R) (50%)

(6) Replacement of Cl by the isopentyl group does not change the priorities of the groups on the chiral C. There is
one optically active product, whose two chiral C’s have R configurations.

CH, H CH, H
CH3CH2+CH3CI + CICH3+CH2CH3 —_— CH3CH2+CH2—CH2+CH2CH3

H CH, H CH,

(R) (R) R (R)

(¢) This reduction generates a second chiral center.
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HO H
*  |*

CH;, (RR)
H OH

i 4
(R) CH;—C CH;
OH \ H H

CH}“HLCH3 (SK; meso)

O OH HO OH
NG
(S) CH3'_C x CH3 N
H H OH
* *
CH3—-‘—‘—~CH3 (8$)
HO H

RR and SS enantiomers are formed in equal amounts to give a racemic form. The meso and racemic forms are in
unequal amounts,

(d) Reduction of the double bond makes C* chiral. Reduction occurs on either face of the planar 7 bond to form
molecules with R and molecules with S configurations at C°. These are in unequal amounts because of the
adjacent chiral C that has an S configuration. Since both chiral atoms in the product are structurally identicat, the
products are a meso structure (RS) and an optically active diastereomer (S5).

H:C CH,
CH3CH2-+‘~LCH2CH3 (3R,45)
HC CH;, H H meso
3 s Ho/Ni
CH3CH2'_C“’_CH2CH3
H H CH;
(S) CH_;CHy*F"*—CHzCH; (38,4S)
H}C H active
Problem 5.32 Designate the following compounds as erythro or threo structures.
(a) CH3 (b) H CH,CH (¢) CHzCHg L]
b . 2 3 H OH
H OH Br, ,H ™ -
H——OH | Br
CH,CH; COOH H OH
CH,

(@) Erythro (see Problem 5.28).
(b) Erythro; it is best to examine eclipsed conformations. If either of the chiral C’s is rotated 120° to an eclipsed
conformation for the two Br’s, the H's are also eclipsed.

{¢) Threo,; a 60° rotation of one of the chiral C’s eclipses the H’s but not the OH’s.
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Problem 5.33 Glyceraldehyde can be converted to lactic acid by the two routes shown below. These results reveal
an ambiguity in the assignment of relative D,L configuration. Explain.

CH; CHO COOH
H+OH -— H+OH — H+OH
COOH CH,OH CH;s
(R)-(—)-Lactic acid D-(+)-Glyceraldehyde (S)-(+)-Lactic acid

4

In neither route is there a change in the bonds to the chiral C. Apparently, both lactic acids should have the D
configuration, since the original glyceraldehyde was D. However, since the CH; and COOH groups are interchanged,
the two lactic acids must be enantiomers. Indeed, one is (+) and the other is (—). This shows that for unambiguous
assignment of D or L it is necessary to specify the reactions in the chemical change. Because of such ambiguity, R,S is
used. The (+) lactic acid is S, the (—) enantiomer is R.

Problem 5.34 Deduce the structural formula for an optically active alkene, C¢H,,, which reacts with H, to form an
optically inactive alkane, C4H,. <

The alkene has a group attached to the chiral C which must react with H, to give a group identical to one already
attached, resulting in loss of chirality.

H H

l Ha/P '
cmcm—(l:"‘—m:cH2 LN CHACH, —C—CH,CHy

CH; CH;
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Br CHs CH,
)i 2 3l 4 s ) 2! 3 l4d 5 6
(@) CH;—CH=C—CH,CH, (b)) CH;—CH—CH=C—CH,CH,

6 k)
CHs  CHs , CH:—CHa,
(c) <53H3—Cl4—§H—C2—C]H3 (d) HC\\2 , CHz
CH; CH—CH
“CH,CHs

Problem 6.2 Supply the structural formula and IUPAC name for (a) trichloroethylene, (b) sec-butylethylene,
{¢) sym-divinylethylene. 4

Alkenes are also named as derivatives of ethylene. The ethylene unit is shown in a box.

Cl H
(@) CI—{C=C]—Cl Trichloroethene

CH,
()] CH;3CH,CH— CH=CH,| 3-Methyl-1-pentene

() H,C=CH—|CH=CH|—CH=CH, 1,3,5-Hexatriene

6.2 GEOMETRIC (cis-trans) ISOMERISM

The C=C consists of a ¢ bond and a © bond. The n bond is in a plane at right angles to the plane of the
single bonds to each C (Fig. 6-1). The n bond is weaker and more reactive than the ¢ bond. The reactivity
of the m bond imparts the property of unsaturation to alkenes; alkenes therefore readily undergo addition
reactions. The n bond prevents free rotation about the C—=C and therefore an alkene having two different
substituents on each doubly bonded C has geometric isomers. For example, there are two 2-butenes:

py T __py
H 0 (o] -'H
Nl
H7 N \H
Fig. 6-1
H3C\ /CH3 H CH;
SL=C_ /C=C\
H H H,C H
CHj3’s on same side; CHs’s on opposite sides;
called cis- called rrans-

Geometric (cis-trans) isomers are stereoisomers because they differ only in the spatial arrangement of the
groups. They are diastereomers and have different physical properties (m.p., b.p., etc.).

In place of cis-trans, the letter Z is used if the higher-priority substituents (Section 5.3) on each C are
on the same side of the double bond. The letter £ is used if they are on opposite sides.
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Problem 6.3 Predict (a) the geometry of ethylene, H,C=CH,; (&) the relative C-to-C bond lengths in ethylene and
ethane; (c) the relative C—H bond lengths and bond strengths in ethylene and ethane; (d) the relative bond strengths
of C—C and C=C. 4

(a) Each C in ethylene (ethene) uses sp? HO’s (Fig. 2-8) to form three trigonal o bonds. All five & bonds (four C—H
and one C—C) must lie in the same plane: ethylene is a planar molecule. All bond angles are approximately
120°.

() The C=C atoms, having four electrons between them, are closer to each other than the C—C atoms, which are
separated by only two electrons. Hence, the C=C length (0.134nm) is less than the C—C length (0.154 nm).

{c) The more s character in the hybrid orbital used by C to form a ¢ bond, the closer the electrons are to the nucleus
and the shorter is the ¢ bond. Thus, the C—H bond length in ethylene (0.108 nm) is less than the length in ethane
{(0.110 nm). The shorter bond is also the stronger bond.

(d) Since it takes more energy to break two bonds than one bond, the bond energy of C=C in ethylene (611 kJ/mol)
is greater than that of C—C in ethane (348 kJ/mol). However, note that the bond energy of the double bond is
less than twice that of the single bond. This is so because it is easier to break a 7 bond than a ¢ bond.

Problem 6.4 Which of the following alkenes exhibit geometric isomerism? Supply structural formulas and names
for the isomers.

G '
(a) CH3CH2C:(|:CH2CH3 (6 HC=C(CI)CHy () C;HsC=C—CH,l
CoHs

(d) CH;CH=CH—CH=CH,; (¢} CH;CH=CH—CH=CHCH,CH; (f)} CH;CH=CH—CH=CHCH;
(@) No geometric isomers because one double-bonded C has two C,Hy's.

(b) No geometric isomers; one double-bonded C has two H’s.
(¢) Has geometric isomers because each double-bonded C has two different substituents:

CHyCHy _,CHyl CH3CHy,_ H
/CZC\ PN
H H H CH,l
cis- or (Z)-1-lodo-2-pentene trans- or (E£)-1-lodo-2-pentene

(d) There are two geometric isomers because one of the double bonds has two different substituents.

HyC _CH=CH, HyC H
L= PN
H H H CH=CH,
(Z)-1,3-Pentadiene (cis) (E)-1,3-Pentadiene (trans)

(e) Both double bonds meet the conditions for geometric isomers and there are four diastereomers of 2,4-heptadiene.

H H H.C H
! \4 5/ 3 N 7
H3C\7_ 3 /C:C 6 7 /C=C\ /CHQCH:;
/C:C\ CH,CH, H /C= N
H H H H
cis, cisor (Z,2) trans, cis or (E, Z)
H CH,CH,4 H;C H
N\ e AN 7/
H;C Cc=C C=C H
\ / N s Nl
/C=C\ H H /(4‘—:C\
H H H CH;CH3
cis, trans or (Z, E) trans, trans or (E, E)

Note that cis and rrans and E and Z are listed in the same order as the bonds are numbered.
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(f) There are now only three isomers because cis-frans and trans-cis geometries are identical,

H H H CH, H CHj
AN 4 AN 7 N 7
H}C\ /C:C\ H]C\ /C:C\ H N /C:C\
/CZC\ CH; /CZC\ H /C’—_C\ H
H H H H H,C H
cis, cis-2,4-Hexadiene or cis, trans-2,4-Hexadiene or trans, trans-2,4-Hexadiene or
(Z.2)-2,4-Hexadiene (Z. E)-2,4-Hexadiene (E, E)-2.4-Hexadiene

Problem 6.5 Write structural formulas for (a) (£)-2-methyl-3-hexene (frans), (b) (S)-3-chloro-1-pentene,

(¢) (R),(Z)-2-chloro-3-heptene (cis). <
CH
@ 0 Ne=¢” (h) H3c=c{}7CHZCH, (©) H«‘C‘@C:C/CHzCHzCHB
Ho CH,CH, H T

Problem 6.6 How do boiling points and solubilities of alkanes compare with those of corresponding
alkanes? <

Alkanes and alkenes are nonpolar compounds whose corresponding structures have almost identical molecular
weights. Boiling points of alkenes are close to those of alkanes and similarly have 20° increments per C atom. Both
are soluble in nonpolar solvents and insoluble in water, except that lower-molecular-weight alkenes are slightly more
water-soluble because of attraction between the n bond and H,O.

Problem 6.7 Show the directions of individual bond dipoles and net dipole of the molecule for (a) 1,1-
dichloroethylene, (b) cis- and trans-1.2-dichloroethylene. <

The individual dipoles are shown by the arrows on the bonds between C and Cl. The net dipole for the molecule
is represented by an arrow that bisccts the angle between the two Cl's. C—H dipoles are insignificant and are
disregarded.

Cl Cl Cl Cl
(@) -+ c—c/H (h) \CiC/ c=c’ "
a = =0 AT A
Cl H H H H Cl
Cls trans

In the trans isomer the C-—Cl moments are equal but in opposite directions; they cancel and the rrans isomer has a
zero dipole moment.

Problem 6.8 How can heats of combustion be used to compare the differences in stability of the geometric isomers
of alkenes? <

The thermodynamic stability of isomeric hydrocarbons is determined by burning them to CO, and H,O and
comparing the heat evolved per mole (—AH combustion). The more stable isomer has the smaller (—AH) value. Trans
alkenes have the smaller values and hence are more stable than the cis isomers. This is supported by the exothermic
(AH negative) conversion of cis to trans isomers by ultraviolet light and some chemical reagents.

The cis 1somer has higher energy because there is greater repulsion between its alkyl groups on the same side of
the double bond than between an alkyl group and an H in the trans isomer. These repulsions are greater with larger
alkyl groups, which produce larger energy differences between geometric isomers.
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6.3 PREPARATION OF ALKENES
1. 1,2-Eliminations

Also called B-eliminations, these constitute the principal laboratory method whereby two atoms or groups
are removed from adjacent bonded C's.

(@) Dehydrohalogenation

KOH in ethanol is most often used as the source of the base, B:™, which then is mainly C,H;0".
(6) Dehydration

) g
—C—C— e —Cc=c— &+ HO
. ]
(¢) Dehalogenation

ll3r l‘sr
Mg (orZn) + —(fﬁ(f—— — —C=C-— + MgBr; (or ZnBr)

J I

(d) Dehydrogenation

H H

—C—C— % —(C=Cc— + H>  (mainly a special industrial process)

Cracking (Section 4.4) of petroleum hydrocarbons is the source of commercial alkenes.

In dehydration and dehydrohalogenation the preferential order for removal of an H is 3¢ > 2° > 1¢
(Saytzeff rule). We can say “the poor get poorer.” This order obtains because the more R’ on the C=C
group, the more stable is the alkene. The stability of alkenes in decreasing order of substitution by R is

R,C=CR, > R,C=CRH > R,C=CH,.  RCH=CHR > RCH=CH, > CH,=CH,

2. Partial Reduction of Alkynes

R\ /R
y\«JVd /CZC\ cis-alkene
H
RC=CR 4,
an alkyne Ny, R_ H
/C:C\ trans-alkene
H R

These reactions, which give only one of two possible stereomers, are called stereoselective. In this
case they are more specifically called diastereoselective, because the stereomers are diastereomers.
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Problem 6.9 (@) How does the greater enthalpy of cis- vis a vis trans-2-butene affect the ratio of isomers formed
during the dehydrohalogenation of 2-chlorobutane? (4) How does replacing the CH; groups of 2-chlorobutane by -
butyl groups to give CH;C(CH;),CH,CHCIC(CH,),CH; alter the distribution of the alkene geometric isomers? <

(a) The transition states for the formation of the geometric isomers reflect the relative stabilities of the isomers. The
greater repulsion between the nearby CHj’s in the cis-like transition state (TS), causes this TS to have a higher
enthalpy of activation (AH*) than the trans-like TS. Consequently, the trans isomer predominates.

() The repulsion of the bulkier r-butyl groups causes a substantial increase in the AH* of the cis-like TS, and the
trans isomer is practically the only product.

Problem 6.10 Give the structural formulas for the alkenes formed on dehydrobromination of the following
alkyl bromides and underline the principal product in each reaction: (a) |-bromobutane, (b) 2-bromobutane,
(¢) 3-bromopentane, (d) 2-bromo-2-methylpentane, (¢) 3-bromo-2-methylpentane, (f) 3-bromo-2,3-dimethyl-
pentane. «

The Br is removed with an atom from an adjacent C.
(a) HzCl—$HCH2CH3 — H,C=CHCH,;CH; (only | adjacent H; only 1 product)
Br H’

(k) Hg(’J—CHCHCH3 — H,C=CHCH,CH; + cis- and trans-CH;CH=CHCH,
H' Br H? (-H") (-H?) di-R-substituted

(¢) CH3CHCHCHCHj; — cis-and trans-CH3;CH=CHCH,CHj; (adjacent H’s are equivalent)

H' Br H/
H2C|H’ (|JH3 ?Hz

(d) Hz(lj—C—CHCH2CH3 —=» H,C=C—CH,CH,CH; and CH,;C=CHCH,CH;
H' Br W2 (-H (-H%)

(&) (CHy)2C—CHCHCH, —> (CHy),C=CHCH,CH;  + cis- and trans-(CH3),CHCH=CHCHy

H' Br H? (-H’) tri-R-substituted (-H?) di-R-substituted
H,CH? CH,
(f) CHyCH—C—C(CHy), —» cis-and rrans—CH3CH=éCH(CH3)2
H' Br #’ (-H'y tri-R-alkene
?H; |CIH2
+ CH;CH,C=C(CH;); + CH3CH,—C—CH(CH3),
(—Hj) tetra-R-alkene (—Hz) di-R-alkene

Problem 6.11 (a) Suggest a mechanism for the dehydration of CH;CHOHCH; that proceeds through a
carbocation intermediate. Assign a catalytic role to the acid and keep in mind that the O in ROH is a basic site
like the O in H,O. (b) Select the slow rate-determining step and justify your choice. (¢) Use transition states to explain
the order of reactivity of ROH: 3° > 2° > 1°. «
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Step 1 CHg(I.‘HCHg + HyS0, =~ CH,CHCH, + HSO;
:OH H:OH
+
base, acid, acid, base,

an onium {on

_slow CH;&H(lng + H,0

H
Isopropyl cation

Step 2 CH3$_CH2
H:0" H

+
Step 3 CHﬁHWOZ

very strong

— s o CHyCH=CH, + H,S0,

acid; base, base) acid,

Instead of HSOj, a molecule of alcohol could act as the base in Step 3 to give ROHZ.
Carbocation formation, Step 2, is the slow step, because it is a heterolysis leading to a very high-energy

carbocation possessing an electron-deficient C.
The order of reactivity of the alcohols reflects the order of stability of the incipient carbocation (3° > 2° > 1°) in

the TS of Step 2, the rate-determining step. See Fig. 6-2.

1 5+ 5+
RCH,---OH, o 5
R,CH---OH,
B 5+ _ 8+
R ,C' - OHz
>
& .
S AH+ - N
-E RCH; AH?Y
53] AHY
R,CH"
Primary ) Secondary Tertiary R,C*
RCH.OH, R,CHOH, R,COH, R
Reaction Progress !
Fig. 6-2

Problem 6.12 Account for the fact that dehydration of: (a) CH;CH,CH,CH, OH yields mainly CH;CH=CHCH,
rather than CH,;CH,CH=CH,, () (CH;),CCHOHCH, yields mainly (CH;),C=C(CH,).. «

(a) The carbocation (R*) formed in a reaction like Step 2 of Problem 6.11(a) is 1* and rearranges to a more stable 2°
R,CH* by a hydride shift (indicates as ~H:; the H migrates with its bonding pair of electrons).

H H

| l +
CH_}CHQC_éHz =H: CH]CHzg—'C_Hg i%{i> CH3CH=CHCH3 + ROH2
H _
1° RCH} 2° R,CH*

(n-Butyl cation) (sec-Butyl cation)
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(b) The 2° R,CH"* formed undergoes a methide shift (~:CH,) to the more stable 3° R,C™.

+ - +
(CH3)2C—§HCH3 _ﬂ‘i.(CH3)25~_C_HCH3 4ROU, (CH;),C=C(CH;); + ROH,

CH;

2° R,CH? 3°R;C*
(3,3-Dimethyl- (2,3-Dimethyl-
2-butyl cation) 2-butyl cation)

Carbocations are always prone to rearrangement, especially when rearrangement leads to a more stable
carbocation. The alky! group may actually begin to migrate as the leaving group (e.g., H,O) is departing—even
before the carbocation is fully formed.

Problem 6.13 Assign numbers from | for LEAST to 3 for MOST to indicate the relative ease of dehydration and
justify your choices.

CH; CH, CHs
CH;
(@ CH;CHCH,CH;OH  (b) CHy—C—CH,CH; (¢ CHyCH—CH—CH; <
OH OH

(@) 1, (b) 3, (c) 2. The ease of dehydration depends on the relative ease of forming an R*, which depends in turn
on its relative stability. This is greatest for the 3° alcohol (b) and least for the 1° alcohol (a).

Problem 6.14 Give structural formulas for the reactants that form 2-butene when treated with the following
reagents: (@) heating with conc. H,S0,, (b) alcoholic KOH, (c¢) zinc dust and alcohol, (d) hydrogen and a
catalyst. «

(@) CH,CHOHCH,CH, (b)) CH,CHBrCH,CH, (¢) CH,;CHBICHBICH, (d) CH,C=CCH,.

Problem 6.15 Write the structural formula and name of the principal organic compound formed in the following
reactions:

g
(@) CH;CCICH,CH; +alc. KOH ——
(b) HOCH,CH,CH»CH,0H + BF;, heat ——»

/CH:Z—C{'{Z
(¢) Trans- H>C /CH2 + Znin alcoho} —=
CHBr-CHBr
CH,4
(d) CH3—(:?—CH3 + CH;COO™ ——»
Br «

CH;
|

(@) CH3C=CHCH; 2-Methyl-2-butene (0) HyC=CH—CH=CH, 1,3-Butadiene
CH,—CH, CH,

\ |
(©) HZC\ /CHZ Cyclohexene (dy CH3—C=CH; Isobutylene
CH—CH



CHAP. 6] ALKENES 95

6.4 CHEMICAL PROPERTIES OF ALKENES

Alkenes undergo addition reactions at the double bond. The n electrons of alkenes are a nucleophilic site
and they react with electrophiles by three mechanisms (see Problem 3.37).

AN v AN e AN /
3 C‘_C - 1
N~ Q\}F@J{‘_’ A + = /§7 N\ donic)
E E Nu
Intermediate R*

~. s N, S
— C—C +Eé — /%j_?\ + E- (Free radical)
E

Intermediate R+

RCH=CHR + E—Nu —» [RCH:—-CHRr — RCH—CHR (Cyclic, one-step, rare)

E-Nu E Nu
Transition State

REDUCTION TO ALKANES
1. Addition of H,

RCH=—CHR + Hz Pt,Pd or Ni

RCH,CH,;R (heterogeneous catalysis)

H, can also be added under homogeneous conditions in solution by using transition-metal coordina-
tion complexes such as the rhodium compound, Rh[P(CH;),Cl] (Wilkinson’s catalyst). The relative rates
of hydrogenation

H,C=CH, > RCH=CH, > R,C=CH,, RCH=CHR > R,C=CHR > R,C=CR,

indicate that the rate is decreased by steric hindrance.

2. Reductive Hydroboration

B
RCH=CHR t_r;m*:‘H RCH—CHR CHCOOH_ RCH,CH,R (homogeneous catalysis)
204
BH,
Alkylborane

The compound BH, does not exist; the stable borohydride is diborane, B,Hg. In syntheses B,Hj is
dissolved in tetrahydrofuran (THF), a cyclic ether, to give the complex THF:BH,,

[ o:sH,

in which BHj, is the active reagent.

Problem 6.16 Given the following heats of hydrogenation, —AH,, in ki/mol: 1-pentene, 125.9; cis-2-pentene,
119.7; trans-2-pentene, 115.5. (@) Use an enthalpy diagram to derive two generalizations about the relative stabilities
of alkenes. (b) Would the AH, of 2-methyl-2-butene be helpful in making vour generalizations? (¢) The corresponding
heats of combustion, --AH,, are: 3376, 3369, and 3365kJ/mol. Are these values consistent with your generalizations
in part (a)? (d) Would the AH, of 2-methyl-2-butene be helpful in your comparison? (e) Suggest a relative value for
the AH,. of 2-methyl-2-butene. «
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(a) See Fig. 6-3. The lower AH,, the more stable the alkene. (1) The alkene with more alky] groups on the double
bond is more stable; 2-pentene > 1-pentene. (2) The rrans isomer is usually more stable than the cis. Bulky alkyl
groups are anti-like in the trans isomer and eclipsed-like in the cis isomer.

(b) No. The alkenes being compared must give the same product on hydrogenation.

(¢) Yes. Again the highest value indicates the least stable isomer.

(d) Yes. On combustion all four isomers give the same products, H,0 and CO,.

(¢) Less than 3365 kJ/mol, since this isomer is a trisubstituted alkene and the 2-pentenes are disubstituted.

1-Pentene
E ¢is-2-Pentene
3' trans-2-Pentene
> - —
z AH, 125.9 AH, L1197
£ AH,=-115.5
=
: l
n-Pentane
Fig. 6-3

Problem 6.17 What is the stereochemistry of the catalytic addition of H, if trans- CH,CBr=CBrCH, gives
rac-CH; CHBrCHBrCHj; and its cis isomer gives the meso product? «

In hydrogenation reactions, two H atoms add stereoselectively svn (cis) to the 7 bond of the alkene.

Jfrom topside addition  from bottomside addition

racemate

Sfrom wpside addition  from bottomside addition

Br.,
Br, Me
H
(identical ) Me
H

meso

ELECTROPHILIC POLAR ADDITION REACTIONS

Table 6-1 shows the results of electrophilic addition of polar reagents to ethylene.

Problem 6.18 Unsymmetrical reagents like HX add to unsymmetrical alkenes such as propene according to
Markovnikov’s rule: the positive portion, e.g., H of HX, adds to the C that has more H’s (“the rich get richcr”).
Explain by stability of the intermediate cation. «
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Table 6-1
Reagent Product
Name Structure Name Structure
Halogens (Cl,, Br, only) | X:X Ethylene dihalide CH,XCH,X
a4+ d—
Hydrohalic acids H:X Ethy! halide CH,;CH,X
&+ 8— )
Hypohalous acids X:0H Ethylene halohydrin | CH;XCH,0OH
&+ 60—
Sulfuric acid (cold) H:080,0H Ethyl bisulfate CH;CH,0S0;H
I+ d—
Water (dil. H;07%) H:OH Ethy! alcohol (CH,CH,OH
S+b—
Borane H,B:H Ethyl borane [CH,CH,BH,] — (CH;CH,);B
5+ -
Peroxyformic acid H:O—O'CIH Ethylene glycol [CH20HCHZO?[?H] — HOCH,CH,0H
0] 0]
A NaBH
. a.
Mercurlc;_I o ﬁg(OOZCC}h)Z Ethanol }{2C|_$H2 NaOH4 H2C|—$H2
acetate, 2 2 HO Ii{g HO H
7
COCH;

The more stable cation (3° > 2° > 1°) has a lower AH* for the transition state and forms more rapidly (Fig. 6-4).
Markovnikov additions are called regioselective since they give mainly one of several possible structural isomers.

Problem 6.19 Give the structural formula of the major organic product formed from the reaction of CH;CH=CH,
with: (a) Br,, (b) HI, (¢) BrOH, (d) H,O in acid, (¢) cold H,SO,, (/) BH, from B,H;, (g) peroxyformic acid (H,0,
«

and HCOOH).

The positive (64) part of the addendum is an electrophile (E*) which forms CH3éHCH2E rather
than CH,CHECH,. The Nu: part then forms a bond with the carbocation.

The E* is in a box; the Nu:~ is encircled.

(a)

(d)

f

CH3;—CH—CH;

CH;—CH—CH;

CH;—CH—CH,

2CH;CH=CH,
—_—

() CH;—CH—CH,

o

CH—CH—CH,

(CH;CH,CH,);B

(¢) CH3;—CH—CH;

A sulfate ester

(8) CH3;—CH—CH;

(Anti-Markovnikov orientation; with nonbulky alkyl
groups, all H’s of BH3 add to form a trialkylborane)
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AH'  (CH,),CHCH, (1%

Enthalpy

(CHy,C™ (39

(CH,)),C’=C'H;+H"

L 2

-

|

Reaction Progress
Fig. 6-4
Problem 6.20 Account for the anti-Markovnikov orientation in Problem 6.19( /). 4

The electron-deficient B of BH,, as an electrophilic site, reacts with the n electrons of C=C, as the nucleophilic
site. In typical fashion, the bond is formed with the C having the greater number of H’s, in this case, the terminal C. As
this bond forms, one of the H's of BH, begins to break away from the B as it forms a bond to the other doubly bonded
C atom giving a four-center transition statc shown in the equation. The product from this step, CH,CH,CH,BH, (n-
propyl borane), reacts stepwise in a similar fashion with two more molecules of propenc, eventually to give
(CH,CH,CH,),B

2 CH>=CHCH
CH:;CH CH2 + BH:; — CH}CA- CHz — CHxCH'ﬂCHWBHv T e (CHzCHchQ_);B

- '_!2
This reaction is a stereoselective and regioselective srn addition.

Problem 6.21 (a) What principle is used to relate the mechanisms for dehydration of alcohols and hydration of
alkenes? (&) What conditions favor dehydration rather than hydration reactions? D

(a) The principle of microscopic reversibility states that every reaction is reversible, even if only to a microscopic
extent. Furthermore, the reverse process proceeds through the same intermediates and transition states, but in the
opposite order.

'

RCH,CH,OH === RCH=CH, + H,0

() Low H,O concentration and high temperature favor alkenc formation by dehydration, because the volatile alkene
distills out of the reaction mixturc and shifts the equilibrium. Hydration of alkenes occurs at low temperature and
with dilute acid which provides a high concentration of H,O as reactant.

Problem 6.22 Why arc dry gaseous hydrogen halides (HX) acids and not their aqueous solutions used to prepare
alky! halides from alkenes? <

Dry hydrogen halides are stronger acids and better electrophiles than the H;O' formed in their water solutions.
Furthermore, H,0 is a nucleophile that can react with R' to give an alcohol.

Problem 6.23 Arrange the following alkenes in order of increasing reactivity on addition of hydrohalogen acids:
(a) H,C=CH,, (b) (CH3),C=CH,. (¢) CH;CH=CHCH,. <
The relative reactivities are directly related to the stabilities of the intermediate R*s. Isobutylene, (&), i
most reactive because it forms the 3~ (CH3)2CCH The next-most reactive compound is 2-butene, (c), which forrm
the 2° CH;4 CHCH ,CH;. Ethylene forms the I CH, LHw and is lcast reactive. The order of increasing reactivity is:

(@) < (¢) < (h).
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Problem 6.24 The addition of HBr to some alkenes gives a mixture of the expected alky! bromide and an isomer
formed by rearrangement. Outline the mechanism of formation and structures of products from the reaction of HBr
with (a) 3-methyl-1-butene, (b) 3,3-dimethyl-1-butene. |

No matter how formed, an R* can undergo H: or :CH, (or other alkyl) shifts to form a more stable R"™*.

CH;

CH;CHBrCHCH;

lCH3 lCH3 yf 2-Bromo-3-methylbutane

(a) H2c=CHCHCH3LCH3—gH—$—CH3 .

! *H $H3 y (|:H3
2° CH3CH,—C—CH; — CH;CHQ—(IT—CH_;
3e Br
2-Bromo-2-

methylbutane

CH;

|

- Br CH}
CH, CH; yf 3-Bromo-2,2-dimethylbutane
I

l .
() H,C=CH—C—CH; > CHy—CH—C—CH;

] | ~:CHy CH
CH, CH;j \ . > Br T
20 CHy— Cli—C—CH; 2 CH,CH—C—CH,
less stable CH; CH;
3° 2-Bromo-2,3-

more stuble dimethylbutane

Problem 6.25 Compare and explain the relative rates of addition to alkenes (reactivities) of HCl, HBr and
HI. «

The relative reactivity depends on the ability of HX to donate an H* (acidity) to form an R* in the rate-
controlling first step. The acidity and reactivity order is HI > HBr > HCl.

Problem 6.26 (a) What does each of the following observations tell you about the mechanism of the addition of
Br, to an alkene? (i) In the presence of a Cl~ salt, in addition to the vic-dibromide, some vic-bromochloroalkane is
isolated but no dichloride is obtained. (i1) With cis-2-butene only rac-2,3-dibromobutane is formed. (iii) With rans-2-
butene only meso-2,3-dibromobutane is produced. (b) Give a mechanism compatible with these observations. «

(@) (i) Br, adds in two steps. If Br, added in one step, no bromochloroalkane would be formed. Furthermore, the
first step must be the addition of an electrophile (the Br* part of Br,) followed by addition of a nucleophile,
which could now be Br~ or Cl~. This explains why the products must contain at least one Br. (ii) One Br adds
from above the plane of the double bond, the second Br adds from below. This is an anti (frans) addition. Since a
Br* can add from above to cither C, a racemic form results.

H
_ H__. CH,
H'--./ CH, L B%
K Br
CH;, H 'CH,
cis \ (RR)

racemic
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(iii) This substantiates the anti addition.

e
3
:;
x
2
N
2N\
I

rans neso

The reaction is also stereospecific because different stereoisomers give stereochemically different products, e.g.
cis — racemic and trans — meso. Because of this stereospecificity, the intermediate cannor be the free
carbocation CH3CHBrCHCH3 The same carbocation would arise from either cis- or trans-2-butene, and the
product distribution from both reactants would be identical.

(b) The open carbocation is replaced by a cyclic bridged ion having Br* partially bonded to each C (bromonium
ion). In this way the stereochemical differences of the starting materials are retained in the intermediate. In the
second step, the nucleophile attacks the side opposite the bridging group to yield the ansi addition product.

(25,3R)-2,3-Dibromobutane (meso)

H H
: 3 (a1 C?)
HiC, ‘/\CHx Br_ HsC, 2, > CH, || tidentican
—Bfor (@ Ch
H
(2R,35)-2,3-Dibromobutane (meso)
trans a bromonium ion

Br, does not break up into Br+ and Br~. More likely, the 7 electrons attack one of the Br’s, displacing the other as an
anion (Fig. 6-5).

~/

C e . . 3 —
gé%‘bm Bromonium ion + :1_3.r:

FAAN

Fig. 6-5

Problem 6.27 Alkenes react with aqueous Cl, or Br;, to yield vic-halohydrins, —CXCOH. Give a mechanism for
this reaction that also explains how Br, and (CH,),C=CH, give (CH,;),C(OH)CH,Br. «

The reaction proceeds through a bromonium ion [Problem 6.26(5)] which reacts with the nucleophilic H,O to
give

+
—?Br(ITOHZ

This protonated halohydrin then loses H* to the solvent, giving the halohydrin. The partial bonds between the C’s and
Br engender 6+ charges on the C’s. Since the bromonium ion of 2-methylpropene has more partial positive charge on
the 3° carbon that on the [° carbon, H, O binds to the 3 °C to give the observed product. In general, X appears on the C
with the greater number of H’s. The addition, like that of Br, is anti because H,O binds to the C from the side away
from the side where the Br is positioned.
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Problem 6.28 (a) Describe the stereochemistry of glycol formation with peroxyformic acid (HCO,H) if cis-2-
butene gives a racemic glycol and trans-2-butene gives the meso form. (b) Give a mechanism for cis. |

(a) The reaction is a stereospecific qnti addition similar to that of addition of Br,.

(®)
H3Ce.., wCHy; 8+ 3 HsCe.., 2 I’/ CH3
p =Cy + HO S, \’/7 ‘
H H H
cis a protanated ,
epoxide -attack C?-anack
(l)—CH (”) (;H3
q53///<F‘H 0—CH _“H
O‘$ -.(|:41-{ CH3 + . OH
¥ ;
Y
(l)H CH, H racemic
C
H v OH
”3C"'-c'/¢H3 + ] OH
I &
H;¢ H
. RR) $S)
racemic

DIMERIZATION AND POLYMERIZATION

Under proper conditions a carbocation (R*), formed by adding an electrophile such as H* or BF; to an
alkene, may add to the C=C bond of another alkene molecule to give a new dimeric R’*; here, R* acts as
an electrophile and the n bond of C=C acts as a nucleophilic site. R"* may then lose an H* to give an
alkene dimer.

Problem 6.29 (a) Suggest a mechanism for the dimerization of isobutylene, (CH;),C=CH,. (b) Why does
(CH;),C™* add to the “tail” carbon rather than to the “head” carbon? (c¢) Why are the Bronsted acids H,SO, and HF

typically used as catalysts, rather than HCI, HBr, or HI? |
@ TN s
Step 1 CH3_(|:=CH2 + HY —— CH3_$_CH3
CH, CH,
CH
/\ [ 3
Step2 MC3C+ +H2C=C(CH3)2 — ME3C_$H(£_(|?H2
H H’
“tail’” “‘head”
electrophile nucleophile 3° dimeric R™*

Step3 R*—H* — Me3;C—CH=C(CH3;), (major, Saytzeff product)
R*—H"* — Me3C—CH,C(CH;)=CH, (minor, non-Saytzeff product)
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(b) Step 2 is a Markovnikov addition. Attach at the “tail” gives the 3° R'*; attack at the “head” would give the
much less stable, 1° carbocation “CH,C(CH;),CMe;.

(c) The catalytic acid must have a weakly nucleophilic conjugate base to avoid addition of HX to the C=C. The
conjugate bases of HCI, HBr, and HI (Cl~, Br™, and I7) are good nucleophiles that bind to R™.

The newly formed R’ may also add to another alkene molecule to give a trimer. The process whereby
simple molecules, or monomers, are merged can continue, eventually giving high-molecular-weight
molecules called polymers. This reaction of alkenes is called chain-growth (addition) polymerization.
The repeating unit in the polymer is called the mer. If a mixture of at least two different monomers
polymerizes, there is obtained a copolymer.

Problem 6.30 Write the structural formula for (a) the major trimeric alkene formed from (CH,),C—=CH,, labeling

the mer; (b) the dimeric alkene from CH;CH=CH,. [Indicate the dimeric R*.} <
(@ $H3
(CH;3)C CHz—(I:— CH—C(CHj3),
CH;
mer

The individual combining units are boxed,
(b) (CH,;),CHCH=CHCHy3; [(CH;),CHCH,CHCHj;]

STEREOCHEMISTRY OF POLYMERIZATION

The polymerization of propylene gives stereochemically different polypropylenes having different physical
properties.

H'._ */CH3 H-._ */R

C— or C—

The C’ of the mers are chiral, giving millions of stereoisomers, which are grouped into three classes
depending on the arrangement of the branching Me (R) groups relative to the long “backbone™ chain of
the polymer (Fig. 6-6).

CH3H CH3H CH;H CH;H CH;H CH3H

Isotactic (Me or R all on same side)

CH;H HCH;CHsH HCH; CH;H HCH; CH3H

Syndiotactic (Me or R on alternate sides)

CH3H CH3;H HCH; CH;H HCH; HCH,

Atactic (Me or R randomly distributed)

Fig. 6-6
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ADDITION OF ALKANES

(CH,),C=CH, + HC(CH,), —~ (CH,),CHCH,C(CH,),
0 2.2.4-Tnimethylpentane

Problem 6.31 Suggest a mechanism for alkane addition where the key step is an intermolecular hydride (H:)
transfer. >

See Steps 1 and 2 in Problem 6.29 for formation of the dimeric R,

CH; CH,
(CH3)3CCH2(:3+ “—*@C(C}hh - (CH3)3CCH2(:: @+6(CH3)3
CH, CH;
dimeric R*

This intermolecular H: transfer forms the (CH4);C* ion which adds to another molecule of (CH;),C=CH, to
continue the chain. A 3°H usually transfers to leave a 3° R,

FREE-RADICAL ADDITIONS

Oy or

RCH=CH, + HBr =

RCH,CH,Br  (anti-Markovnikov; not with HF, HCI or HI)
RCH=CH, + HSH *9°®0 RCH,CH,SH (ami-Markovnikov)

RCH=CH, + HCCl; R%%® . RCHCH,[CCT] (anti-Markovnikov)
RCH=CH, + BrCCl; *9°® o RCH[BI]CH,[CTT)]

Problem 6.32 Suggest a chain-propagating free-radical mechanism for addition of HBr in which Br. attacks the
alkene to form the more stable carbon radical. <

Initiation Steps
R—0—0—R —-—= R—0- (—0—0— bond is weak)
RO- + HBr — Br.+ R—0O—H

Propagation Steps For Chain Reaction

CH,CHBrCH, <—>— [CH;CI=CH,| + Br. ———= CH;CHCH,Br

(1° radical) (2° radical)

CH3CHCH,Br + HBr ——— CH;CH,CH,Br + Br .

The Br- generated in the second propagation step continues the chain.
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CARBENE ADDITION
NS AN /
C=C_+ :CHy —> /C\C/C\
=N |light H/\H
CH>N,
Diazomethane
CLEAVAGE REACTIONS
Ozonolysis
NS o N9 o N\ _ S
/C—C\ — - \O_O/ N ?/C—O + O—C\

Ozonide Carbonyl compounds

Problem 6.33 Give the products formed on ozonolysis of (¢) H,C=CHCH,CH,, (b)) CH;CH=CHCHj, (c)
(CH,),C=CHCH,CH,, (d) cyclobutene, (¢} H,C=CHCH,CH=CHCH;. L

To get the correct answers, erase the double bond and attach a =O to each of the formerly double-bonded Cs.
The total numbers of C’s in the carbonyl products and in the alkene reactant must be equal.

(@) H,C=0+ 0=CHCH,CH,.

(b) CH,CH=O; the alkene is symmetrical and only one carbonyl compound is formed.

(¢) (CH,),C=0 4 O=CHCH,CH;.

(d) O=CHCH,CH,CH=O0; a cycloalkene gives only a dicarbonyl compound.

(¢) H,C=0+ O=CHCH,CH=0 + O=CHCH,. Noncyclic polyenes give a mixture of monocarbonyl
compounds formed from the terminal C’s and dicarbonyl compounds from the internal doubly bonded C’s.

Problem 6.34 Deduce the structures of the following alkenes.

- Il
(@) An alkene C;jH,, on ozonolysis yields only CH;—C—CH,CH,CH;.
i i
(b) An alkene CyH 4 on oZonolysis gives (CH3);CC=0 and CH;—C—CH,CH;.
(¢) A compound CgH,, adds one mole of H, and forms an ozonolysis the dialdehyde

O=CHCHCH,CH,CHCH=0

(d) A compound C¢H,, adds two moles of H, and undergoes ozonolysis to give two moles of the dialdehyde
O=CHCH,CH,CH=0. <

(¢) The formation of only one carbonyl compound indicates that the atkene is symmetrical about the double bond.
Write the structure of the ketone twice so that the C=0 groups face each other. Replacement of the two O’s by a
double bond gives the alkene structure.
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(b)

()

(@

6.5

CH; CHy HiC CHy
CH3CH,CH,C=0 + O=CCH,CH,CH; <——— CH;CH,CH,C=CCH,CH,CH1

(I:H" (|:H3 (‘:H3 (|:H3
CH3’—(I:_ CH=0 +0=C—CH,CH; =-—— CH}_(I:_(I::C_CHZCHB cis or trans
CH; CHz;H

C3H,, has four fewer H’s than the corresponding alkane, C4H, . There are two degrees of unsaturation. One of
these is accounted for by a C=C because the alkene adds | mole of H,. The second degree of unsaturation is a
ring structure. The compound is a cycloalkene whose structure is found by writing the two terminal carbonyl
groups facing each other.

_CH=0 O=CH CH=—CH
N 1.05 ~ N
CH;"‘CH /CH—CH3 m CH3"‘C\ /CH-CH3
CH,—CH;3 CH,—CHs

The difference of six H’s between C4H |, and the alkane CyH,, shows three degrees of unsaturation. The 2 mol of
H, absorbed indicates two double bonds. The third degree of unsaturation is a ring structure. When two
molecules of product are written with the pairs of C=0 groups facing each other, the compound is seen to be a
cyclic diene.

! 2
CH=0 O0=CH_ o CH=CH_
H,C CH, | o HoC CH,
J | 42—(‘)——5—— | 7 )4
HQC\ /CHZ - H0 (Zm) HQC\(, 5 /CHZ
CH=0 O=CH CH=CH

1,5-Cyclooctadiene

SUBSTITUTION REACTIONS AT THE ALLYLIC POSITION

Allylic carbons are the ones bonded to the doubly bonded C’s; the H’s attached to them are called allylic

H’s.

high temperature

Cl, + H,C=CHCH, H,C=CHCH,CI + HCI
Br, + H,C=CHCH, 2Xenmior iy ¢~ CHCH,Br + HBr

of BI"Z

The low concentration of Br, comes from N-bromosuccinimide (NBS).

O 0

N—Br + HBr ———= N-—H + Br,
O 0

NBS product of Succinimide

bromination

uy or
peroxide

SO,ClI; + H)C=CHCH; H,C=CHCH,CI + HCI + SO»

Sulfuryl
chloride
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These halogenations are like free-radical substitutions of alkanes (see Section 4.4). The order of
reactivity of H-abstraction is

allyl > 37 > 2" > 1° > vinyl

Problem 6.35 Usc the concepts of (a) resonance and (h) extended 7 orbital overlap (delocalization) to account for
the extraordinary stability of the allyl-typc radical.

(a) Two equivalent resonance structures can be written:

| ] |

—(C=C—C— =—> —(C—C=C—

therefore the allyl-type radical has considerable resonance energy (Section 2.7) and is relatively stable,

(b) The three C’s in the allyl unit arc sp®-hybridized and each has a p orbital lying in a common plane (Fig. 6-7).
These three p orbitals overlap forming an extended m system, thereby delocalizing the odd electron. Such
delocalization stabilizes the allyl-type free radical.

Problem 6.36 Designate the type of cach set of Hs in CH;CH=CHCH,CH,—CH(CH,), (e.g. 3°, allylic, etc.)
and show their relative reactivity toward a Br- atom. using (1) for the most reactive, (2) for the next, etc. <

Labeling the H’s as

@ @ @@ (e (f)
CH]CH:CHCHZCHQCH(CH])Z

we have: (a) 17, allylic (2); (b) vinylic (6); (¢) 2'. allylic (1); () 27 (4); () 3° (3). (/) 1° (5).
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6.6 SUMMARY OF ALKENE CHEMISTRY

PREPARATION
Dehydrohalogenation of RX
RCHXCH,, RCH,CH,X + alc. KOH
Dehydration of ROH
RCHOHCH,, RCH,CH,OH +H, SO

1.

'/

RCH CH,

Dehalogenation
of vic — Dihalide

RCHXCH, X +Zn—
Dehydrogenation

of Alkanes

RCH,CH,, heat, Pt/Pd

Reduction of RC=CR

R—C=CH +H,
or Na/C,H,OH

A

107

PROPERTIES
Addition Reactions
(a)

Heterogeneous: H,/ Pt\
Rh{PPh;),Cl

Homogeneous: H -———-——-»RCHZCH3

Chemical: (BH,), CH,CQO, H

‘Hydrogenation

(b) Polar Mechanism

/ — +X,—RCHXCH,X
+ HX— RCHXCH,
+X,, H,0—RCH(OH)CH,X
+H,0-25 RCH(OH)CH,
+H,S0,— RCH(OSO,H)CH,
+BH3, H,0, + NaOH— RCH,CH,OH
+dil. cold KMnO ﬂRCH(OH)CH OH
+hot KMnO, — RCOOH + CO,
+R'CO,H— RCH—CH,

N

o

+RCO,H, H,0* — RCH(OH)CH,OH
+ HF, HCMe3L—¢ RCH,CH,CMe,
+0,, Zn, H, O— RCH=0 + CH =0

(X =Cl, Br)

(c¢) Free-Radical Mechanism

+ HBr— RCH,CH,Br

+ CHCl,— RCH,CH,CCl,

+H" or BF —>polymer

Allylic Substitution Reactions
R—CH,—CH==CH, + X, .

of vy

R—CHX—CH=CH,

Supplementary Problems

Problem 6.37 Write structures for the following:

(a) 2,3-dimethyl-2-pentene
(h) 4-chloro-2,4-dimethyl-2-pentene
(¢) allyl bromide
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(d) 2,3-dimethylcyclohexene
(e} 3-isopropyl-1-hexene

(/) 3-isopropyl-2,6-dimethyl-3-heptene |
CH,
CH,
CH; (I:H3
(h) HyC—C=CH—C—CH, (¢) CH;=CH—CH—CH,—CH,—CHj
Cl CH(CHa»),
(¢) CH;=CHCH,Br (H (CH;)QCHCHQCHZ(ECH(CH,x)z
CH(CH3),

Problem 6.38 () Give structural formulas and systematic names for all alkenes with the molecular formula C4H,,
that exist as stereomers. (b) Which stereomer has the lowest heat of combustion (is the most stable), and which is the
least stable? <

(¢) For a molecule to possess stereomers, it must be chiral, exhibit geometric isomerism, or both. There are five such
constitutional isomers of C4H,,. Since double-bonded C’s cannot be chiral, one of the remaining four C’s must
be chiral. This means that a sec-butyl group must be attached to the C=C group, and the enantiomers are:

i i
HZC:CH>(:;‘-CH2CH3 CH3CH2—(§3"HC=CH2
C:H 3 C:H3
(R)-3-Methyl-1-pentene (5)-3-Methyl- | -pentene

A molecule with a terminal =CH; cannot have geometric isomers. The double bond must be internal and is first
placed between C” and C’ to give three more sets of stereomers:

H H H  CH)CH,CH, H o H H CH(CH3),
c=C C=C C=C C=C
/ \ / \ / \ / \
HiC CH,CH,CH; H;C H H5C CH(CH,), H;C H
(Z)-2-Hexene (E)-2-Hexene (Z)-4-Methyl-2-pentene  (F)-4-Methyl-2-pentene
H3C\ /CH3 H_;C\ /CH2CH3
C=C C=C
/ A\ / \
H CH,CH, H CH,

(£)-3-Methyl-2-pentene (2)-3-Methyl-2-pentene
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The double bond is now placed between C* and C* to give the isomers:

CH}CHg\‘_ /CHgCHg CH;C\HZ_ ‘/H
/(,—C\ /C—(_
H H H CH-CH;
(Z)-3-Hexene (£)-3-Hexene

() The 3-methyl-2-pentenes each have three R groups on the C=C group and are more stable than one or the other
isomers, which have only two R’s on C=C. The £ isomer is the more stable because it has the smaller CH;’s cis
to each other, whereas the Z isomer has the larger CH,CH; group cis to a CH; group. 3-Methyl-1-pentene is the
least stable, because it has the fewest R groups, only one, on the C=C group. Among the remaining isomers, the
trans are more stable than the ¢is because the R groups are on opposite sides of the C=C and are thus more
separated.

Problem 6.39 Write structural formulas for the organic compounds designated by a ? and show the stereo-

chemistry where requested. |
(¢} CH3—C—CH-;CH;CH; + alcoholic KOH — ?(major) + 7(minor)
Br
H\ /H
(» /CZC\ + Br; — 7+ (Stereochemistry)
CH;, CH,

?H,; ({‘H_;

(¢)  ?(alkene) + ? (reagent) — CH3—(]‘—CH3—(|‘—CH3
OH

(¢) CH3;CH,CH,CH,CH=CH, + CHBr; + peroxide ——» 2

CH,CH,
(e) CH3<

_CHa + HOBr
CH=C{
CH;

- 2 (Stereochemistry)

CH;
i
(f) CH3CH>CHCH,O0H + H,80, heal -—— » (major) + ?(minor)

CHj
[CHy C=CH[CH,CHj] H,C=C~ [CH,CH,CH]

major: has 3 R's on the C=C. minor: has only 2 R's.

(h) Anti addition to a cis diastereomer gives a racemic mixture,
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(¢) The 3° alcohol is formed by acid-catalyzed hydration of

(|:H3 (I:HS (I:H3 (I:HS
CH3_(|:"‘CH=C_CH3 or CH}“‘([:_CHQ_C:CHQ
H H

The reagent is dilute aq. H,SO,.

(d) CH}CHchchchQCHchT3.
(e) In this polar Markovnikov addition, the positive Br adds to the C having the H. The addition is anti, so the Br

will be trans to OH but cis to CH;. The product is racemic:

|
|
HyC Br | Br CH;
|
|
|

(f) The formation of products is shown:

H
+ I _] +
CH;CH,CHCH;0H —“»CH;CHzcl:HCHZQH MO CH;CH,CHCHY —HL CHyCH,C==CH,
CH, CH, aey Ot CH,
(minor)

— +
lm: H

CH;CH=C(CHz); =" CH;CH,—C(CHa),
(major) (39

Problem 6.40 Draw an enthalpy-reaction progress diagram for addition of Br, to an alkene.

See Fig. 6-8.

Enthalpy

Reaction Progress

Fig. 6-8

Problem 6.41 Write the initiation and the propagation steps for a free-radical-catalyzed (RO-) addition of

CH;CH=0 to 1-hexene to form methyl n-hexyl ketone,
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Il
CH3;CH,CH,CHy;CH,CH; —C—CH; <

The initiation step is

I 1l
CH,—C:H+RO: — CH;—C- +RO:H

and the propagation steps are

¢
I . I
n-C4Hg—CH=CH, +-C—CH; — n-C;Hg—CH—CH,—C—CH; (addsto give2°R")

RN 0

; I
n-C4Hg—CH—CH;—C—CH;3; + H—C—CH; — n-C4Hy—CH,;CH,—C—CH;3 + -C—CH;3 (regenerates)

Problem 6.42 Suggest a radical mechanism to account for the interconversion of cis and #rans isomers by heating
with I,. <

I, has a low bond dissociation energy (151 kJ/mol) and forms 2I- on heating. I- adds to the C=C to form a
carbon radical which rotates about its sigma bond and assumes a different conformation. However, the C—1I bond is
also weak (235kJ/mol) and the radical loses I under these conditions. The double bond is reformed and the two
conformations produce a mixture of cis and frans isomers.

R R

AN

R R R R
£l \C_@/ AN AN AN /
/ S \R

/
— —_— —C ==
T L e R TR AEEN

trans cis

Problem 6.43 Write structures for the products of the following polar addition reactions:

(@) (CHy),C=CHCH, +[—Cl—=?  (b) (CH;),C=CH, + HSCH; —= ?
(¢) (CH3)N—CH==CH, + Hl—=?  (d) H,C=CHCF; + HCl —= ? <

o+ 60—
(@) (CH3)2C@CHCH3. I is less electronegative than Cl in I—Cl and adds to the C with more H’s.

®) (CHy,C—CHy
CHsS H
o+ 46—
H is less electronegative than S; H—SCHj.
(C) (CH})]N—‘CHZ _CHZ—I
The + charge on N destabilizes an adjacent + charge. (CH3)3I:ICH26H2 is more stable than (CH3)3I\+I(+3HCH3.
Addition is anti-Markovnikov.

(d) CICH,CH,CF;. The strong electron-attracting CF; group destabilizes an adjacent + charge so that éHZCHZCF3
is the intermediate rather than CH;CHCEF,;.
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Problem 6.44 Explain the following observations: (a) Br, and propene in C,H;OH gives not only
BrCH,CHBrCH; but also BrCH,CH(OC,H4)CH,. (b) Isobutylene is more reactive than I-butene towards per-
oxide-catalyzed addition of CCl. (¢) The presence of Ag™ salts enhance the solubility of alkenes in H,O. <

(a) The intermediate bromonium ion reacts with both Br~ and C,H;OH as nucleophiles to give the two products.
(b) The more stable the intermediate free radical, the more reactive the alkene. H,C==CHCH,CH; adds -CCl, to give
the less stable 2- radical Cl;CCH,CHCH,CH;. whereas H,C=C(CHj), reacts to give the more stable 3° radical
Cl;CCH,C(CHj;);. (¢) Ag™ coordinates with the alkene by p-d 7 bonding to give an ion similar to bromonium ion,
but more stable:

Problem 6.45 Supply the structural formulas of the alkenes and the reagents which react to form: (a) (CH;),ClI,

(b) CH,CHBr,, (¢) BrCH,CHCICH;. (d) BrCH,CHONCH,CL. <
i
(@ CH;—C=CH, +Hl (h) H,C=CHBr + HBr
{(¢) H,C=CCl—CH; + HBr + peroxide (d) BrCH,—CH=CH, + HOCI
or H,C=CHCH; + BrCl or H,C=CH—CH,Cl + HOBr

Problem 6.46 Outline the steps needed for the following syntheses in reasonable yield. Inorganic reagents and
solvents may also be uscd. (¢) 1-Chloropentane to 1.2-dichloropentanc. (b) 1-Chloropentane to 2-chloro-pentanc. (¢)
1-Chloropentane to |-bromopentanc. (/) 1-Bromobutane to 1.2-dihydroxybutane. (e¢) Isobutyl chloride to

ou o
(‘H;*(l‘#(‘Hg—(l‘—CH_z
CH; I
Syntheses are best done by working backwards. keeping in mind your starting material. <

(a) The desired product is a vie-dichloride made by adding Cl, to the appropriate alkene, which in turn is made by
dehydrochlorinating the starting material.

ale.

CICH,CH,CH,CH,CH; o H,C=CHCH,CH,CH, L CICH,CHCICH,CH,CH;
() To get a pure product add HCI to [-pentene as made in part (a).
H,C=CHCH,CH,CH, + HCl — H;CCHCICH,CH,CH,

(¢) An anti-Markovnikov addition of HBr to 1-pentene [part («)].

peroxide

H,C=CHCH,CH,CH, + HBr BrCH,CH,CH,CH,CH,
(d) Glycols are made by mild oxidation of alkenes.
BICH,CH,CH,CH, =~ H,C=CHCH,CH, "'t:_”‘ HOCH,CHOHCH,CH,4

(e) The product has twice as many C’s as does the starting material. The skeleton of C’s in the product corresponds
to that of the dimer of (CH;),C=CH,.
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CH;
H,S0, |
(CH3);CHCH,Cl —2%» (CH;),C=CH; —— (CH3);CCH=C(CH3); + (CH;);CCH,C =CHj,

KOH \\ /
~

lm

(CH3);CCH;CI(CH;),

Problem 6.47 Show how propene can be converted to («) 1,5-hexadiene, (b) 1-bromopropene, (¢) 4-methyl-1-
pentene. <

C1,,500°C 1. Li. 2. Cul

————————
3. CICH,CH=CH,

(a) CH,CH=CH, CICH,CH=CH, H,C=CHCH,CH,CH=CH,

Br,(CCly)

(5) CH,CH=CH, CH,CHBrCH, Br % CH,CH=CHBr l
(Little CH;CBr=CH, is formed because the 2° H of —CH,Br is more acidic than the 3° H of —CHBr.)

(@) _ HBr P Mg P
CHyCH=CH, %> CH,—CH—CH, CH;—CH—CH;
Br MgBr CuBr (|:HJ
—Cubr o CH,—CH—CH,CH=CH,
+
CH,CH=CH, 1 3007C > CICH,CH=CH,

i 2 3 4
Problem 6.48 (a) Br, is added to (S)—H,C=CHCHBrCH,. Give Fischer projections and R.S designations for the
products. Are the products optically active? (£) Repeat (a) with HBr. <

(@) C? becomes chiral and the configuration of C? is unchanged. There are two optically active diastereomers of
1,2,3-tribromobutane. It is best to draw formulas with H’s on vertical lines.

Br Br Br H Br
J ; 4 ! 5 ; 4 I N
H2C=CH CH; — BrCH; . CH'; + BrCH,— 71— CH;
H H H Br H
(5) (2R,35) (25.35)
optically active optically active

() There are two diastereomers of 2,3-dibromobutane:

Br Br Br H Br
P HE P i PP
H H H Br H
&) (2R,35)-meso (25,39)
optically inactive optically active

Problem 6.49 Polypropylene can be synthesized by the acid-catalyzed polymerization of propylene. (a) Show the
first three steps. (b) Indicate the repeating unit (mer). <
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H H H H H
H » HC=CCH, | 1 Ho=cen, |
(a) CH3CH=CH2 I (Cl‘h)z("+ R e—— (CH;)2(|:_C|‘_(I:+ —— (CHg)ch_CHz_(lj_CHz_
H H H CH, CH;
monomer monomeric dimeric trimeric carbocation
carbocation carbocation
i
) —CH3—§—
CH;,
Problem 6.50 List the five kinds of reactions of carbocations and give an example of each. <

(¢) They combine with nucleophiles,

$H3 Cle?
CH,—C—CHj; + :0H, —“» CH,—C—CH,
T (l)H

(h) As strong acids they lose a vicinal H [deprotonate], to give an alkene.
g g
CH,;—C—CH;, -

8 > CH,—C=CH,

(¢) They rearrange to give a more stable carbocation.

o
CH;—C—CH, — CH;—C—CH;
+

1° 3°

() They add to an alkene to give a carbocation with higher molecular weight.

(|TH3 (|3H1 CH; (lfH_;
CH;—C—CH; + H,C=C—CH; — CH;-?*CHz—C—CHg
t +

. . CH;
clectrophile nucleophile

{¢) They may removc H (a hybride transfer) from a tertiary position in an alkane.

CH, CH,
CH—CEH)+ jZHZCHJ ——> CH;—CH, + CH,—C*
CH, CH,

Problem 6.51 From propene. prepare (a) CH,CHDCH;. (b) CH,CH,CH,D. <

H
&

I
CH;
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(@) CH,CH=CH, + HCl —~ CH,CHCICH, —% CH,CHMgCICH, —=°~ CH,CHDCH,

or propene + B,D, —= (CH;CHDCH,),B

(b) CH,;CH=CH,

B,H,

CH,COOL

product
CH,CO0D

(CH;CH,CH,),B

CH,CH,CH,D

Problem 6.52 Give 4 simple chemical tests to distinguish an alkene from an alkane.

115

<

A positive simple chemical test is indicated by one or more detectable events, such as a change in color,
formation of a precipitate, evolution of a gas, uptake of a gas, evolution of heat.

(loss of color and formation

p =C< + Br, Ly —(lj—(lj— (loss of color)
(red) Br Br
(colorless)
AN /" KMnOq |
= —~ —C—C— +
/C C\ (purple) | | Mn02

\C C/ H,50 —_— —(C—(C—
— + . .
/ \ 2 4 (conc ) . .

brown-black
precipitate

| |

OHOH
{colorless)

I
H OSOH

~—(C—(C— (uptake of a gas)
[
H H

Alkanes give none of these tests.

Problem 6.53 Give the configuration, stereochemical designation

tetrahydroxy products.

Yy
v dil, cold
CHy (|: =C ([: CH3 Xm0, on
OH OH /
) (R) ) "\C\;o
cis, meso % %,
vy
N di). cold
CH3_(I:_L_(|: (f CHs Ko, on
OH H OH
() R) “he o
trans 2 o=
(optically active) %0 %,
A A
N di. cold
CH3_(,:_( =C (,: CH, KMnOj. OH
H OH /
”~

R) R h =0
cis T4
00
(optically active) Oo”

+ hea

of precipitate)

(solubility in sulfuric acid)

7+ 7 {a)
7+ 7 (b)
Y47 (o)
24+ (d)
’ (e}
T+ (f)

and R,S specification for the indicated
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(a) syn Addition of encircled OH’s:

H H H H H @@H

CH, | é@é! CH; CH, I — I CH,
OH OH OHH H OH
) (5 (R (B S (R S) (B)

meso, neso;

(b) anti Addition of encircled OH’s:

H @ H H H
OHH @0 OH@
& ® ®) (R (5 ©) & ®)

racemic form

H
I CH, (enantiomers)
(0]

(¢) syn Addition; same products as part ().
(d) syn Addition; same products as part (a).

(e) syn Addition:
OH @@ OHH H H
CH, | | CH,==CH, | | { CH,
H H H OH @@OH

(R) (R) ($) (R R B (R

One optically active stereoisomer is formed.
(/) anti Addition:

OHH }—|l

H H
| i CHy  CHy ‘[ | [ CH,
HOH @OH H @H OH

Ry (R) (R) (R) (R) (5) () (B

Two optically active diasteriomers.

Problem 6.54 Describe (u) radical-induced, and (/) anion-induced, polymerization of alkenes. (¢) What kind of
alkenes undergo anion-induced polymerization? <

(a) See Problem 6.32 for formation of a free-radical initiator, RQ-, which adds according to the Markovnikov rule.

/\ m =CHCH;

RO H CH, RO H CH; H CH,



CHAP. 6] ALKENES 117

The polymerization can terminate when the free-radical terminal C of a long chain forms a bond with the
terminal C of another long chain (combination), RC. + .CR’ — RC—CR’. Termination may also occur when
the terminal free-radical C’s of two long chains dispropertionate, in a sort of auto-redox reaction. One C picks
off an H from the C of the other chain, to give an alkane at one chain end and an alkene group at the other chain
end:

|
R(|:H(|:- + ﬁHR' — R(ITH(|3H + >C:(|3R’

(b) Typical anions are carbanions, R:™, generated from lithium or Grignard organometallics.

+H2C=CXCH3 — RCHZ/C\:_ — RCHZ/C\—CHZ/C\:‘
X CH, H«C X HiC X

These types of polymerizations also have stereochemical consequences.
(¢) Since alkenes do not readily undergo anionic additions, the alkene must have a functional group X (such as
—CN or O=(|?OR’) on the C=C that can stabilize the negative charge:

Problem 6.55 Alkenes undergo oxidative cleavage with acidic KMnO, and as a result each C of the C=C ends
up in a molecule in its highest oxidation state. Give the products resulting from the oxidative cleavage of (a)
H,C=CHCH,CH,, (b) (E)- or (Z)-CH;CH=CHCHy3, (c) (CH;),C=CHCH,CH,. <

(@ H,C=CHCH,CH, —="%. €0, + HOOCCH,CH, (H,C= gives CO,)

(») CH,CH=CHCH, CH,COOH + HOOCCH; (RCH=gives RCOOH)
() $H3 §H3
CHy;—C=CHCH,CH,CH; —2"% o CH,—C=0 + HOOCCH,CH,CH;  (R;C= gives Ro,C=0)

KMnO,
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Then the Cl’s are placed on different C’s. The isomers with the CI’s on adjacent C’s are vicinal or vic-dichlorides.

Cl Cl
I I
CICH,CHCH,CHj,4 CICH,CH,CHCH3; CICH,CH,CH,CH,ClI CH;CHCICHCICH;
1,2-Dichloro- 1,3-Dichloro- 1,4-Dichloro- 2,3-Dichloro-
butane (vic) butane butane butane (vic)

From isobutane we get

?Hs (IjHa ICH3
ClLCH—CH—CHs CICH,—CCI—CHs CICH,—CH—CH,C1
1,1-Dichloro-2-methyl- 1,2-Dichloro-2-methyl- 1,3-Dichloro-2-methyl-

propane (gem) propane (vic) propane

Problem 7.2 Compare and account for differences in the (a) dipole moment, (b) boiling point, (¢) density and ()
solubility in water of an alkyl halide RX and its parent alkane RH. <

(a) RX has a larger dipole moment because the C—X bond is polar. () RX has a higher boiling point since it has
a larger molecular weight and also is more polar. (¢) RX is more dense since it has a heavy X atom; the order of
decreasing density is RI > RBr > RCI > RF. (d) RX, like RH, is insoluble in H,O, but RX is somewhat more soluble
because some H-bonding can occur:
o+ o- S+ §—

R—X:---H—0O
This effect is greatest for RF.

7.2 SYNTHESIS OF RX

Halogenation of alkanes with Cl, or Br, (Section 4.4).

From alcohols (ROH) with HX or PX; (X =1, Br, Cl); SOCl, (major method).
Addition of HX to alkenes (Section 6.4).

X, (X = Br, Cl) + alkenes give vic-dihalides (Section 6.4).

RX + X~ — RX' + X~ (halogen exchange).

R S e

Problem 7.3 Give the products of the following reactions:

(@) CH,;CH,CH,0OH + HI — () n-C,HyOH + NaBr + H,80, —

(¢) CH3CH,OH + PLi(P + 1) — (d) (CH;),CHCH,0OH + SOCl; —

(¢) H,C=CH, + Br, — (/) CH;CH=C(CH;), -+ HI —=

(g) CHCH,CH,Br+1" — <
(a) CH,CH,CH,I + H,0O (b) n-C4HyBr + NaHSO, + H,O
(¢) CH;CH,I + H,PHO; (phosphorous acid) (d) (CH;),CHCH,CI + HCI(g) + SO,(g)
(¢) H,CBrCH,Br (f) CH;CH,CI(CH,),

(g) CH,CH,CH,I + Br~
Problem 7.4 Which of the following chlorides can be made in good yield by light-catalyzed monochlorination of
the corresponding hydrocarbon?
(@) CH;CH,Cl (¢) (CH3);CCH,Cl () H H (f) HC=CHCH,CI <
(b) CHsCH,CH,CH,Cl  (d) (CH;),CCl

H H
H Cl
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To get good yields, all the reactive H’s of the parent hydrocarbon must be equivalent. This is true for

/CHZ\

(a) CH3CH, () (CH;);CCH; (&) HC CH; (f) HyC=CHCH;

Although the H's of (), propene, are not equivalent, the three allylic H’s of CH, are much more reactive than the inert
vinylic H’s on the double-bonded C’s. The precursors for () and (d), which are CH;CH,CH,CH; and (CH;);CH,
respectively, both have more than one type of equivalent H and would give mixtures.

Problem 7.5 Prepare

(a) CH3CHBK’CH3 (b) CH3CH2CH2CH21

CH,3 $H3
© CH3—$—CH3 @ ClCH2C=$—CH3 (e) CH3$HC|H2
Cl CH; C1 Cl
from a hydrocarbon or an alcohol. |

(a) Two ways:

P
CH,;CH=CH, + HBr —» [CH;CHBICH;| =<~ CH,CHOHCH;

(b) Two ways:

CH,CH,CH=CH, + HBr =%, CH,CH,CH,CH,Br

acetonell -

CHyCH,CH;CH,l| = CH3CH;CH,CH,0H

HI does not undergo an anti-Markovnikov radical addition.
(¢) Two ways:

CH, CH;
CH;—C=CH, + HCl —» CH;—C—CHy| <—— (CHy);COH + HCI
al
CH, CHy
(@) CHy—C=C—CHy + Cly e CICH~C=C—CH; + HCI
CH, CH,

(¢) CH;CH=CH; + Cl; —> CH3$HCIH2
C1Cl
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7.3 CHEMICAL PROPERTIES
o+ 8-
Alky! halides react mainly by heterolysis of the polar C+—X bond.

NUCLEOPHILIC DISPLACEMENT

Nu: - R:Nu
\ - .
or + R@}L—* or + X

Nu: / [R:NuJ*

Nucleophile + Substrate — Product + Leaving Group

The weaker the Bronsted basicity of X, the better leaving group is X~ and the more reactive is RX. Since
the order of basicities of the halide ions X~ is [T < Br™ < Cl™ < F7, the order of reactivity of RX is
RI > RBr > RCl > RF.

The equilibrium of nucleophilic displacements favors the side with the weaker Bronsted base; the
stronger Bronsted base displaces the weaker Bronsted base. The rate of the displacement reaction on the C
of a given substrate depends on the nucleophilicity of the attacking base. Basicity and nucleophilicity

differ as shown:
T TN
basicity B - + H@X—= B—H + X-

l |
nucleophilicity + —C%’ B—(|:_ + X

Problem 7.6 What generalizations about the relationship of basicity and nucleophilicity can be made from the
following relative rates of nucleophilic displacements:

(@ OH™ > H,0and NH; > NH; (b)) H;C:™ > :OH > F:
© I > Br>:Cl” > E (d) CH;0” > OH™ > CH,CO0" <
(a) Bases are better nucleophiles than their conjugate acids.
(b) In going from left to right in the Periodic Table, basicity and nucleophilicity are directly related—they both
decrease.
(¢) In going down a Group in the Periodic Table they are inversely related, in that nucleophilicity increases and

basicity decreases.
(d) When the nucleophilic and basic sites are the same atom (here an O), nucleophilicity parallels basicity.

The order in Problem 7.6(c) may occur because the valence electrons of a larger atom could be more
available for bonding with the C, being further away from the nucleus and less firmly held. Alternatively,
the greater ease of distortion of the valence shell (induced polarity) makes easier the approach of the larger
atom to the C atom. This property is called polarizability. The larger, more polarizable species (e.g. I, Br,
S, and P) exhibit enhanced nucleophilicity; they are called soft bases. The smaller, more weakly
polarizable bases (e.g. N, O, and F) have diminished nucleophilicity; they are called hard bases.

Problem 7.7 Explain why the order of reactivity of Problem 7.6(c) is observed in nonpolar, weakly polar aprotic,
and polar protic solvents, but is reversed in polar aprotic solvents. <

In nonpolar and weakly polar aprotic solvents, the salts of :Nu™ are present as ion-pairs (or ion-clusters) in which
the nearby cations diminish the reactivity of the anion. Since, with a given cation, ion-pairing is strongest with the
smallest ion, F~, and weakest with the largest ion, I, the reactivity of X~ decreases as the size of the anion decreases.
In polar protic solvents, hydrogen-bonding, which also lessens the reactivity of X, is weakest with the largest ion,
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again making the largest ion more reactive. Polar aprotic solvents solvate only the cations, leaving free, unencumbered
anions. The reactivities of all anions are enhanced, but the effect is more pronounced the smaller the anion. Hence, the
order of Problem 7.6(c) is reversed.

Problem 7.8 Write equations for the reaction of RCH,X with
0

@7 @) :OH (0 :OR™ @RV () Rc/(o (f) HaN:  (g) :CN
and classify the functional group in each product. 4
(@ I~ +RCH,X — RCH,I + :X:~ Todide
() ~:OH + RCH,X — RCH,OH + :X:~ Alcohol
(¢) T:OR’+ RCH,X —= RCH,OR’ + :X:~ Ether
(d) R+ RCH,X —= RCH,R’ +:X:~ Alkane (coupling)
(¢) ~:OOCR’ +RCH,X — RCH,00CR’ + :X: Ester
(/) :NH; + RCH,X — RCH,NH{ +:X:~ Ammonium salt
(g) ~:CN + RCH,X — RCH,CN +:X: Nitrile (or Cyanide)

Problem 7.9 Compare the effectiveness of acetate (CH;COO™), phenoxide (C¢HsO™) and benzenesulfonate
(C¢HsSO73 ) anions as leaving groups if the acid strengths of their conjugate acids are given by the pK, values 4.5,
10.0, and 2.6, respectively. |

The best leaving group is the weakest base, C¢HsSO; ; the poorest is C¢HsO™, which is the strongest base.

Sulfonates are excellent leaving groups—much better than the halides. One of the best leaving groups
(10® times better than Br™) is CF;507, called triflate.

1. Sy1 and Sn2 Mechanisms

The two major mechanisms of nucleophilic displacement are outlined in Table 7-1.

Problem 7.10 Give the 3 steps for the mechanism of the Sy1 hydrolysis of 3° Rx, Me;CBr. 4

(I) Me;C:Bri — Me,C* + Br:~
(2) Me;C* + :0OH, « Me,C:0H;
(3) Me;COHY + H,0 < Me;COH + H;0*

Problem 7.11 Give examples of the four charge-types of Sn2 reactions, as shown in the first line of Table 7-1.
<

CH3CH,Br + :OH™ ——» CH,;CH,0H + :Br~

CH3CH,Br + :NH; — CH3;CH,NH{ + Br:~

+ N, . ..
(CH3),S :CHy + :OH™ — CH;30H + (CH3),S: (leaving group)
a sulfonium cation Dimethy] sulfide

+ TN . g
(CH3);3—CHj + :N(CHz); — CH3N(CH3); + (CH;),S:
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Table 7-1
Snl Sn2
Steps Two: (1) R:X Sov, Rt +:X~ One: R:X 4 :Nu~ — RNu+:X~
carbocation or R:X+ :Nu— RNut:X~

2) R* + :NuH fast RNuH™ or R:X* 4+Nu™ — RNu+X:
or R:X* 4+ Nu— RNut + X:

Rate = k[RX] (1st-order) = k[RX]['Nu~] (2nd-order)

Structure of R
Determining factor
Nature of X
Solvent effect

on rate

3°>2°>1°>CH,
Stability of R*

RI > RBr > RCl > RF
Rate increase in
polar solvents

\s & s I s
TS of slow step C---:X :Nu- -C--X (with :Nu")
/\
Molecularity Unimolecular Bimolecular
Stereochemistry Inversion and racemization Inversion (backside attack)
Reactivity

CHy > 1° > 2° > 3°

Steric hindrance in R group
RI>RBr>RCl > RF

With Nu~ there is a large
rate increase in polar
aprotic solvents

Effect of nucleophile

R* reacts with
nucleophilic solvents
rather than with :Nu~
(solvolysis), except when
R* is relatively stable

Rate depends on nucleophilicity
I > Br~ > ClI7; RS:™ > RO~
Equilibrium lies towards
weaker Bronsted base

Catalysis

Lewis acid, e.g. Ag?,
AICL;, ZnCl,

(1) Aprotic polar solvent
(2) Phase-transfer

Competition, reaction

Elimination, rearrangement

Elimination, especially
with 3° RX in strong
Bronsted base

Problem 7.12 (a) Give an orbital representation for an S\2 reaction with (S)-RCHDX and :Nu™, if in the transition
state the C on which displacement occurs uses sp® hybrid orbitals. (b) How does this representation explain (i)
inversion, (i) the order of reactivity 3° > 27 > [°?

(a) See Fig. 7-1.

<

(b) (i) The reaction is initiated by the nucleophile beginning to overlap with the tail of the sp® hybrid orbital holding
X. In order for the tail to become the head, the configuration must change; inversion occurs. (ii) As H’s on the
attacked C are replaced by R’s, the TS becomes more crowded and has a higher enthalpy. With a 3° RX, there is a
higher AH* and a lower rate.

Problem 7.13 (a) Give a representation of an Syl TS which assigns a role to the nucleophilic protic solvent
molecules (HS:) needed to solvate the ion. (b) In view of this representation, explain why (i) the reaction is first-order;
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(ii) R* reacts with solvent rather than with stronger nucleophiles that may be present; (iii) catalysis by Ag* takes
place; (iv) the more stable the R*, the less inversion and the more racemization occurs. 4

(a) H-bond

|8+8—
HS:---C--X---HS:

Solvent-assisted Sy1 TS

(b) (i) Although the solvent HS: appears in the TS, solvents do not appear in the rate expression. (i) HS: is already
partially bonded, via solvation, with the incipient R*. (iii) Ag* has a stronger affinity for X~ than has a solvent
molecule; the dissociation of X~ is accelerated. (iv) The HS: molecule solvating an unstable R* is more apt to
form a bond, causing inversion. When R* is stable, the TS gives an intermediate that reacts with another HS:
molecule to give a symmetrically solvated cation,

+

HS--C- -SH

which collapses to a racemic product:

H§—C':: + ...'C——§H
/

\

The more stable is R*, the more selective it is and the more it can react with the nucleophilic anion Nu~. <«

¥

L N PO
OTRD I

sp® hybridized sp? hybridized
with p orbital
S Configuration TS
R

/ _

sp3 hybridized

R Configuration
(Nu and X of same priority)

Fig. 7-1
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Problem 7.14 Give differences between Sy 1 and Sy2 transition states. <4

1. In the Syl TS there is considerable positive charge on C; there is much weaker bonding between the
attacking group and leaving groups with C. There is little or no charge on C in the Sy2 TS.
2. The Syl TS is approached by separation of the leaving group; the Sy2 TS by attack of :Nu~ or :Nu
3. The AH? of the Syl TS (and the rate of the reaction) depends on the stability of the incipient R¥. When R*
is more stable, AH? is lower and the rate is greater. The AH? of the Sy2 TS depends on the steric effects.
When there are more R’s on the attacked C or when the attacking :Nu~ is bulkier, AH? is greater and the
rate is less.

Problem 7.15 How can the stability of an intermediate R* in an Syl reaction be assessed from its enthalpy—
reaction diagram? 4

The intermediate R is a trough between two transition-state peaks. More stable R*’s have deeper troughs and
differ less in energy from the reactants and products.

Problem 7.16 (a) Formulate (CH;);COH + HCl — (CH;);CCl + H,0 as an Syl reaction. (b) Formulate the
reaction CH;OH + HI — CH,1 + H,0 as an Sy2 reaction. <

fast

+
(@) Stepl (CH;);COH + HCI (CH;);COH; + CI”
base, acid, acid, base,
oxonium ion

(CH3)3C+ + HQO

slow

+
Step 2 (CH3)3COH2

fast

Step3 (CH;3):C"+Cl- —— (CHj3);CCl

fast + -
(/) Stepl CH;OH + HI CH;OH; + 1
27N
Step 2 :‘I.:_ + H,C ﬂ» ICH; + H,O
Problem 7.17 ROH does not react with NaBr, but adding H,SO, forms RBr. Explain. <

Br™, an extremely weak Bronsted base, cannot displace the strong base OH™. In acid, RéHz is first formed. Now,
Br~ displaces H,0O, which is a very weak base and a good leaving group.

Problem 7.18 Optically pure (S)-(+)-CH3;CHBr-n-C¢H,; has [oz]%,5 = +36.0°. A partially racemized sample
having a specific rotation of +30° is reacted with dilute NaOH to form (R)-(—)-CH3CH(OH)-n-CgHi;
([2]5 = —5.97°), whose specific rotation is —10.3° when optically pure. (@) Write an equation for the reaction
using projection formulas. (b) Calculate the percent optical purity of reactant and product. (¢) Calculate percentages of
racemization and inversion. (d) Calculate percentages of frontside and backside attack. (e) Draw a conclusion

concerning the reactions of 2° alkyl halides. (/) What change in conditions would increase inversion? 4
CeHis CeHis

@ HO: + CH3—5>—EEr1 — HO+CH3 + Br
(S) (R)

(b) The percentage of optically active enantiomer (optical purity) is calculated by dividing the observed specific
rotation by that of pure enantiomer and multiplying the quotient by 100%. The optical purities are:

-5.97°
—10.3°

Bromide = % (100%) = 83% Alcohol = (100%) = 58%
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(¢) The percentage of inversion is calculated by dividing the percentage of optically active alcohol of opposite
configuration by that of reacting bromide. The percentage of racemization is the difference between this
percentage and 100%.

58%

83%

Percentage racemization = 100% — 70% = 30%

Percentage inversion = (100%) = 70%

(d) Inversion involves only backside attack, while racemization results from equal backside and frontside attack. The
percentage of backside reaction is the sum of the inversion and one-half of the racemization; the percentage of
frontside attack is the remaining half of the percentage of racemization.

Percentage backside reaction = 70% + 1(30%) = 85%
Percentage frontside reaction = %(30%) =15%

(¢) The large percentage of inversion indicates chiefly Sy2 reaction, while the smaller percentage of racemization
indicates some Syl pathway. This duality of reaction mechanism is typical of 2° alkyl halides.
(f) The SN2 rate is increased by raising the concentration of the nucleophile—in this case, OH",

Problem 7.19 Account for the following stereochemical results:

G
—C— 2% inversion
CH, RS) HO (,: CeHs + HBr 98% racemization
C4Hs—C—Br H

I \
u i CHs
Jorn I 27% inversion

CH30—(|3_C6H5 + HBr 33 racemization
H |

84
H,O0 is more nucleophilic and polar than CH3OH. It is better able to react to give HS:---R ---:SH (see Problem
7.13), leading to racemization.

Problem 7.20 NH; reacts with RCH,X to form an ammonium salt, RCH,NH7f X™. Show the transition state,

indicating the partial charges. <
H
& 1 8
H3N:---C---:X
S\
H R

N gains ¢+ as it begins to form a bond.

Problem 7.21 H,C—CHCH,ClI is solvolyzed faster than (CH;),CHCI. Explain. 4

Solvolyses go by an Syl mechanism. Relative rates of different reactants in Syl reactions depend on the
stabilities of intermediate carbocations, H,C=CHCH,CI is more reactive because

[H,C == CH ==CH,]"

is more stable than (CH,),CH*. See Problem 6.35 for a corresponding explanation of stability of an allyl radical.)

Problem 7.22 In terms of (a) the inductive effect and (b) steric factors, account for the decreasing stability of R+:

Me,C > Me,CH > MeCH, > CH, <
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(@) Compared to H, R has an electron-releasing inductive effect. Replacing H’s on the positive C by CH;’s disperses
the positive charge and thereby stabilizes R*.

(b) Steric acceleration also contributes to this order of R™ stability. Some steric strain of the three Me’s in Me;C—Br
separated by a 109° angle (sp’) is relieved upon going to a 120° separation in R* with a C using sp* hybrid
orbitals.

Carbocations have been prepared as long-lived species by the reaction RF + SbF; — R* + SbF, . SbFs, a
covalent liquid, is called a superacid because it is a stronger Lewis acid than R,

Problem 7.23 How does the Syl mechanism for the hydrolysis of 2-bromo-3-methylbutane, a 2° alkyl bromide, to
give exclusively the 3° alcohol 2-methyl-2-butanol, establish a carbocation intermediate? 4

The initial slow step is dissociation to the 2° 1,2-dimethylpropyl cation. A hydride shift yields the more stable 3°
carbocation, which reacts with H,O to form the 3° alcohol.

(FH3 (EH3
+
CH3—(|:'H—(E—CH3 o Br- + CH3—CH—C—CH;,
Br H
20
l~:}r
CH; CH;
| 2H,0 | +
CH3-—(|3H—C—CH3 —_— CH3—ICH—(I:—CH3 + H30
+ :
H H OH
30
Problem 7.24 RBr reacts with AgNO, to give RNO, and RONO. Explain. <

The nitrite ion,

has two different nucleophilic sites: the N and either O. Reaction with the unshared pair on N gives RNO,, while
RONO is formed by reaction at O, [Anions with two nucleophilic sites are called ambident anions.]

2. Role of the Solvent

Polar solvents stabilize and lower the enthalpies of charged reactants and charged transition states. The
more diffuse the charge on the species, the less effective the stabilization by the polar solvent.

Problem 7.25 In terms of transition-state theory, account for the following solvent effects: (a) The rate of
solvolysis of a 3° RX increases as the polarity of the protic nucleophilic solvent (:SH) increases, e.g.

H,0 > HCOOH > CH,OH > CH,COOH

(b) The rate of the Sy2 reaction :Nu~ + RX — RNu + X~ decreases slightly as the polarity of protic solvent
increases. (c) The rate of the Sy2 reaction :Nu+ RX — RNut 4 :X™ increases as the polarity of the solvent
increases. (d) The rate of reaction in (b) is greatly increased in a polar aprotic solvent. (e) The rate of the reaction in (b)
is less in nonpolar solvents than in aprotic polar solvents. <«

See Table 7-2.
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Table 7-2
Ground Relative Effect of
State (GS) TS Charge Solvent Change AH? Rate
(@ RX+HS: | HS---R---X---HS: | None in GS | A lower H of TS
charge in TS Decreases | Increases
() RX +Nu~ Nu---R---X Full in GS A lower H of GS
diffuse in TS | a less lower H of TS Increases | Decreases
S+ 3—
(¢) RX+Nu | Nu---R---X None in GS | A lower H of TS
charge in TS Decreases | Increases
(d) Same as A big rise in H of GS*
(b) A rise in H of TS Decreases | Increases

*Aprotic solvents do not solvate anions.

(¢) In nonpolar solvents, Nu~ is less reactive because it is ion-paired with its countercation, M*.

Sn2 reactions with Nu™’s are typical of reactions between water-soluble salts and organic substrates
that are soluble only in nonpolar solvents. These incompatible reactants can be made to mix by adding
small amounts of phase-transfer catalysts, such as quaternary ammonium salts, Q* A™. Q" has a water-
soluble ionic part and nonpolar R groups that tend to be soluble in the nonpolar solvent. Hence, Q*
shuttles between the two immiscible solvents while transporting Nu~™, as Q*Nu™, into the nonpolar
solvent; there Nu~™ quickly reacts with the organic substrate. Q* then moves back to the water while it
transports the leaving group, X, as Q*X ™. Since the positive charge on the N of Q" is surrounded by the
R groups, ion-pairing between Nu~ and Q* is loose, and Nu~ is quite free and very reactive.

Problem 7.26 Write equations for and explain the use of tetrabutyl ammonium chloride, BuyN*Cl™, to facilitate
the reaction between 1-heptyl chloride and cyanide ion. 4

Bu,N*Cl~ 4+ Na*CN™ — By,N*CN™ + Na*Cl~ (in water)
n-C7HsCl + BuuyN*CN™ — n-C;HsCN + By,N*Cl~ (in nonpolar phase)

The phase-transfer catalyst, BuyN*CI™, reacts with CN~ to form a quaternary cyanide salt that is slightly soluble in
the organic phase because of the bulky, nonpolar, butyl groups. Reaction with CN~ to form the nitrile is rapid because
it is not solvated or ion-paired in the organic phase; it is a free, strong nucleophile. The phase-transfer catalyst,
regenerated in the organic phase, returns to the aqueous phase, and the chain process is propagated.

ELIMINATION REACTIONS

In a fB-elimination (dehydrohalogenation) reaction a halogen and a hydrogen atom are removed from
adjacent carbon atoms to form a double bond between the two C’s. The reagent commonly used to remove
HX is the strong base KOH in ethanol (cf. Section 6.2).

& ‘Y
.KOH
H—E‘C—('Z“—H A e H—C=C—H + HX (as KX and H,0)
H X

ethyl halide ethylene
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Table 7-3
El E2
Steps | |
Two: (1) H—(l:—T—L Sow H—C—T+ +L | One: Bm{—/é\--é—L
|
R* intermediate
/] || l
(2)\® —C—C* _%‘» —C=C— N4
B:H C=C. L™
[ + L=C+
Transition states | lsss- by
H—C—C---I:- HS: b
| solvent —C=C—
" | | Las
HS:- - -H---C==C% o
Indicates E1l Indicates E2
Kinetics First-order Second-order
Rate = £[RL] Rate = k[RL][:B7]
Ionization determines rate Bimolecular
Unimolecular
Stereochemistry Nonstereospecific anti Elimination

(syn when anti impossible)

Reactivity
order 3>2°> I°RX 3°>2°> I°RX
factor Stability of R* Stability of alkenes
(Saytzeff rule)
Rearrangements Common None
Deuterium isotope None Observed
effect
Competing reaction | Sy, Sn2 Sn2
Regioselectivity Saytzeff (see Problem 7.33)
Favors El Favors E2
Alkyl group 3>20>1° ¥ >20>10°
Loss of H No effect Increased acidity
Base Strength Weak Strong
Concentration Low High
Leaving group Weak base [~ > Br™ > Cl™ > F~ Weak base

I">Br  >Cl” > F~

Catalysis

Agt

Phase-transfer

Solvent

Polar protic

Polar aprotic
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n-Propyl bromide CH;CH,CH,Br ale. KOH

sec-Butyl chloride CH,CHCICH,CH,

CH,CH=CH, Propene

2o KO CHyCH=CHCH, 2-Butene (mainly rans)

1. E1 and E2 Mechanisms

The two major mechanisms for f-eliminations involving the removal of an H and an adjacent
functional group are the E2 and E1. Their features are compared and summarized in Table 7-3. A third
mechanism E,,, 1s occasionally observed. Table 7-4 compares E2 and S\2.

Problem 7.27 (a) Why do alkyl halides rarely undergo the El reaction? (b) How can the E1 mechanism be
promoted? <

(@) RX reacts by the E]1 mechanism only when the base is weak and has a very low concentration; as the base gets
stronger and more concentrated, the E2 mechanism begins to prevail. On the other hand, if the base is too weak
or too dilute, either the R* reacts with the nucleophilic solvent to give the Syl product or, in nonpolar solvents,

RX fails to react.
(b) By the use of catalysts, such as Ag*, which help pull away the leaving group X ™.

2. H-D Isotope Effect

The C—H bond is broken at a faster rate than is the stronger C—D bond. The ratio of the rate
constants, ky;/k, measures this H-D isotope effect. The observation of an isotope effect indicates that
C—H bond-breaking occurs in the rate-controlling step.

Problem 7.28 Why does CH;CH,1 undergo loss of HI with strong base faster than CD3;CH,1 loses DI? <

These are both E2 reactions in which the C—H or C—D bonds are broken in the rate-controlling step. Therefore,
the H-D isotope effect accounts for the faster rate of reaction of CH3CHj,I.

Problem 7.29 Explain the fact that whereas 2-bromopentane undergoes dehydrohalogenation with C,H;O"K* to
give mainly 2-pentene (the Sayzteff product), with Me;CO™K*' it gives mainly l-pentene (the anti-Sayzteff,
Hofmann, product). <

Since Me;CO™ is a bulky base, its attack is more sterically hindered at the 2° H than at the 1° H. With Me,CO™,

H'Br CH,—~CH—CHCH,CHs| g,
CH,=CHCH,CH,CH; -~ 25" _ |] o CH;CH=CHCH,CH;,
] less hindered H! Br H? more hindered .
major product minor product

Problem 7.30 Assuming that anti elimination is favored, illustrate the stereospecificity of the E2 dehydrohalo-
genation by predicting the products formed from (a) meso- and (b) either of the enantiomers of 2,3-dibromobutane.

Use the wedge-sawhorse and Newman projections. <
H..
~Me
Br..-- /

meso cis- or (E)-2-Bromo-2-butene
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MCHH
Me H Br Me

enantiomer (RR) trans- or (Z)-2-Bromo-2-butene

Problem 7.31 Account for the percentages of the products, (i) (CH;),CHOC;Hs and (ii) CH;CH=CH,, of the

reaction of CH;CHBrCH; with
(@) C,H;ONa/C,Hs;OH — 79% (ii) +21% (i) (b)) C,HsOH — 3% (ii) +97% (i) S|

(@) C,HsO™ is a strong base and E2 predominates. (b) C;HsOH is weakly basic but nucleophilic, and Sy1 is
favored.

Problem 7.32 Account for the following observations: (@) In a polar solvent such as water the Syl and El
reactions of a 3° RX have the same rate. (b) (CH;);CI+ H,O0 — (CH;);COH + HI but (CH,;),Cl+

OH™ — (CH;),C=CH, + H,O0+1". <
Table 74
Favors E2 Favors Sn2
Structure of R 3 >2°>1° 1° > 2° > 3°
Reagent Strong bulky Strong nucleophile
Bronsted base
(e.g., MesCO™)
Temperature High Low
Low-polarity solvent | Yes No
Structure of L I>Br>Cl>F I>Br>Cl>F
Favors E2 Favors Syl
Structure of R 3% >2° > 1° 3° 3 2° > 1°
Base
Strength Strong Very weak
Concentration High Low
Structure of L I>Br>Cl>»F | |1>Br>Cl»F
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(a) The rate-controlling step for both E1 and Sy reactions is the same:

slow

2] d—
R—X —. R+ 4 X~

and therefore the rates are the same. (b) In a nucleophilic solvent in the absence of a strong base, a 3° RX undergoes
an Syl solvolysis. In the presence of a strong base (OH ™) a 3° RX undergoes mainly E2 elimination.

7.4 SUMMARY OF ALKYL HALIDE CHEMISTRY

PREPARATION PROPERTIES

1. Direct Halogenation 1. Nucleophilic Substitution
CeHsCH; CeHsCH,Cl + OH_‘ — RCH,;CH;0H Alcohol
+ SH™ — RCH;CH,SH Mercaptan
(CH3);CCH; —= (CH3);CCH,C + CN- — RCH,CH,CN Nitrile
+ OR™ — RCH,CH,0OR Ether
+ SR~ — RCH,CH,SR Thioether

2. Replacement of OH in ROH + NH; — RCH,CH,;NH3 X~ Amine salt
RCH,CH,OH + NaX + H,SO4 + NR; — RCH,;CH;NRj3* X~ Quarternary
+ HX / ammonium salt (Q*A™)
. _—+ R'COO~ — RCH,CH,0O0CR’ Ester

+ SOCl —— RCH,CH>X
N Reduction
+ Mg —> RCH;CH;Mg)f) .
H
+ LiAlHy — RCH,CHj;

3. Elimination
+ alc. KOH — RCH=CH,

+ PX;3

3. Addition of HX to Alkene

RCH=—CH; + HX — RCHXCH;
peroxide

RCH=CH; + HBr —— RCH;,CH;Br 4. Formation of Organometallics

+ Mg — RCH;CH;MgX Grignard reagent
+ Li — RCH;CH;Li Organolithium reagent

Supplementary Problems

Problem 7.33 Write the structure of the only tertiary halide having the formula CsH,Br. |

In order for the halide to be tertiary, Br must be attached to a C that is attached to three other C’; i.e., to no H's.
This gives the skeletal arrangement

involving four C’s. A fifth C must be added, which must be attached to one of the C’s on the central C, giving:

T
C—(li—C—C
Br
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and with the H’s.

CH;
CH3—(':—CH2—'CH3

Br
2-Bromo-2-methylbutane

133

Problem 7.34 On substitution of one H by a Cl in the isomers of CsH,3, (@) which isomer gives only a primary

halide? (b) Which isomers give secondary halides? (c) Which isomer gives a tertiary halide?

«

(a) 2,2-Dimethylpropane. (b) CH3;CH,CH,CH,CHj; gives 2-chloropentane and 3-chloropentane. 2-Methylbutane

gives 2-chloro-3-methylbutane. (¢) 2-Methylbutane gives 2-chloro-2-methylbutane.

Problem 7.35 Complete the following table:

Substance Treated with Yields
1. CH,CH, (a) CH,CH,CI
2. ) SOCl, CH3iHCH3
1
3. (c) Bry CH3EHCH2Br
r
4. CH,CH=CH, HBr, peroxides @
(@ Cl, UV () CH;CHCH;, (¢) CH,;CH=CH, (d) CH;CH,CH,Br
H

Problem 7.36 Give the organic product in the following substitution reactions. The solvent is given above the

arrow.

(@) HS™ + CH,CH,CHBICH, —2,

(b) I™ +(CH,),CBr —2H_
(¢) CH,CH,Br + AgCN — 2 products
(d) CH,CHBrCH, + CH,NH, —=
(¢) CH;CHBICH; + (CH;),S: —=
(/) CH,CH,Br + :P(C4Hs); —=
”
(g) CH,;CH,Br + S——%——O (thiosulfate ion) ——m
o)

(@) CH3;CH,CHSHCHj; (a mercaptan).

¢
b) (CH3)3CO&H; 3°RX undergoes Syl solvolysis.
(¢) CH;CH,CN + CH;CH,NC; :C=N:" is an ambident anion (Problem 7.24).
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+

H
|

(d) (CH3)2CHI\'1CH3 Br™; an ammonium salt.
H

(e) [(CH;),CHS(CH;),}*Br; a sulfonium salt.

(f) [CH;CH,P(C4H;),]"Br~; a phosphonium salt.
?

@) CH3CH2-—S—SI—O"; S is a more nucleophilic site than is O.
0O

Problem 7.37 Account for the observation that catalytic amounts of KI enhance the rate of reaction of RCH,Cl
with OH™ to give the alcohol RCH,OH. <

Since I~ is a better nucleophile than OH™, it reacts rapidly with RCH,ClI to give RCH,I. But since I™ is a much
better leaving group than Cl~, RCH,I reacts faster with OH™ than does RCH,Cl. Only a catalytic amount of I is
needed, because the regenerated I is recycled in the reaction.

slower

RCH,Cl + OH- —— RCH;0H + CI”

+ I"(fast) +OH (fast) | - T

RCH,I

Problem 7.38 Account for the following products from reaction of CH;CHOHC(CH;); with HBr: (a)

CH;CHBrC(CH3);, () H,C=CHC(CH,);, (¢) (CH3),CHCHBr(CH;);, (d) (CH,;),CH=CH(CH;),, (e)

(CH3)2CHCl=CH2 |
CH,

For this 2° alcohol, oxonium-ion formation is followed by loss of H,O to give a 2° carbocation that rearranges to
a 3° carbocation. Both carbocations react by two pathways: they form bonds to Br~ to give alkyl bromides or they lose
H* to yield alkenes.

e CH;CHBrC(CHs)3
(@)

—H,0 +
CH3CHOHC(CH3); —2m CH;CHC(CHy), s CH;CHC(CH3);

. <H"
9H2 2° carbocation H,C=CHC(CH),
lmh )
- +
(CH3);CHCBI(CH3); = (CH;),CHC(CH3),
(©) 3° carbocation
- H"'
! o
(CH;3),C=C(CH3); (CH;3),CHC=CH,
) (e)

Problem 7.39 Show steps for the following conversions:
(a) BrCH,CH,CH,CH; —~ CH;CHBrCH,CH, (b)) CH;CHBrCH,CH; — BrCH,CH,CH,CH;
(¢) CH;CH,CH; — CH,CICHCICH,C] <4
To do syntheses, it is best to work backward while keeping in mind your starting material. As you do this, keep
asking what is needed to make what you want. Always try to use the fewest steps.
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(a) The precursors of the possible product are the corresponding alcohol, 1-butene, and 2-butene. The alcohol is a
poor choice, because it would have to be made from either of the alkenes and an extra step would be needed. 2-
Butene cannot be made directly from the 1° halide, but 1-butene can.

BrCH,CH,CH,CH; 2 CcH,==CHCH,CH; %+ CH,CHBrCH,CH,
(b) To ensure getting 1-butene, the needed precursor, use a bulky base for the dehydrohalogenation of the starting
material.
CH,CHBrCH,CH; —2“*'_ CH,=CHCH,CH, " BrCH,CH,CH,CH;
peroxides

(¢) The precursor for vic dichlorides is the corresponding alkene; in this case, H;C—CHCH,CI, which is made by
allylic chlorination of propene. Although free-radical chlorination of propane gives a mixture of isomeric propyl
chlorides, the mixture can be dehydrohalogenated to the same alkene, making this particular initial chlorination a
useful reaction.

CH,CH,CH, %'VL CICH,CH,CH, + CH;CHCICH; —-~ CH,=CHCH, i CH,=CHCH,CI

uv
Lo

CICH,CHCICH,CI

Problem 7.40 Indicate the products of the following reactions and point out the mechanism as Sx!, Sn2, El or E2.

(a) CH;CH,CH,Br + LiAIH, (source of :H™) (d) BrCH,CH,Br + Mg (ether)

() (CH;);CBr + C,H;OH, heat at 60°C (e} BrCH,CH,CH,Br + Mg (ether)

(¢) CH;CH=CHCI + NaNH, (/) CH;CHBrCH; + NaOCH; in CH;0H |
(@) CH;CH,CHs; an Sn2 reaction, 'H™ of AlH] replaces Br.
b
() CH,

I
(CH3);COCH,;CH; + CH3C=CH,
major; Sy very minor; E1

CH;CH,OH
—

(CH}):;CBI' — [Br" + (CH3)3C+:'
3°RX

(¢) CH;CH=CHCI + NaNH, — CH3;C=CH + NH, + NaCl (E2)
Vinyl halides are quite inert toward Sy2 reactions.

(d) BrCH,CH,Br + Mg — H,C=CH, + MgBr,
This is an E2 type of B-elimination via an alkyl magnesium iodide.

+
Mg + BrCH,CH;Br ——» Bng't/C-H\z‘—CHZ—/\Br ——» MgBr, + H,C=CH,

(e) This reaction resembles that in () and is an internal Sy2 reaction.

CH,Br CHa:~ MgBr* CH
a2
HaC + Mg ——= HC_ ,)SNZ ——= H,C | " + MgBn,
CH,Br CH,—Br CH;

(/) This 2° RBr undergoes both E2 and Sy2 reactions to form propylene and isopropyl methyl ether.

CH;CHBrCH; + NaOCH4(CH;0H) ——» CH;CH=CH, + CHCHCH
OCH;

Problem 7.41 Give structures of the organic products of the following reactions and account for their formation:

C,Hs0M

(a) C]CH2CH2CH2CH2BI' + I‘\JaCN
() CH;CHBrCH; + Nal =
(¢) CICH,CH=CH, + Nal

T
acetone ‘



136 ALKYL HALIDES [CHAP. 7

(@) CICH,CH,CH,CH,CN. Br™ is a better leaving group than Cl-.

(b)) CH;CHICHj;. Equilibrium is shifted to the right because Nal is soluble in acetone, while NaBr is not and
precipitates.

(¢) ICH,CH==CH,. Nal is soluble in acetone and NaCl is insoluble.

Problem 7.42 Account for the following observations when (5)-CH3CH>CH,CHID is heated in acetone solution
with Nal: (@) The enantiomer is racemized. (b) If radioactive *I™ 1s present in excess, the rate of racemization is twice
the rate at which the radioactive *1~ is incorporated into the compound. <

(@) Since enantiomers have identical energy, reaction proceeds in both directions until a racemic equilibrium mixture

is formed.
D D
T+ CH3CH2CH2+I —_— *I+CH2CH2CH3 + " (SN2 reaction)
H H
(R) ()

(b) Each radioactive *I™ incorporated into the compound forms one molecule of enantiomer. Now one unreacted
molecule and one molecule of its enantiomer, resulting from reaction with *I~, form a racemic modification,
Since two molecules are racemized when one *17 reacts, the rate of racemization will be twice that at which *I~
reacts.

Problem 7.43 Indicate the effect on the rate of Syl and S\2 reactions of the following: (a) Doubling the
concentration of substrate (RL) or Nu™. () Using a mixture of ethanol and H;O or only acetone as solvent. (c)
Increasing the number of R groups on the C bonded to the leaving group, L. (d) Using a strong Nu~. «

(a) Doubling either [RL] or [Nu™] doubles the rate of the SN2 reaction. For Sy1 reactions the rate is doubled only by
doubling [RL] and is not affected by any change in [Nu~].

(b) A mixture of ethanol and H,0 has a high dielectric constant and therefore enhances the rate of Syl reactions.
This usually has little effect on Sy2 reactions. Acetone has a low dielectric constant and is aprotic and favors Sy2
reactions.

(¢} Increasing the number of RS on the reaction site enhances Syl reactivity through electron release and
stabilization of R*. The effect is opposite in Sy2 reactions because bulky R’s sterically hinder formation of,
and raise AH* for, the transition state.

(d) Strong nucleophiles favor Sy2 reactions and do not affect Sy1 reactions.

Problem 7.44 List the following alkyl bromides in order of decreasing reactivity in the indicated reactions.

(M (In (110

CH;4
e
CH3(IZ—CH2CH3 CH;CH,CH,CH,CH,Br CH3CH2CIHCH2CH3
Br Br
(@) Sl reactivity, (b) SN2 reactivity, (¢) reactivity with alcoholic AgNO;. |

(a) Reactivity for the Sy1 mechanism is 3°(1) > 2¢(Il1) > 1<(l).
(b) The reverse reactivity for Sy2 reactions gives 1°(I1) > 2°(Il) > 3°(1).
{¢) Agt catalyzes Sy reactions and the reactivities are 3°(1) > 2°(11I) > 1°(1I).

Problem 7.45 Potassium ferz-butoxide, K+ OCMe,, is used as a base in E2 reactions. (@) How does it compare in
effectiveness with ethylamine, CH;CH,NH,? (b) Compare its effectiveness in the solvents tert-butyl alcohol and
dimethylsulfoxide (DMSO). (c¢) Give the major alkene product when it reacts with (CH;),CCICH,CHj. <
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(@) K*TOCMe; is more effective because it is more basic. Its larger size also precludes Sy2 reactions.

(b) Its reactivity is greater in aprotic DMSO because its basic anion is not solvated. Me;COH reduces the
effectiveness of Me;CO™ by H-bonding.

(¢) Me;CO~ is a bulky base and gives the anti-Saytzeff (Hofmann) product CH,=C(CH;)CH,CH;.

Problem 7.46 Give structures of all alkenes formed and underline the major product expected from E2 elimination
of: (a) |-chloropentane, (b) 2-chloropentane. |

(a) CH3CH2CH2CH2CH2C1 —_— CH3CH2CH2CH=CH2
A 1° alkyl halide, therefore one alkene.
b CH;CHQCHZ(EH—CH3 —— CH;CH,CH,CH=CH, + CH;CH,CH=CHCH,

Cl

A 2° alkyl halide flanked by two R’s; therefore two alkenes are formed. The more substituted alkene is the major
product because of its greater stability.

Problem 7.47 How is conformational analysis used to explain the 6 : 1 ratio of trans- to cis-2-butene formed on
dehydrochlorination of 2-chlorobutane? <

For either enantiomer there are two conformers in which the H and Cl eliminated are ant/ to each other.

cl a : H
H3C H B: H3C H
H CH; Hj®i CH, HsC-'--/
H B:--H H
trans-2-Butene
Cl cl : H
H CH3 B: HﬁCH3
(I R — C—=CH;
H CH, H "CH, Hoo [/
H B:--H CH;

cis-2-Butene

Conformer I has a less crowded, lower-enthalpy transition state than conformer Il. Its AH* is less and reaction rate
greater; this accounts for the greater amount of rrans isomer obtained from conformer I and the smaller amount of cis
isomer from conformer II.

Problem 7.48 State whether each of the following R’ is stabilized or destabilized by the attached atom or group:

@ F3c—|6— b) BCt (© HzN—(F— ) H_;I:l—(F—

If an electron-withdrawing group is adjacent to the positive C, it will tend to destabilize the carbocation. Electron-
donating groups, on the other hand, delocalize the + charge and serve to stabilize the carbocation. |
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(a)

(b)

()

(d)
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Destabilized. The strongly electron-withdrawing F’s place a J+ on the atom adjacent to C*:

F
e

+ |

F

(Arrows indicate withdrawn electron density.) +
Stabilized. Each F has an unshared pair of ¢lectrons in a p orbital which can be shifted to —ﬁ?— via p-p orbital
overlap.

F‘;?—“F

F

Stabilized. The unshared pair of electrons on N can be contributed to C*.

+

HZN:’:C_

Destabilized. The adjacent N has a + charge.

Problem 7.49 Account for the formation of

CN
|
CH;CH=CH—CH,CN and CH;—CH—CH=CH,

from the reaction with CN™ of [-chloro-2-butene, CH;CH=CH—CH,CL. <

Formation of 1-cyano-2-butenc results from Sy2 reaction at the terminal C.

CH;—CH=CH—CH,~“Cl + CN~ ——» CH3—CH=CH—CH,—CN + CI"

Attack by CN~ can also occur at C7 with the 7 electrons of the double bond acting as nucleophile to displace C1~ in
an allylic rearrangement:

TN
N=C""CH;—CH=CH>-CH,Z (] —— CH;—?H—CH:CHZ + CI” (an SN2’ reaction)
CN

Problem 7.50 Calculate the rate for the SN2 reaction of 0.1-M C;HsI with 0.1-M CN~ if the reaction rate for

0.01

M concentration js 5.44 x 10~ mol/L - s. |
The rates are proportional to the products of the concentrations,
Rate _[0.1]{0.1]

5.44 x 10-° mol/L -s ~ [0.01][0.01]
Rate = 100 x 5.44 x 10~ mol/L - s = 544 x 10~ mol/L - s
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Problem 7.51 Give reactions for tests that can be carried out rapidly in a test tube to differentiate the following
compounds: hexane, CH;CH=CHCI, H,C=CHCH,Cl and CH;CH,CH,Cl. <

Hexane is readily distinguished from the other three compounds because there is a negative test for Cl~ after Na
fusion and treatment with acidic AgNQ;. The remaining three compounds are differentiated by their reactivity with
alcoholic AgNO; solution. CH; CH=CHCl is a vinylic chloride and does not react even on heating, H,C=CHCH,Cl
is most reactive (allylic) and precipitates AgCl in the cold, while CH;CH,CH,Cl gives a precipitate of AgCl on
warming with the reagent.

Problem 7.52 Will the following reactions be primarily displacement or elimination?

(@) CH,CH,CH,Cl 41~ —~ (b) (CH,),CBr +CN~ (ethanol) —~
() CH,CHBICH; +OH™ (H;0) —=  (d) CH,CHBICH, + OH" (ethanol) —
(e) (CH3)3CBr + Hzo — |

(@) Sn2 displacement. I™ is a good nucleophile, and a poor base.

(b) E2 elimination. A 3° halide and a fairly strong base.

(¢) Mainly SN2 displacement,

(d) Mainly E2 elimination. A less polar solvent than that in (¢) favors E2.

(e) Syl displacement. H,O is not basic enough to remove a proton to give elimination.

Problem 7.53 Depending on the solvent, ROH reacts with SOCI; to give RCI by two pathways, each of which
involves formation of a chlorosulfite ester,

i
ROSCI

along with HCI, Use the following stereochemical results to suggest mechanisms for the two pathways: In pyridine, a
3° amine base,

(R)-CH,CH(OH)CH,CH; — (5)-CH;CHCICH,CH;
and, in ether, the same (R)-ROH — (R)-RCI. <

Pyridine (Py) reacts with the initially formed HCI to give PyH*Cl™ and the free nucleophilic C1™ attacks the
chiral C with inversion, displacing the OSOCI™ as SO, and C1~. With no change in priority, inversion gives the (S)-
RCI. Ether is too weakly basic to cause enough dissociation of HCI. In the absence of C1™, the Cl of the —OSOC]I
attacks the chiral C from the side to which the group is attached. This internal nucleophilic substitution (Sni)
reaction proceeds through an ion-pair and leads to retention of configuration.

.""—o S0tk oy "’é/o\g—c e Cl—é"" SO, + CI-
C,Hs »~COH oy PyH CI¥_+;_7 | — + SO, +
C,H; C2Hs
(R) (R} (S)
Alkyl chlorosulfite
H CH, H CH, H CH; H CH;
Son %, mar « N . 250, e g4 s0
- = 2 -
CHs” E1:0 CHs” o570 CH” ™ g CHs” ’

(R) (R) ion pair (R)
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(b) Inserting a triple bond in n-hexane gives:
1-Hexyne 2-Hexyne 3-Hexyne
Isohexane yields two alkynes, and 3-methylpentane and 2,2-dimethylbutane one alkyne each.
CH; $H3 $H3 ICH3
CH;3;CHCH,C=CH CH;CH—C=C—CH; HC=C—CHCH,CH; CH3—(|:—CEC—H
CH;
4-Methyl-1- 4-Methyl-2- 3-Methyl-1- 3,3-Dimethyl-1-
pentyne pentyne pentyne butyne

Problem 8.3 Draw models of (@) sp hybridized C and (b) C,H; to show bonds formed by orbital overlap. <

(a)
®

See Fig. 8-1(a). Only one of three p orbitals of C is hybridized. The two unhybridized p orbitals (p, and p,) are at
right angles to each other and also to the axis of the sp hybrid orbitals.
See Fig. 8-1(). Sidewise overlap of the p, and p, orbitals on each C forms the n, and 7, bonds, respectively.

Fig. 8-1

Problem 8.4 Why is the C=C distance (0.120 nm) shorter than the C=C (0.133 nm) and C—C (0.154nm). <«

The carbon nuclei in C=C are shielded by six electrons (from three bonds) rather than by four or two electrons as

in C=C or C—C, respectively. With more shielding electrons present, the C’s of —C=C— can get closer, thereby
affording more orbital overlap and stronger bonds.

Problem 8.5 Explain how the orbital picture of —C=C— accounts for (a) the absence of geometric isomers in
CH;C=CC,Hs; (b) the acidity of an acetylenic H, e.g.

(@)
(b

HC=CH + NHj —» HC=C:" + NH, (pK, = 25) <

The sp hybridized bonds are linear, ruling out cis-trans isomers in which substituents must be on different sides

of the multiple bond. _
We apply the principle: “The more s character in the orbital used by the C of the C—H bond, the more acidic is

the H.” Therefore the order of acidity of hydrocarbons is

=C—H > —C—H > —C—H

2 3

sp sp sp
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Problem 8.6 (a) Relate the observed C—H and C—C bond lengths and bond energies given in Table 8-1 in terms
of the hybrid orbitals used by the C’s involved. (&) Predict the relative C—C bond lengths in CH;CH,,
CH,=CH—CH=CH,, and H—C=C—C=C—H.

Table 8-1
Compound Bond Bond Length, nm Bond Energy, kJ/mol
(1) CH;—CH; —C—H 0.110 410
(2) CH,=CH; =C—H 0.108 423
(3) H—C=C—H =C—H 0.106 460
(4) CH;—CH; C—C— 0.154 356
(5) CH;—CH=CH, C—C= 0.151 377
(6) CH;—C=C—H C—C= 0.146 423
<

Bond energy increases as bond length decreases; the shorter bond length makes for greater orbital overlap and a
stronger bond.

(@) The hybrid nature of C is: (1) C,3-Hy, (2) Cyp2-H,, (3) Cy- H,, (4) Cyp3-Cyps, (5) C,3-Cypz and (6) C5-Cy,. In
going from (1) to (3) the C—H bond length decreases as the s character of the hybrid orbital used by C increases.
The same situation prevails for the C—C bond in going from (4) to (6). Bonds to C therefore become shorter as
the s character of the hybridized orbital used by C increases.

(b) The hybrid character of the C% in the C—C bond is: for CH;—CHj, C,s-C,,s; H,C=CH—CH=CH,,
C,p2-Cyp2; and H—C=C—C=C—H, C,,-C,,. Bond length becomes shorter as s character increases and hence
relative C—C bond lengths should decrease in the order

CH,CH; > CH,=CH-—~CH=CH, > HC=C—C=CH
The observed bond lengths are, respectively, 0.154 nm, 0.149 nm and 0.138 nm.

LABORATORY METHODS OF PREPARATION
1. Dehydrohalogenation of vic-Dihalides or gem-Dihalides
The vinyl (alkenyl) halide requires the stronger base sodamide (NaNH).

H X H H H

—(:Z—(::— or ——#—(:3—— e KOH_ KX + H,0 + —é=(|3— T NaX + NH; + —C=C—
H X X X X

a gem-dialide  a vic-dihalide a vinyl halide an acteylene

liq. NH3(b.p. —33 °C)

2. Primary Alkyl Substitution in Acetylene; Acidity of =C—H [see Problem 8.5(5)]

NaNH, NH,
R—C=C—H + or — R—C=C: Na+++ or
Na an acetylide l51-12

anion

T e .
R—C=C:"+ |°R’—CH, — R—C=C—CH;—-R" + X~ (Sx2 mechanism)
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Problem 8.7 Explain why CH;CHBrCH,;Br does not react with KOH to give CH,—=CHCH,Br. <

In E2 eliminations the more acidic H is removed preferably. The inductive effect of the Br's increases the acidities
of the H’s on the C’s to which the Br’s are bonded. To get this product the less acidic H (one of the CH;3 group) must be
removed.

Problem 8.8 Outline a synthesis of propyne from isopropyl or propyl bromide. |

The needed vic-dihalide is formed from propene, which is prepared from either of the alkyl halides.

CH3CH2CH2BI‘
n-Propyl bromide e Br, ale NaNH,
or ~—+ CH;—CH=CH, — CH;CHBrCH;Br ——— CH3;CH—=CHBr CH;C=CH
CH;CHBrCH; | KOH
3 3 Propene Propylene Propenyl Propyne
Isopropyl bromide bromide Nany, bromide

Problem 8.9 Synthesize the following compounds from HC=CH and any other organic and inorganic reagents (do

not repeat steps): (a) |-pentyne, () 2-hexyne. «
(@ H—C=C—H 2y c=CNa DNy CeCc—CH,CH,CH;,
6) Na:C=C—H 2 cH,—C=C—H ™ cH,—Cc=CNa M oy c=C—CH,CH,CH,

Problem 8.10 Industrially, acetylene is made from calcium carbide, CaC, + 2H,0 —= HC=CH + Ca(OH),.
Formulate the reaction as a Bronsted acid-base reaction. |

The carbide anion C3~ is the base formed when HC=CH loses two H*’s.

[:C=C:|* + 2HOH — H—C=C—H +20H"  (Ca?* precipitates as Ca(OH);)
base; acid, acid, base;

8.2 CHEMICAL PROPERTIES OF ACETYLENES
ADDITION REACTIONS AT THE TRIPLE BOND

Nucleophilic 7 electrons of alkynes add H, and electrophiles in reactions similar to additions to alkenes.
Alkynes can add one or two moles of reagent but are less reactive (except to H,) than alkenes.

1. Hydrogen

(@) CH;—C=C—CH,CH; +2H, —~ CH;CH,CH,CH,CH,

Lindlar’s

CH; C,Hs /‘ catalyst CH; /H
N H,/Pd(Pb) = Na, liq. NH; N
(b ) /C_C\ cis (syn) l CH3 C=C CZHS ] trans (anti) /C C\
H H addition addition H C,Hs
cis-2-Pentene 2-Pentyne trans-2-Pentene

stereospecific reductions

2. HX (HCl, HBr, HI)—an anti addition for first mole
CH,—C=C—H 2. CH,—CBr=CH, 2. CH,—CBr,—CH,; (Markovnikov addition)
a gem-dihalide

peroxide

CH;—C=C—H + HBr CH,;—CH=CHBr (anti-Markovnikov)
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3. Halogen (Br,, Cl;}—an anri addition for first mole

X X X
X2 | X2 | |
R—C=C—H — R—C=C|—H — R—(IJ—-(IJ——H
X X X
4. H,O (Hydration to Carbonyl Compounds)
OH
H,S0, l I ‘
CH;—C=C—H + H,0 CH3—C=(|Z—H — CH3—C—(|ZH (Markovnikov addition)
H H
Propyne a vinyl alcohol (enol ) Acetone
(unstable)
5. Boron Hydride
R’ H0,,NaOH _ R’CH,CHO
, P / oxidation
RCSeH g o= o
H BR; hydrolysis = R°"CH=CH,
a dialkylborane a vinylborane

With dialkylacetylenes, the products of hydrolysis and oxidation are cis-alkenes and ketones,
respectively.

CH; CH; CH, CH;
N / CH4COOH N / H,0, {l
Cc=C C=C B CH;—CH,—C—CH;
/ \ 0°C / \ NaOH
H H H H /,
cis-2-Butene a vinylborane 2-Butanone

a ketone

6. Dimerization
Cu(NH,); CI~
H,0

2H—C=C—H H,C=CH—C=C—H
Vinylacetylene
7. Nucleophiles

CH;C=CCH, + CN~, HCN —- CH,CH=C(CN)CH,

Problem 8.11 In terms of the mechanism, explain why alkynes are less reactive than alkenes towards electrophilic
addition of, e.g., HX or BR,. <

The mechanism of electrophilic addition is similar for alkenes and alkynes. When HX adds to a triple bond the
intermediate is a carbocation having a positive charge on an sp-hybridized C atom,

.
—C=C—H
p

l
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This vinyl-type carbocation is less stable than its analog formed from an alkene, which has the positive charge on an
sp*-hybridized C atom,

|

+
—(lf—C—H

An addendum such as Br; forms an intermediate bromonium-type ion

v

Br

In this ion some positive charge is dispersed to the C’s, which, because of their sp-like hybrid character, are less able to
bear the positive charge than the sp? C’s in the alkene’s bromonium ion. Such situations cause alkynes to be less
reactive than alkenes toward Br;.

Problem 8.12 Alkynes differ from alkenes in adding nucleophiles such as CN~. Explain. <

The intermediate carbanion from addition of CN™ to an alkyne has the unshared electron pair on an sp?-
hybridized C. It is more stable and is formed more readily than the sp*-hybridized carbanion formed from a
nucleophile and an alkene.

CN
” /-\ _ =
H—C=CZH M~ H—C=c: HN. HyC=C—CN
sp H
Acrylonitrile

[N SN o
H,C=CH, + :C=N- X~ Hz%—CHZCEN
3§,

Problem 8.13 Dehydrohalogenation of 3-bromohexane gives a mixture of cis-2-hexene and frans-2-hexene. How
can this mixture be converted to pure (a) cis-2-hexene? (b) trans-2-hexene? <4

Relatively pure alkene geometric isomers are prepared by stereoselective reduction of alkynes.

(@) Hydrogenation of 2-hexyne with Lindlar’s catalyst gives 98% cis-2-hexene.

Br, NaNH,
CH3CH=CHCH2CH2CH3 —_— CH3(|:H'—(|:HCH2CH2CH3
cis- and trans-2-Hexene Br Br CH CH,CH,CH-
Hy/Py(Pb) N Caaiash
CH;C=CCH;,CH,CH; C=C\
H H
2-Hexyne (Z)- or ¢is-2-Hexene

(b) Reduction of 2-hexyne with Na in liquid NH; gives the frans product.
CH; H
5 /
C=C
/ \
H CH,;CH,CHj4

(E)- or trans-2-Hexene

CH3C=CCH,CH,CH;

Problem 8.14 Outline steps for the conversion of CH;CH,CH;Br to (a) CH;CBr=CHj;, (b) CH;CCI,CHj,
(¢) CH;CH=CHBr. <
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As usual, we think backward (the retrosynthetic approach). Each product is made from CH;C=CH, which in
turn is synthesized from CH;CH—CH,.

et (B) CH3CCLCH;
. H Bry NaNH
CH5CH,CH,Br XM CH,CH=CH, —>+ CH;CHBrCH,Br —— -~ CH,C=CH }:: (@) CH;CBr=CH,
T

peroxides (() CH3CH=CHBI’

ACIDITY AND SALTS OF 1-ALKYNES [see Problem 8.5(b)]

CH,C=CH + Ag* f—:- CH,C=CAg(s) —%

CH;C=CH + Ag*

Problem 8.15 Will the following compounds react? Give any products and the reason for their formation.

(@) CH;—C=C—H +aq. NatOH™ —
(6) CH,CH,C=C—Mgl 4+ CH,0H —
() CH,C=C:"Na™ + NHj — <

(a) No. The products would be the stronger acid H,O and the stronger base CH;C=C:",
(b) Yes. The products are the weaker acid CH;CH,C=C:H and the weaker base Mgl(OCHs).
(c) Yes. The products are the weaker acid propyne and the weaker base NHj.

Problem 8.16 Deduce the structure of a CsHg compound which forms a precipitate with Ag+ and is reduced to
2-methylbutane. <

The precipitate shows an acetylene bond at the end of a chain with an acidic H. With —C=CH the other three
carbons must be present, as a (CH;),CH— group, because of reduction of (CH;), CH—C=CH to (CH;),CHCH,CH;.

8.3 ALKADIENES

Problem 8.17 Name by the IUPAC method and classify as cumulated, conjugated, or isolated:

CH,CH,
(@) H,C=CH—CH=CHCH, () () H,C=CHCH,C=CHCH,CH;
(¢) H,C=C=CH, (d) H,C=CH—CH=CHCH=CH, <

(a) 1,3-Pentadiene. Conjugated diene since it has alternating double and single bonds, i.e., —C=C—C=C—. (b) 4-
Ethyl-1,4-heptadiene. /solated diene since the double bonds are separated by at least one sp’-hybridized C, i.e.,
—C=C—(CH,),—C=C—. (c) 1,2-Propadiene (allene). Cumulated diene since 2 double bonds are on the same C,
i.e., —C=C=C—. (d) 1,3,5-Hexatriene. Conjugated since it has alternating single and double bonds.

Problem 8.18 Compare the stabilities of the three types of dienes from the following heats of hydrogenation, AH,
(in kJ/mol). (For comparison, AH,, for 1-pentene is —126.)

H
j

Conjugated H,C=C—CH=CH—CHj,3 -230
1,3-Pentadiene

Isolated H,C=CH—CH;—CH=CH, -252
1,4-Pentadiene
Cumulated H,C=C=CH—CH,CHj,4 -297
1.2-Pentadiene <
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The calculated Aff,, assuming no interaction between the double bonds, is 2(—126) = —252. The more negative
the observed value of AH, compared to —252, the less stable the diene; the less ncgative the observed value, the more
stable the diene. Conjugated dienes are most stable and cumulated dienes are least stable; under the proper conditions
allenes tend to rearrange to conjugated dienes.

Problem 8.19 Give steps for the conversion HC=CCH,CH,CH; — H,C=CH—CH=CHCH;. <

Ha/PUPY)_ H,C==CHCH,CH,CH, L

HC=CCH,CH,CH, - .
(allylic substitution)
H,C=CHCHCICH,CH, —**%_ { Cc-=CHCH=CHCH,

Problem 8.20 Account for the stability of conjugated dienes by (a) extended n bonding. (b) resonance theory.
«

(a) The four p orbitals of conjugated dienes are adjacent and parallel (Fig. 8-2) and overlap to form an extended n
system involving all four C’s. This results in greater stability and decreased energy.

Arrows indicate
clectron spin

Structure (i) has 11 bonds and makes a more significant contribution than the other two structures, which have
only 10 bonds. Since the contributing structures are not equivalent, the resonance energy is small.

8.4 MO THEORY AND DELOCALIZED = SYSTEMS

Review Section 2.2. The MO theory focuses attention on the interacting p AO’s of the delocalized n
systems, such as conjugated polyenes. The theory states that the number of interacting p AO’s is the same
as the number of = molecular orbitals formed. The molecular orbitals are considered to be stationary waves
and their relative energies increase as the numbers of nodal points in the corresponding waves increase.
Nodes may appear at a C atom, as indicated with a 0 rather than a + or a — sign. In a linear system with an
even number of molecular orbitals, half are bonding MO’s and half are antibonding MO*’s. With an odd
number of molecular orbitals, the middle-energy molecular orbital is nonbonding (MQO"). The electrons in
the delocalized © system are placed first in the bonding, then in the nonbonding (if present), and then, if
necessary, into the antibonding, molecular orbitals—with no more than two electrons in each molecular
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orbital. Electrons in MO’ add to bonding strength, those in MO*’s diminish bonding strength; those in
MO™s have no effect. We often simplify our representations of molecular orbitals by showing only the
signs of the upper lobes of the p AO’, and not the entire orbital.

Problem 8.21 Apply the MO theory to the 7 system of ethene. <

Each of the doubly-bonded C’s, C=C, has a p AO. These two p AO’s provide two molecular orbitals, a lower-
energy bonding MO and a higher-energy antibonding MO*. Each p AO has one electron, giving two electrons for
placement in the 7 molecular orbitals. Molecular orbitals receive electrons in the order of their increasing energies,
with no more than two of opposite spins in any given molecular orbital. For ethene, the two p electrons, shown as t
and |, are placed in the bonding MO (n); the antibonding MO*(n*) is devoid of electrons. Note the simplification of
showing only the signs of the upper lobes of the interacting p orbitals. The stationary waves, with any nodes, are
shown superimposed on the energy levels.

ﬁ'\/ — n* antibonding

/:4\ — u’ n bonding

Problem 8.22 Apply the MO theory to 1,3-butadiene and compare the relative energies of its molecular orbitals
with those of ethene (Problem 8.21). <

Four p AO’s (see Fig. 8-2) give four molecular orbitals, as shown in Fig. 8-3. Wherever there is a switch from +
to —, there is a node, as indicated by a heavy dot. Note that m, of the diene has a lower energy than n of ethene.

AN )
+ — * . . s
5 /\]— n > Antibonding MO’s*
>
%n + - - + - Jt’f
=
v J
O L e e o e s cm —— ——— ——— —— . . ———— — — —— — o ol . a—— e oy — v —— — ——— — —
1
: /—\‘/— &
o
- - T » Bonding MO’s
_ ~ > _ 1. ]
Ethene 1,3-Butadiene
Fig. 8-3

In a linear n system the relative energies of the molecular orbitals are determined by the pairwise overlaps of
adjacent p orbitals along the chain. An excess of bonding interactions, + with + or — with —, denotes a bonding MO;
an excess of antibonding interactions, + with —, denotes an antibonding MO*,

Problem 8.23 Explain how the energies shown in Fig. 8-3 are consistent with the fact that a conjugated diene is
more stable than an isolated diene. <

The energy of n, + n, of the conjugated diene is less than twice the energy of an ethene n bond. Two ethene 7
bonds correspond to an isolated diene.
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Problem 8.24 (a) Apply the MO theory to the allyl system. Indicate the relative energies of the molecular orbitals
and state if they are bonding, nonbonding, or antibonding. (b) Insert the electrons for the carbocation C;HY, the free
radical C;Hs- and the carbanion C;Hg, and compare the relative energies of these three species. <

(a) Three p AO’s give three molecular orbitals, as indicated in Fig. 8-4. Since there are an odd number of p AO’ in
this linear system, the middle-energy molecular orbital is nonbonding (n5). Note that the node of this MO" is at a
C, indicated by a 0. An MO" can be recognized if the number of bonding pairs equals the number of antibonding
pairs or if there is no overlap.
7 1 2 1
® R mtl R omtl R om ity
The electrons in the 73 orbital do not appreciably affect the stability of the species. Therefore all three species are

more stable than the corresponding alkyl systems CyHT, C;H;-, and C;H7 :. The extra electrons do increase the
repulsive forces between electrons slightly, so the order of stability is C3HY > C3Hs- > CyHs.

% antibonding
(2 antibonding pairs)

/+\0 _ 7} nonbonding
\/ (no bonding pairs)

+ + + 7, bonding
(2 bonding pairs)

Fig. 8-4

8.5 ADDITION REACTIONS OF CONJUGATED DIENES

1,2- AND 1,4-ADDITIONS

Typical of conjugated dienes, 1,3-butadiene undergoes both 1,2- and 1,4-addition, as illustrated with HBr.

1.4-addition 1.2-addition
H2C|—CH=CH$H;_ [H,C=CHCH=CH, +HBr| ~ HZC—$H—CH=CH
H Br H Br
Problem 8.25 Explain 1,4-addition in terms of the mechanism of electrophilic addition. <

The electrophile (H*) adds to form an allylic carbocation with positive charge delocalized at C° and C*
(resonance forms II and I1I). This cation adds the nucleophile at C? to form the 1,2-addition product or at C* to form
the 1,4-addition product.
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;2 3 4
H;_(lj—CH—CHZCH;_ (I HZ(II—(le—CH=CH2
+
H:{BT' H 1 + Br~ H Br

H,C=CH—CH=CH, - - ) , _— - 1,2-adduct

o H;_(lf-—CHZCH—-CHz (1II) Hz(II—CH=CH—(|3H2
+

H H Br

1,4-adduct

The relative rates of formation of carbocations are: 3°, 2° allyl > 1° allyl, 2° > 1° > CH3+.

CONTROLLING FACTORS

A rate-controlled reaction is one whose major product is formed through the transition state with the
lowest AH*. A thermodynamic-controlled reaction is one whose major product has the lower (more
negative) AH of reaction. Reactions may shift from rate to thermodynamic control with increasing
temperature, especially when the formation of the rate-controlled product is reversible.

Problem 8.26 Use an cnthalpy-reaction diagram to explain the following observations. Start from the allylic
carbocation, the common intermediate.

1,2-adduct 1,4-adduct
_g0°C 80% H;_C—(EH—CHZCH,_ + 20% Hz(IZ—CH=CH—(|3H2
H Br +40°C H Br

HBr + HzC :CH—CH:CHZ

+40°C ™™ Hng, H;_(Ij—(IIH——CH=CH2 + 80% H;,_(E—CH=CH—?H;_ <
H Br H Br

The different products arise from enthalpy differences in the second step, the reaction of Br™ and the allyl R™.
See Fig. 8-5. At —80 °C the 1,2-adduct, the rate-controlled product, is favored because its formation has the lower
AHY. 1,2-Adduct formation can reverse to refurnish the intermediate allylic carbocation, R*. At 40°C, R™ goes
through the higher-energy transition state for formation of the more stable 1,4-adduct, the thermodynamic-controlled

starting point

Y,

AH?
1,4-addition

\

AH?
1,2-addition

*/

Enthalpy

* H,C—CH—CH=CH,

H,CCH==CH==CH, (R") [

H,C—CH—=CH—CH, Il H Br
I Blr H* 1,2-;:duct
roduct
1,4-adduct H,C=CHCH=CH, ® )

(product) (reactants)
5= Reaction Progress ———5:c——

Fig. 8-5
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product. The 1,4-adduct accumulates because the addition, having a greater AH ! is more difficult to reserve than that
for the 1,2-adduct. The 1,4-adduct has a lower enthalpy because it has more R groups on the C=C.

Problem 8.27 Explain why the conjugated 1,3-pentadiene reacts with one mole of Br, at a faster rate than does the
isolated 1,4-pentadiene. |

The reaction products are shown:

BrCH, —CH—CH=CH—CHj BrCH,— CH—CH=CH—CH;
B
H,C=CH—CH=CH—CH; —— ] L Br
conjugated BrCH,—CH==CH—CH—CH; BrCH, —CH=CH—CH—CHs

an allylic R* Br

H,C=CH—CH—CH=CH, + Br, — BrCHz—C‘H—CHz—CH=CH2 +Br-— BrCH2—|CH—CH2—CH=CH2
isolated an isolated R* Br

The intermediate carbocation formed from the conjugated diene is allylic and is more stable than the isolated
carbocation from the isolated diene. Since the transition state for the rate-controlling first step leading to the lower-
enthalpy allylic R* also has a lower enthalpy, AH? for this reaction is smaller and the reaction is faster. It is
noteworthy that although the conjugated diene is more stable, it nevertheless reacts faster.

Problem 8.28 (@) Which additional C’s in the following R* bear some + charge?

A
—C=C—C=C—C=C—C—
7 6 5 4 3 2 1

(b) With which of these C’s will :Nu™ react to give the thermodynamic-controlled product? |

(a) c?, C°, and €. These are alternating sites,

c=Cc—c=c—&—c=c = c=C—C¢—C=C—C=C -— ¢—C=Cc—Cc=C—C=C
7 6 5 4 3 2 1 7 6 b) 4 3 2 1 7 6 b) 4 3 2 !

() Nu~ adds to equivalent C’ or C” to give the conjugated triene

—C=C—C=C—C=C—C—Nu (most stable)

Addition at C* (or C°) gives a triene with only two conjugated C=C’.

BNy

——C=C—$—C=C—C-_-C— (less stable)
Nu

Problem 8.29 Write structural formulas for major and minor products from acid-catalyzed dehydration of
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Dehydration can occur by removal of H from either C or C’.

5 4 3 2 1
HQCI“‘?H—CH:CH—Cﬂz — H,C—CH=CH—CH=CH,; + H,C=CH—CH—CH=CH,

|
H’ OH H’ H (from -H%) H (from —H%)
4-Hydroxy-1-pentene 1,3-Pentadiene (major) 1,4-Pentadiene (minor)
(1-Penten-4-ol) conjugated diene isolated diene

Problem 8.30 Write the structures of the intermediate R*’% and the two products obtained from the reaction of
H,C=C(CH;)CH=CH, with (a) HBr, () Cl,. «

(@) H* adds to C’ to form the more stable allylic 3° R*, rather than to C? or C? to form the nonallylic 1° R*’s
Hzé—CH(CH3)C}!=CH2 and H2C=C(CH3)CH2—6H2, respectively; or to C* to yield the 2° allylic
R+ Hzc=C(CH3)CHCH3
CH; o CH;, cl:HS
&
H,C=C—CH=CH, + HBr —+ CH;—C*CH=CH, =— CH;—C=CH—CH,
1 2 3 4
. /

-

Al
- ?Ha C|H3 I

CH;—CI:—CH=CH2 + CH3—C=CH—$H2

Br Br
3-Methyl-3-bromo- 1-Bromo-3-methyl-
1-butene 2-butene
(minor) (major)
(b) CI* also adds to C! to form a hybrid allylic R*.
ICH3 C|2H3 C|IH3 CH; H,
H,C=C—CH=CH; + Cl; — H,C—C-=CH-=CH; + Cl-— H,C—C—CH=CH; + H,C—C=CH—C
] —— | |
Cl + Cl C Cl Cl
3-Methyl-3,4- 2-Methyl-1,4-
dichloro-1-butene dichloro-2-butene
(minor) (major)

Problem 8.31 Write initiation and propagation steps in radical-catalyzed addition of BrCCl; to 1,3-butadiene and
show how the structure of the intermediate accounts for: (a) greater reactivity of conjugated dienes than alkenes, (b)
orientation in addition. <4
Initiation
Rad: + Br:CCl;—=Rad:Br + -CCl;
Propagation

|
ClC,_+ —C=C~C=C— —= c13c—|c—(;—c=(|: «~— ClC—C—C=C—C— or c13c—c—c=(?=c—
e | ] | |1
Cl;C—C—C=C=C— + Br:CCl; — ClC- + Cl3¢—C—C=C—C— + CC—C—C—C=C—
| : | 3 3
r T

1,4-Adduct 1,2-Adduct
(major) (minor)
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(a) The allyl radical formed in the first propagation step is more stable and requires a lower AH* than the alkyl free
radical from alkenes. The order of free-radical stability is allyl > 3¢ > 2° > 1°.
(b) The 1,4-orientation is similar to ionic addition because of the relative stabilities of the two products.

8.6 POLYMERIZATION OF DIENES
ELECTROPHILIC CATALYSIS

m 2 ﬂ—\\ 4 ! 2 3 /HE:éHé’}?:éHz
E*+ H,C=CH-CH=CH, — ECH,—CH=CH—CH,
monomer 4

{ 2 3 4 5 6 7 4 n(CH,=CHCH=CH,)
ECH,;—CH=CHCH,CH,C H=CHEH2 (E[—CH,CH=CHCH,—],.42)*

mer of polymer

NUCLEOPHILIC OR ANIONIC POLYMERIZATION

CH3 CH3 P $H3 -~
| ~ | 57" HC=CzCH=CH,
Nu:™ "+ H,C=C;-CH=CH; —= Nu:CH,—C=CH—CH, ——————~
CHs CH; Tt CH; -
| | = n(CH,=C—CH=CH,) |
Nu:CH,C=CH—CH,:CH,—C=CH—CH,; Nu|{—CH,C=CHCH;—| ., »
dimeric anion mer of polymer

The reaction is stereospecific in yielding a polymer with an all-cis configuration.
Conjugated dienes undergo nucleophilic attack more easily than simple alkenes because they form
more stable allyl carbanions,

Like the allyl cation, the allylic anion is stabilized by charge delocalization through extended n bonding.

RADICAL POLYMERIZATION

] | ]

Z-+ —C=C—C=C— — ZL: C——C=C—Cl?' Monomer Z: C—C=C—C-—C—C=C—C|T‘
monomer monomeric dimeric
free radical free radical

Conjugated diene polymers are modified and improved by copolymerizing them with other unsaturated
compounds, such as acrylonitrile, H,C=CH—C=N.

H,C=CH—CH=CH; + H,C=CH + H,C=CH—CH=CH; + H,C=CH—CH=CH; —
=N
Acrylonitrile
—HZC—CH=CH—CHZ—CHZ—leﬂ—CHz—CH=CH—CH2—CHZ—CH=CH——CH2——
C=N
Buna N rubber unit n
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8.7 CYCLOADDITION

A useful synthetic reaction is cycloaddition of an alkene, called a dienophile, to a conjugated diene by 1,4-
addition.

CHZ /CHZ
HC” CHy aec HC” CH .
HC| + gH —_— Hg éH Diels—Alder reaction
SCH, ! cHy °
1,3-Butadiene  Ethylene Cyclohexene

8.8 SUMMARY OF ALKYNE CHEMISTRY

PREPARATION PROPERTIES
1. Industrial o 1. Addition Reactions
2CH,(-3H,) ——~ HC=CH + Cu(NH3),Cl — H,C=CH—C=CH

+ H,/Pt(Pb) — RCH=CH; (syn)
+ Na, NH3; —— RCH=—CH, (anti)
HX
+ HX ——= RCX=CH, -~~~ RCX,CHj
+ HOH(Hg*, H*) —= R—CO—CH,
X
+ X, —= RCX=CHX = RCX,—CHX,
+ RyBH ——— RCH=CHBR,

2. Laboratory
(a) Triple-Bond Formation /

Dehydrohalogenation

RCHXCH,X or RCH,CHX,; + KNH; — R—C=CH +H,0, \:HOAC
RX RCH=CH,
(b) Alkylation of Acetylene RX RCH,CH=0

HC=CH + NaNH; — HC=CNa
HC=CH +RMgX —— HC=CMgX 2. Replacement of Acidic Hydrogen
+ NaNH; — RC=CNa

+ Ag(NH;); — RC=CAg

+ R'MgX — RC=CMgX + R'H

I

8.9 SUMMARY OF DIENE CHEMISTRY
PREPARATION PROPERTIES

1. Dehydration of Diols 1. Hydrogen Addition
HOCH,—CH,—CH,—CH;—O0H + 2H; — Butane
2. Polar Additions
+Cl; — 1,2- + | 4-Dichlorobutenes
+ 2Cl; — 1,2,3,4-Tetrachlorobutane

+ HI — 3-lodo- + 1-lodobutenes
Eor

2. Dehydrogenation (Industrial) ~2H,0
Alkanes: CH3;CH,CH,CH;—2H,
Alkenes: H,C=CHCH,CH;-H;

/
s

+ — —(CH,CH=CH—CH,), —
H,C=CHCH—CH, ™ mer or polymer
. alc. KOH
3. Dehydrohalogenation dC/ N Free-Radical Addition
Dihalides: CH;CHXCH,CH,X ale. KOH + BrCCl; —— 1,2- and 1,4-Adducts
Allyl halides: H,C=CHCHXCHj, +R- — —(CH,—CH=CH—CH,),—

polymer

4. Diels—Alder Reacti on
/CH=CI;{

“CH,
CH,-CH,

+ H,C=CH; — H,)C
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Supplementary Problems

Problem 8.32 For the conjugated and isolated dienes of molecular formula C4H,, tabulate (a) structural formula
and TUPAC name, (b) possible geometric isomers, (¢) ozonolysis products. |

In Table 8-2 a box is placed about the C=C associated with geometric isomers.

Problem 8.33 Show reagents and reactions needed to prepare the following compounds from the indicated starting
compounds. (a) Acetylene to ethylidene iodide (1,1-diiodoethane). () Propyne to isopropyl bromide. (c) 2-Butyne to
racemic 2,3-dibromobutane. (d) 2-Bromobutane to trans-2-butene. (¢) n-Propyl bromide to 2-hexyne. (f) 1-Pentene to

2-pentyne. <
(@) H—C=C-—-H —4 H,C=CHI —%~ CH,;CHI,
(b) CH,C=C—H —*"= CH,~—CH=CH, — CH,CHBICH,

Add H, first; the reaction can be stopped after 1 mol is added.

H, /Pt(Pb
(c) CH,C=CCH,
(d* CH,CHBICH,CH,

Br, .
cis-CH;CH=CHCH; —> rac-(+)-CH;CHBICHBICH, (trans addition)
_ale KOH_ cis + trans-CH;CH=CHCH,; L

KNH, a, NH
CH,CHBICHBICH; 2 CH,C=CCH, ——"
meso and rac

B KNH.
() CHy,CH,CHBr X% CH,CH=CH, - CH,CHBICH,Br —2

trans-CH;CH=CHCH;

- -C;H,B:
CH,C=CH ™% CH,C=CiNa* 27,

(f) H,C=CHCH,CH,CH, 2% CH,CHBrCH,CH,CH, -2X°H

CH}CEC—CH2CH2CH3

Br,
CH;CH=CHCH,CH; — CH,CHBICHBIrCH,CH; —}
(Saytzeff product)

CH,;C=CCH,CH; (not the less stable allene, CH;CH=CH=CHCH,)

Problem 8.34 Write a structural formula for organic compounds (A) through (N):

NH; ) .
(@) HC=CCH,CH,CH, —2i (x) MO (g,
) CH,C=CH ™ (¢, agas) + (D) —2- (E)
© CH,CH,C=CH + Na*NH; —= (F) 2L () 227 p
@ CH,C=CH + BH, M CH,COOH a) dil. aq. ()
KMnQ,
CH,
| BrCCl,
(e) CICH,—CHCHCICH; + alc. KOH — (L) ;—W (M) + (N) <
(%) CH, (C)+CH;C=CMgBr (D) CH;C=CCH; (E) C
(©) CH,CH,C=C"Na* (F)  CH,CH,C=CCH,CH,; (G) CHiCH;y—C—CH,CH,CH; (H)
(d) (CH;CH=CH);B (I) CH;CH=CH, (J) CH,CHOHCH,0H (K)

* Trans- and cis-alkenes are made by stereospecific reductions of corresponding alkynes.
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(a) Formula and Name

(b) Geometric Isomers

(¢) Ozonolysis Products

(1) H,C=CH— —CH,—CH3

: 2 H,C=0, O=CH—CH=0, O=CHCH,CH;
1,3-Hexadiene
(2) HC=CH—CH,—[{CH=CH|—CHj 2 H,C=0, 0==CHCH,CH=0, O=CHCHj
1,4-Hexadiene
() HC=CH—CH,—CH,—CH=CH, None H,C=0, 0=CHCH,CH,CH=0, O=CHj
1,5-Hexadiene
CH
[ 2 C|3H3
(4) HyC=C—|CH=CH|—CH, H,C=0, 0=C—CH=0, O=CHCH;
2-Methyl-1,3-pentadiene ’ ’
(le3 N CH3
one
(5) H,C=C—CH,—CH=CH, H,C=0, 0=C—CH,CH=0, O0=CH,
2-Methyl-1,4-pentadiene
CH; ) C|3H3
(6) HC=CH—[C=CH—CHs H,C=0, O=CH—C=0, O=CHCH
3-Methyl-1,3-pentadiene ! ’ 3
CH
(1) HyC=CH—CH=C 3CH None o
L= — —C— k| — — - oo, = —
4-Methyl-1,3-pentadiene H,C=0, O=CH—CH=O0, 0=C CHs
(8) CHy—|CH=CH|—[CH=CH|—CH; 3 CH;CH=0, 0O=CH—CH=0, O=CHCHj
2,4-Hexadiene cis, cis;
cis, trans;
trans, trans
CH3 CH3 CH3
] | None |
(9) H,C=C—C=CH;, C|3H2
2,3-Dimethyl-1,3-butadiene H,C=0, 0=C—CH=O0, 0=CH,
CH;
C|3H None ?H3
(10) HC_le 2CH CH (’:HZ
2=L—CH=CH, — — (T — —
2-Ethyl-1,3-butadiene H,C=0, 0=C—CH=0, 0=CH,
CH
11) H,C=CH C|TH3CH“‘CH None C|:H3
(D) HC= =CH, H,C=0, O=CHCH—CH=0, O=CH,

3-Methyl-1,4-pentadiene
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C|3H3 <|:H3 <|3H3
() H,C=C—CH==CH, (L) C13CCH2—C|3~—CH=CH2 (M) CLCCH,—C=CH—CH,;—Br (N)
Br
1,2-addition product 1,4-addition product (major)

Problem 8.35 Assign numbers from | for LEAST to 5 for MOST to indicate the relative reactivity on HBr addition to
the following compounds:

(d) CH,—CH=CH—CH=CH, (¢) HC=C—C=CH, <
CH;,

Conjugated dienes form the more stable allyl R*’s and therefore are more reactive than alkenes. Alkyl groups on
the unsaturated C’s increase reactivity. Relative reactivities are: (@) 1, (b) 2, (¢) 3, (d) 4, (e) 5.

Problem 8.36 For the reaction of propyne with (@) HOB, () Br, + NaOH, give the structures of the products and

the mechanisms of their formation. «
i

(¢) H—O—Br + H+ H—O—Br H

o : g j
™~ -H i
CH,—C=C—H + Br—()ly)—H ——= CHy—C=C  +OH, =, 0 ﬁ A . CHy—€—C
+

H W H O H
Bromoaceto

b l:ropyne reacts with strong bases to form a nucleophilic carbanion which displaces :Br:~ from Br, by attacking
Br to form 1-bromopropyne.
B CHy—C=CiBr: + B
|-Bromopropyne

s _
CH;—C=C:H +:0:H- == H,0 + CH,—C=C*

Problem 8.37 '“CH;CH=CH, is subjected to allylic free-radical bromination. Will the reaction product be
exclusively labeled H,C=CH'*CH,Br? Explain. <

No. The product consists of an equal number of H,C=CH'"CH,Br and '*CH,=CHCH,Br molecules. H-
abstraction produces a resonance hybrid of two contributing structures having both '*C and '*C as equally reactive,
free-radical sites that attack Br,.

Br. + 14CH;CH=CH, — HBr + YCH,CH=CH, Br!4CH,CH=CH,
e + or BrYCH,CH="*CH,

. —Br
14CH, =CHCH, 14CH; =CHCH,Br

Problem 8.38 (a) Write a schematic structure for the mer of the polymer from head-to-tail reaction of 2-methyl-
1,3-butadiene. (b) Account for this orientation in polymerization. (¢) Show how the structure is deduced from the
product
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I
CH;—C—CH,—CH,—CH=0

obtained from ozonolysis of the polymer. <

(a) 1,4-Addition with regular head-to-tail orientation produces a polymer with the following repeating unit (mer):

g
—CH;—C=CH—CH,—

(b) This orientation results from more rapid formation of the more stable intermediate free radical.

CH; CH3; CH;
R: + CHy—C—CH=CH,; — R:CH,C—CH=CHj; (3°) =— RCHC=CHCH; (1°
FRH e 2 L 2(3%) 2 Ha (1°)

CH; CH; CH; CH,
/\ I
[RCH2C:CH:CH2]' +CH2:C—CH:CH2 —— [RCHzC:CHCHz—CHZ—C:CH:CHz]'
%(—/

1

"head” “tail" mer formed bond

The 1° allylic site is more reactive than the 3° allylic site. Attack at the other terminal =—=CH, gives the less stable
free radical.

(le:; C|:H3 CleJ
CH,—C—CH=CH, + 'R — [CH,=C—CHCH,R (2°) =— CH,—C=CHCH,R] (1°)

(c) Write the ozonolysis products with the O’s pointing at each other. Now erase the O’s and join the C’s by a double

bond.
o g g
1.0
= (C—CH,CH,—CH=C—CH,—CH,—CH=C—CH,—CH,~CH= d
N y N g y 2.Zn, Hy0
piece of mer mer mer piece of next mer
CH; CH, CH;

| |
0=C—CH,CH,CH=0 + O=C~—CH,CH,CH=0 + 0=C—CH,CH,CH=0

Problem B.39 (a) Calculate the heat of hydrogenation, AH,, of acetylene to ethylene if the AH,’s to ethane are
—137kl/mol for ethylene and —314 kl/mol for acetylene. (b) Use these data to compare the ease of hydrogenation of
acetylene to ethylene with that of ethylene to ethane. <

(@) Write the reaction as the algebraic sum of two other reactions whose terms cancel out to give wanted reactants,
products and enthalpy. These are the hydrogenation of acetylene to ethane and the dehydrogenation of ethane to
ethylene (reverse of hydrogenation of H,C=CH,).

(Eq. 1) H—C=C—H + 2H, —~ CH,—CH, 314 kI/mol
(Eq.2) CH,—CH, — = H,C=CH, +H, +137 kl/mol

Equation 2 (dehydrogenation) is the reverse of hydrogenation (AH, = —137kJ/mol). Hence the AH, of Eq. 2
has a 4 value.

(b) Acetylene is less stable thermodynamically relative to ethylene than ethylene is to ethane because AH, for
acetylene — ethylene is —177 kJ/mol, while for ethylene — ethane it is —137 kJ/mol. Therefore acetylene is
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more easily hydrogenated and the process can be stopped at the ethylene stage. In general, hydrogenation of
alkynes can be stopped at the alkene stage.

Problem 8.40 Deduce the structural formula of a compound of molecular formula C4H, which adds 2 mol of H,
to form 2-methylpentane, forms a carbonyl compound in aqueous H,SO,;-HgSO, solution and does not react with
ammoniacal AgNO5 solution, [Ag(NH;),]*NO5. |

There are two degrees of unsaturation since the compound CgH,o lacks four Hs from being an alkane. The
addition of 2 mol of H, excludes a cyclic compound. It may be either a diene or an alkyne, and the latter functional
group is established by hydration to a carbonyl compound. The skeleton must be

T
C—C—C—C—C

as established by the reduction product. The two possible alkynes with this skeleton are
(CH;),CHCH,C=CH and (CH,),CH—C=C—CH,

The negative test for a 1-alkyne with Ag? establishes the second structure, 4-methyl-2-pentyne.

I 2 3 4 5
Problem 8.41 The allene 2,3-pentadiene (CH;CH=C=CHCH,) does not have a chiral C but is resolved into
enantiomers. (a) Draw an orbital picture that accounts for the chirality [see Problem 5.23(d)]. () What structural
features must a chiral allene have? <

(@) C’ is sp hybridized and forms two & bonds by sp-sp? overlap with the orbitals of C? and C?. The two remaining p
orbitals of C* form two 7 bonds, one with C° and one with C*. These 7 bonds are at right angles to each other.
The H and CH; on C’ are in a plane at right angles to the plane of the H and CH; on C*. See Fig. 8-6.

Because there is no free rotation about the two 7 bonds, the two H’s and two CHj;’s have a fixed spatial

relationship. Whenever the two substituents on C? are different and the two substituents on C* are different, the
molecule lacks symmetry and is chiral.

(b) Individually, the terminal C’s of the allenic system must have two different attached groups; e.g.
RHC=C=—CHR'(R). The groups could be other than Hs. H,C=C==CHR is not chiral.

Mirror

Fig. 8-6

Problem 8.42 Heating C4HoBr (A) with alcoholic KOH forms an alkene, CsHg (B), which reacts with bromine to
give C4HgBr; (C). (C) is transformed by KNH; to a gas, C4Hg (D), which forms a precipitate when passed through
ammoniacal CuCl. Give the structures of compounds (A) through (D). <

The precipitate with ammoniacal CuCl indicates that (D) is a ! -alkyne, which can only be 1-butyne. The reactions
and compounds are:

H—C=CCH,CH, ™" BrCH,CHBICH,CH, <* H,C=CHCH,CH, < BrCH,CH,CH,CH,
KOH

(D) (©) (B) (A)
(A) cannot be CH3;CHBrCH,CHj;, which would give mainly H;CCH=CHCHj; and finally CH;C=CCHj.
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Problem 8.43 Is the fact that conjugated dienes are more stable and more reactive than isolated dienes an
incongruity? <

No. Reactivity depends on the relative AH* values. Although the ground-state enthalpy for the conjugated diene
is lower than that of the isolated diene, the transition-state enthalpy for the conjugated system is lower by a greater

amount (see Fig. 8-7).

+ . 4 .
AH* conjugated < AH* isolated and rate pjugated > Tal€isojared

=~ ~= [solated

Enthalpy

Conjugated

Reaction Progress

Fig. 8-7

Problem 8.44 Explain why 1,3-butadiene and O, do not react unless irradiated by uv light to give the 1,4-adduct.
< o > <
0—0
Ordinary ground-state O, is a diradical,
:O—-o:
ot
One bond could form, but the intermediate has 2 electrons with the same spin and a second bond cannot form.

0—0 + HZCECH—CHﬂCHZ —_— ?~O—CH2—CH=CH—$H2

When irradiated, O, is excited to the singlet spin-paired state

O—0O:
N

Singlet O, reacts by a concerted mechanism to give the product.
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Problem 8.45 Is there any inconsistency between the facts that the C—H bond in acetylene has the greatest bond
energy of all C—H bonds and that it is also the most acidic? |

No. Bond energy is a measure of homolytic cleavage, =C:H — =C- 4 ‘H. Acidity is due to a heterolytic
cleavage, =C:H 4 Base — =C:~ 4 H*(Base).
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For bicyclic compounds, the prefix bicyelo- is combined with a pair of brackets enclosing numbers
separated by periods, which is followed by a name indicating the total number of atoms in the bridged
rings. The bracketed numbers show how many C’s are in each bridge joining the bridgehead C’s and are
cited in the order of decreasing size.

Problem 9.1 Draw structural formulas for (@) bromocycloheptane, (5) 1-ethylcyclopentene, (c) bicyclo[3.1.0]hex-
ane, (d) cyclobutylcyclohexane.

Br
(I Qe w0

CH,CH;

Problem 9.2 Name the following compounds:

5 Me 2 I
4 [ ]:‘6 4 Me 3 B ° @i
3 - 1 8 6 4 ’ NOp_
2 5 4
(a) (c) (e)
Me Me
CH, CHj3 «— a one-carbon bridge
Me /\
CH, o
I | bridgehead C’s
[ >—CH=CH—CH—CH,CH; CH, Mé  \° _(common to3 rings)
(b (d) (f)

In (/) C!, C?, C?, ¢4, €, C% constitute one ring; C’, €7, C*, C’, C%, another; C/, C?, C*, ¢4, C7, a third. <

(a) This fused-ring bicyclic compound has a four-carbon bridge made up of C, C*, C*, and C°, and a two-carbon
bridge of C” and C?; the bridge between the bridgehead C’s has 0 carbon atoms. There are eight C’s in the compound.
The name is bicyclo[4.2.0]Joctane. (b) Consider the cyclopropane ring to be a substituent on the longest carbon chain,
The name is 1-cyclopropyl-3-methyl-1-pentene. (c¢) The substituents, written alphabetically, are numbered so that the
C’s have the lowest possible numbers. The name is 3-bromo-1,1-dimethyicyclohexane. (d) 1,1,3-Trimethylcyclopen-
tane. (e) 3-Nitrocyclohexene (not 6-nitrocyclohexene). The doubly bonded C’s are numbered ! and 2, to give the
smaller number to the substituent. (/) The numbering of C’s of bicyclic compounds starts with the bridgehead C
closest to a substituent. Substituents on the largest bridge get the smallest numbers. The name is 2,2,7,7-
tetramethylbicyclo[2.2. 1 Jheptane.

9.2 GEOMETRIC ISOMERISM AND CHIRALITY

Review Chapter 5. The inability of atoms in rings to rotate completely about their ¢ bonds leads to cis-
trans (geometric) isomers in cycloalkanes.
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(i) (ii) (1) (i1)
Me, Me Me H

Me. .Me H .- Me
or ; 3 or ; :
H H Me H
H H H Me
cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane

In such diagrams, either (i) the flat ring is perpendicular to the plane of the paper, with the bond(s) facing
the viewer drawn heavy and with the substituents in the plane of the paper and projecting up and down, or
(ii) the flat ring is in the plane of the paper, with “wedges” projecting toward the viewer and “dots™ away
from the viewer.

Since the ring C’s are sp>-hybridized, they may be chiral centers. Therefore, substituted cycloalkanes
may be geometric isomers as well as being enantiomers or meso compounds.

Problem 9.3 Give the names, structural formulas and stereochemical designations of the isomers of (a)
bromochlorocyclobutane, (4) dichlorocyclobutane, (¢) bromochlorocyclopentane, (d) diiodocyclopentane, (e)
dimethylcyclohexane. Indicate chiral Cs. |

Br.
(a) There is only one structure for 1-bromo-1-chlorocyclobutane: CI>O

With 1-bromo-2-chlorocyclobutane there are cis and trans isomers and both substituted C’s are chiral, Both
geometric isomers form racemic mixtures.

H H Br, Br

* * * * * * * *

Br (I Cl Br H Cl H

SR RS \_RR $S
cis, racemic trans, racemic

1-Bromo-2-chlorocyclobutane

In 1-bromo-3-chlorocyclobutane there are cis and trans isomers, but no enantiomers; C’ and C® are not
chiral, because a plane perpendicular to the ring bisects them and their four substituents. The sequence of atoms
is identical going around the ring clockwise or counterclockwise from C’ to C?.

.

P planes of symmetry o

Br Br
same
(Solid » indicates an H is in the
’\) : back, no dot for an H in front.)
Cl same Ci
! cis ’ trans

1-Bromo-3-chlorocyclobutane

In these structural formulas, the other atoms on C’ and C? are directly in back of those shown and are
bisected by the indicated plane.
(b) Same as (a) except that the cis-1,2-dichlorocyclobutane has a plane of symmetry (dashed line below) and is
meso.



CHAP. 9] CYCLIC HYDROCARBONS 165

. Cl Cl Cl Cl
Sy tf hnf
)
H>D]<H . y
! Y
cis, meso trans, racemic

(¢) There are nine isomers because both 1,2- and 1,3-isomers have cis and frans geometric isomers, and these have

enantiomers.
Br Br Br Br r
Cl * H H * * H H *
H cis, rac H ¢ trans, rac Cl
1-Bromo- 1 -chlorocyclopentane 1-Bromo-2-chlorocyclopentane
Br Ci Cl Br Br H H Br
STSI S Ye:
H H H H H Cl Cl H
cis, rac trans, rac

1-Bromo-3-chlorocyclopentane

(d) The diiodocyclopentanes are similar to the bromochloro derivative, except that both the cis-1,2- and the cis-1,3-
diiodo derivatives are meso. They both have planes of symmetry.

cis-1,2-diiodopentane  cis-1,3-diiodopentane

(e) There are nine isomeric dimethylcyclohexanes.

Me . Me Me
- 2D
Me . ™ e £ %] H H
Me! Me Me Me
1,1-Dimethyl  cis, meso-1,2-Dimethy] trans, rac-1,2-Dimethyl
. Me
Me'— | Me Me H H H Me
ISEPTCRORS
H . * H H * Me Me Me H
) Me Me
cis, meso- trans, rac-1,3-Dimethyl cis- trans-1,4-Dimethy]

(no chiral centers)
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9.3 CONFORMATIONS OF CYCLOALKANES
RING STRAIN

The relative stabilities of cycloalkanes can be determined by comparing their AH’s of combustion
(Problem 4.35) on a per-CH,-unit basis. Rings have different AH’s of combustion per CH, unit because
they have different amounts of ring strain.

Problem 9.4 (a) Calculate AH of combustion per CH; unit for the first four cycloalkanes, given the following
AH’s of combustion, in kJ/mol: cyclopropane, —2091; cyclobutane, —2744; cyclopentane, —3320; cyclohexane,
—3952. (b) Write (i) the thermochemical equation for the combustion of cyclopropane and (ii) the theoretical equation
for the combustion of a CH; unit of any given ring. (¢) How do ring stability and ring size correlate for the first four
cycloalkanes? |

(a) Divide the given AH values by the number of CH, units in the ring (3, 4, 5, and 6, respectively), to obtain:
cyclopropane, —697; cyclobutane, —686; cyclopentane, —664; cyclohexane, —659. Observe that these per-unit
AH’s are in the reverse order of the fotal AHs.

() (1) CyHz+ t%02—-3~C02 +3H,0 AH = —2091 kJ/mol
(i) —CH,— +30,—CO, +H,0 AH <0

(¢) In (ii) of (), AH=H(CO,) + H(H,0) — H(% 0O,) — H(unit). Thus, for the four different ring-memberships
under consideration,

H(unit) = constant — AH

Now, from (a), AH increases (becomes less negative) with increasing size of the ring. Thus, H(unit) decreases
with increasing size, which implies that H(ring) also decreases with increasing size. But a decreasing H(ring)
means an increasing ring stability, In short, stability increases with ring size.

Problem 9.5 Account for the ring strain in cyclopropane in terms of geometry and orbital overlap. |

The C’s of cyclopropane form an equilateral triangle with C—C—C bond angles of 60°—a significant deviation
from the tetrahedral bond angle of 109.5°. This deviation from the “normal” bond angle constitutes angle strain, a
major component of the ring strain of cyclopropane. In terms of orbital overlap, the strongest chemical bonds are
formed by the greatest overlap of atomic orbitals. For sigma bonding, maximum overlap is achieved when the orbitals
meet head-to-head along the bond axis, as in Fig. 9-1(a). This type of overlap in cyclopropane could not lead to ring
closure for sp*-hybridized C’s because it would demand bond angles of 109.5°. Hence the overlap must be off the
bond axis to give a bent bond, as shown in Fig. 9-1(b).

In order to minimize the angle strain the C’s assume more p character in the orbitals forming the ring and more s
character in the external bonds, in this case the C—H bonds. Additional p character narrows the expected angle, while
more s character expands the angle. The observed H—C—H bond angle of 114° confirms this suggestion. Clearly,
there are deviations from pure p, sp, sp>, and sp? hybridizations.

S e
AVERR.
AN

114°

<

PN

(a) Propane (b) Cyclopropane
Fig. 9-1
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Problem 9.6 What factor besides angle strain contributes to the ring strain of cyclopropane? <

Because the cyclopropane molecule is a planar ring, the three pairs of Hs eclipse each other as in n-butane (see
Fig. 4-4) to introduce an eclipsing (torsional) strain.

Problem 9.7 (a) Why is the AH of cis-1,2-dimethylcyclopropane greater than that of its trans isomer? () Which
isomer 1s more stable? «

(a) There is more eclipsing in the cis isomer because the methyl groups are closer. (b) The trans is more stable.

CONFORMATIONS OF CYCLOBUTANE AND CYCLOPENTANE
Problem 9.8 Explain why the ring strain of cyclobutane is only slightly less than that of cyclopropane. <

If the C’s of the cyclobutane ring were coplanar, they would form a rigid square with internal bond angles of 90°.
The deviation from 109.5° would not be as great as that for cyclopropane, and there would be less angle strain in
cyclopropane. However, this is somewhat offset by the fact that the eclipsing strain involves four pairs of Hs, one pair
more than in cyclopropane.

Actually, eclipsing strain is reduced because cyclobutane is not a rigid flat molecule. Rather, there is an
equilibrium mixture of two flexible puckered conformations that rapidly flip back and forth (Fig. 9-2), thereby
relieving eclipsing strain. Puckering more than offsets the slight increase in angle strain (angle is now 88°). The boxed
H’s in Fig. 9-2 alternate between up-and-down and outward-projecting positions relative to the ring.

Fig. 9-2

Problem 9.9 Depict the flexible puckered conformation of cyclobutane in a Newman projection. |

s
RV i
Skewed H's "' (C4is in back of Cy)
H
\_,/ H

3
Fig. 9-3

See Fig. 9-3. The circle represents the C’s of any given ring C—C bond. The other C’s of the ring bridge these
two C’s, one to the front C (heavy line) and the other to the back C (ordinary line). This Newman projection formula
reveals that the H’s on adjacent C’s are skewed in the puckered conformation.

Problem 9.10 Are the following compounds stable? <

(a) No. A mrans-cyclohexene is too strained. The trans unit C—C==C—C cannot be bridged by two more Cs,
trans-Cycloalkenes are stable for eight-membered, (b), and larger rings. (¢) No. Cycloalkynes of fewer than eight C’s
are too strained. The triple bond imposes linearity on four C’s, C—C=C-—C, which cannot be bridged by two more
C’s but can be bridged by four C’s, as in (d). (¢) No. A bridgehead bicyclic cannot have a double bond at a bridgehead
position (unless one of the rings has at least eight C’s). Such a bridgehead C and the three atoms bonded to it cannot
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H
CH,—C=C—CH
fH H,
/ CH,—CH, /CHz
H TCH,
b

(@) (©) (d)

A QO OO CP.

(e) (g) ()

assume the flat, planar structure required of an sp?-hybridized C. This is known as Bredt’s rule. ( /) Yes. This exists
because one of the bridges has no C, and these bridgehead C’s can easily use sp’-hybridized orbitals to form
triangular, planar sigma bonds. (g) Yes. Compounds (spiranes) having a single C which is a junction for two separate
rings are known for all size rings. However, the rings must be at right angles.

FalialinN

() No. Three- and six-membered rings cannot be fused rrqns, since there is too much strain.

CONFORMATIONS OF CYCLOHEXANE

Problem 9.11 Among the cycloalkanes with up to 13 ring C’s, cyclohexane has the least ring strain. Would one
expect this if cyclohexane had a flat hexagonal ring? «

No. A flat hexagon would have considerable ring strain. It would have six pairs of eclipsed H’s and C—C—C
bond angles of 120°, which deviate by 10.5° from the tetrahedral angle, 109.5°.

Cyclohexane minimizes its ring strain by being puckered rather than flat. The two extreme conformations are the
more stable chair and the less stable boat. The twist-boat conformer is less stable than the chair by about 23 kJ/mol,
but is more stable than the boat. It is formed from the boat by moving one “flagpole” to the left and the other to the
right. See Fig. 9-4.

Problem 9.12 In terms of eclipsing interactions explain why () the chair conformation is more stable than the
boat conformation and (b) the twist-boat conformation is more stable than the boat conformation. «

(@) Inthe boat form, Fig. 9-4(b), the following pairs of C—C bonds are eclipsed: C'—C? with C*—C?, and C! —C*
with C*—C’. Furthermore, the H's on C°—C¥ and C°—C?® are also eclipsed. Additional strain arises from the
crowding of the “flagpole” H's on C’ and C?, which point toward each other. This is called steric strain because
the H’s tend to occupy the same space. In the chair form, Fig. 9-4(a), all C—C bonds are skew and one pair of
H’s on adjacent C’s is anti and the other pair is gauche (see the Newman projection),

(b) Twisting C’ and C* of the boat form away from each other gives the flexible twist-boat conformation in which
the steric and all the eclipsed interactions are reduced [Fig. 9-4(c)].

SUBSTITUTED CYCLOHEXANES
1. Axial and Equatorial Bonds

Six of the twelve H's of cyclohexane are equatorial (e), they project from the ring, forming a belt
around the ring perimeter as in Fig. 9-5(a). The other 6 H’s, shown in Fig. 9-5(b), are axial (a); they are
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Chair conformer Boat conformation Twist boat conformation
most stable least stable
(@ (&) (c)
Fig. 9-4

perpendicular to the plane of the ring and parallel to each other. Three of these axial H’s on alternate C’s
extend up and the other three point down.

Converting one chair conformer to the other, also changes the axial bonds, shown as heavy lines in
Fig. 9-5(c), to equatorial bonds in Fig. 9-5(d). The equatorial bonds of Fig. 9-5(c) similarly become axial
bonds in Fig. 9-5(d).

H(a) H(a)
H(e) H(a)
(e)H H(e) H
O Ao M
(a) Equatorial Bonds (b) Axial Bonds

H(a)

H(e)
H(e)
H(a)
3
H(a) -~~~ -2=CHy(a)
}Il(aj - AE =75 ki/mol H(e)
= U e
H(e)
(e) Methylcyclohexane, Me(a) (f) Methylcyclohexane, Me(e)

Fig. 9-5
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Problem 9.13 Give thc conformational designations of the boxed H's in Fig. 9-2. <

Axial on the left; equatorial on the right.

2. Monosubstituted Cyclohexanes

Replacing H by CH; gives two different chair conformations; in Fig. 9-5(¢) CHj is axial, in Fig. 9-5(f)
CH; is equatorial. For methylcyclohexane, the conformer with the axial CH; is less stable and has
7.5 kJ/mol more energy. This differencc in energy can be analyzed in either of two ways:

1,3-Diaxial interactions (transannular effect). In Fig. 9-5(¢) the axial CHj is closer to the two axial
H’s than is the equatorial CH; to the adjacent equatorial H’s in Fig. 9-5(f). The steric strain for each
CH;—H 1,3-diaxial interaction is 3.75kJ/mol, and the total is 7.5kJ/mol for both.

Gauche interaction (Fig. 9-6). An axial CH; on C'hasa gauche interaction with the C°—C? bond of
the ring. One gauche interaction is also 3.75 kJ/mol; for the two the difference in energy is 7.5 kJ /mol.
The equatorial CH; indicated as (CHj3) is anti to the c’—c’ ring bond.

In general, a given substituent prefers the less crowded equatorial position to the more crowded axial
position.

gauche

1. t-Dimethylcyclohexane

Fig. 9-6

Problem 9.14 (a) Draw the possible chair conformational structures for the following pairs of dimethylcyclohex-
anes: (i) cis- and trans-1,2-; (ii) cis- and trans-1,3-; (iii) cis- and trans-1,4-. (b) Compare the stabilities of the more
stable conformers for each pair of geometric isomers. (¢) Determine which of the isomers of dimethylcyclohexane are
chiral, <

When using chair conformers, the better way to determine whether substituents are cis or trans is to look at the
axial rather than the equatorial groups. If one axial bond is up and the other is down, the isomer is trans; if both axial
bonds are up (or down), the geometric isomer is cis.

(a) (i) In the 1,2-isomer, since one axial bond is up and one is down, they are trans (Fig. 9-7). The equatorial bonds
are also trans although this is not obvious from the structure. In the cis-1,2-isomer an H and CH; are trans to
cach other (Fig. 9-8).

(ii) In the 1.3-isomer both axial bonds are up (or down) and cis (Fig. 9-9). In the more stable conformer
[Fig. 9-9(a)] both CHs’s are equatorial. In the rrans isomer, one CHs is axial and one equatorial (Fig. 9-10).
(ii1) In the 1,4-isomer the axial bonds are in opposite directions and are trans (Fig. 9-11),

CH;
CH;
CH, H
; H
H CH;
trans-1,2-(CH3’s ee): more stable trans-1,2-(CHjy’s aa); less stable

Fig. 9-7
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CH, CH;
M == :ﬂ
CH,3 H;C

H :
_ H H H
V

cis-1,2-(CHs'’s ea); conformational enantiomers

N

Fig. 9-8
H
H
MCH TD/QF
CH;
(a) cis-1,3-(CHj’s ee); more stable (b) cis-1,3- (CH3 $ aa); less stable
Fig. 9-9
M (ldentu al) m
trans-1,3-(CHs’s ea)
Fig. 9-10
more Stable less stable
trans-1,4-(CHy’s ee) trans-1,4-(CHj3’s aa)

N { ldennral ) m

cis-1,4-(CHy’s ea)

Fig. 9-11

(b) Since an (¢) substituent is more stable than an (a) substituent, in each case the (CHj3’s ee) isomer is more stable
than the (CHy’s ea) isomer.

(i) trans > cis (ii) cis > trans (iii) trans > cis

(¢) The best way to detect chirality in cyclic compounds is to examine the flat structures as in Problem 9.3(e); trans-
1,2- and trans-1,3- are the chiral isomers.

Problem 9.15 Give your reasons for selecting the isomers of dimethylcyclohexane shown in Figs. 9-7 to 9-11 that
exist as: (a) a pair of configurational enantiomers, each of which exists in one conformation; (b) a pair of
conformational diastereomers; (c¢) a pair of configurational enantiomers, each of which exists as a pair of
conformational diastereomers; (4) a single conformation; (e) a pair of conformational enantiomers. <
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(a) trans-1,3-Dimethylcyclohexane is chiral and exists as two enantiomers. Each enantiomer is (ae) and has only one
conformer.

(b) Both cis-1,3- and trans-1,4-dimethylcyclohexane have conformational diastereomers, the stable (ee) and
unstable (aa). Neither has configurational isomers.

(¢) trans-1,2-Dimethylcyclohexane is a racemic form of a pair of configurational enantiomers. Each enantiomer has
(ee) and (aa) conformational diastereomers.

(d) cis-1,4-Dimethylcyclohexane has no chiral C’s and has only a single (ae) conformation.

(e) cis-1,2-Dimethylcyclohexane has two (ae) conformers that are nonsuperimposable mirror images.

Problem 9.16 Use 1,3-interactions and gauche interactions, when needed, to find the difference in energy between
(a) cis- and trans-1,3-dimethylcyclohexane; (b) (ee) trans-1,2- and (aa) trans-1,2-dimethylcyclohexane. |

Each CHy/H 1,3-interaction and each CHy/CHj; gauche interaction imparts 3.75kJ/mol of instability to the
molecule.

(@) In the cis-1,3-isomer (Fig. 9-9) the more stable conformer has (ee) CH;’s and thus has no 1,3-interactions. The
trans isomer has (ea) CHjy’s. The axial CH; has two CH;/H 1,3-interactions, accounting for
2(3.75) = 7.5k}/mol of instability. The cis isomer is more stable than the trans isomer by 7.5kJ/mol.

(b) See Fig. 9-12; (ee) is more stable than (aa) by 15.0 — 3.75 = 11.25kJ/mol.

Problem 9.17 Write the structure of the preferred conformation of (@) trans-1-ethyl-3-isopropylcyclohexane, (5)
cis-2-chloro-cis-4-chlorocyclohexyl chloride. «

CH,
CH,

! CH;
no CH/H 1,3-interactions; axial CHj;’s have no CH;/CH; gauche interactions;
1 CH;3/CH3 gauche interaction = 3.75 kJ/mol each axial CH; has two CH3/H 1,3-interactions
=4 %x3.75=15.0 kl/mol
(ee) Conformation (aa) Conformation

Fig. 9-12

(a) The trans-1,3-isomer is (ea); the bulkier group, in this case /-propyl, is equatorial, and the smaller group, in this
case ethyl, is axial. See Fig. 9-13(a).

(b) See Fig. 9-13(h).
H
H
Cl
M HM
Cl
Cl
(@) )

Fig. 9-13
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Problem 9.18 You wish to determine the relative rates of reaction of an axial and an equatorial Br in an Sy2
displacement. Can you compare (a) cis- and trans-1-methyl-4-bromocyclohexane? (b) cis- and trans-1-t-butyl-4-
bromocyclohexane? (c) cis-3,5-dimethyl-cis-1-bromocyclohexane and cis-3,5-dimethyl-frans-1-bromocyclohexane?

|

() The trans substituents are (ee). The cis substituents are (ea). Although CHj; is bulkier and has a greater (e)
preference than has Br, the difference in preference is small and an appreciable number of molecules exist with
the Br (e) and the CH3 (a). At no time are there conformers with Br only in an (a) position. These isomers,
therefore, cannot be used for this purpose.

(b) The bulky ¢-butyl group can only be (e). In practically all molecules of the cis isomer, Br is forced to be (a). All
molecules of the trans isomer have an (e) Br. Because t-butyl “freezes” the conformation and prevents
interconversion, these isomers can be used.

(¢) The cis-3,5-dimethyl groups are almost exclusively (ee) to avoid severe CH;/CH, 1,3-interactions were they to
be (aa). These cis-CHj’s freeze the conformation. When Br at C’ is cis, it has an (e) position; when it is trans, it
has an (a) position. These isomers can be used.

9.4 SYNTHESIS
INTRAMOLECULAR CYCLIZATION

This technique applies to many open-chain compounds, as discussed in later chapters. Pertinent here is
the intramolecular cyclization of polyenes (an electrocyclic reaction).

‘ 5
3~ 5 heat or light 3 i l AN heat or light
2 \I 2 ] /
1,3-Pentadiene 3-Methylcyclobutene 1,3,5-Hexatriene 1,3-Cyclohexadiene
(a diene) (a triene)

INTERMOLECULAR CYCLIZATION

In this method two, or occasionally more, open-chain compounds are merged into a ring. Examples are
the common syntheses of cyclopropanes by the addition of carbene (CH,) or substituted carbenes to
alkenes (Section 6.4).

H;C

H
H:(: + H;CCH=CH, W

Carbene  Propylene Methylcyclopropane

Methylene can be transferred directly from the reagent mixture, CH,I, 4+ Zn-Cu alloy, to the alkene
without being generated as an intermediate (Simmons—Smith reaction).

CH,l, + CH;CH=CH, \V + Znly (no insertion)

Methylene Methylcyclopropane
diiodide

H;C
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Problem 9.19 The carbene :CCl, generated from chloroform, CHCls;, and KOH in the presence of alkenes gives
substituted cyclopropanes. Write the equation for the reaction of :CCl, and propene. «

[CCl,] + CH;CH=CH, — CHj3

Cl a
Dichlorocarbene 1.1-Dichloro-2-
[see Problem 7.56(c)] methylcyclopropane

Another class of intermolecular cyclizations are the
Cycloaddition Reactions of Alkenes and Alkynes

(a) [2+ 2]. Ultraviolet-light-catalyzed dimerization of alkenes yields cyclobutanes in one step.

1,3-Butadiene 1,2-Divinylcyclobutane
(one of several products)

(b) [2 + 4] (the Diels—Alder reaction; Section 8.7). A conjugated diene and an alkene form a cyclohexene. Reactive
alkenes (dienophiles) have electron-attracting groups on their unsaturated C’s.

1,3-Butadiene I'} /C _,_,Eél\'l heat H/C= C\E—l
+ H,CY CH H,C CH
Ea 2 [
Elhylene H2C=CH2 HzC_CHz
Cyclohexene
$ 3 4 3
1,3-Butadiene jl-}/C _,_&I\'lﬁ heat 3H/C_C{-lo
+ HCY  CCH, ———  HG,  CH
Acrylic aldehyde H,C=CH H,C—CH
a dienophile 2 I\CH=O \cH=0

1,2,3,6-Tetrahydrobenzaldehyde

Ni(CN),
(c) [2+2+2+2] 4H—C=C—H W (access to cyclooctane)

Cyclooctatetraene

Cyclohexanes may be formed by hydrogenating compounds with benzene rings, many of which are isolated from
coal, as illustrated with toluene:

CH,4 CH;

Ni, 200 °C

3H2 +

25 atm

Toluene Methylcyclohexane
from coal tar
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9.5 CHEMISTRY

The chemistry of cyclic hydrocarbons and their corresponding open-chain analogs is similar. Exceptions
are the cyclopropanes, whose strained rings open easily, and the cyclobutanes, whose rings open with
difficulty. The larger rings are stable [see Problem 9.4(c)].

Problem 9.20 Although cyclopropanes are less reactive than alkenes, they undergo similar addition reactions.
(a) Account for this by geometry and orbital overlap. () How does HBr addition to 1,1-dimethylcyclopropane
resemble Markovnikov addition? «

(a) Because of the ring strain in cyclopropane (Problem 9.5), there is less orbital overlap (Fig. 9-1) and the sigma
electrons are accessible to attack by electrophiles.

(b) The proton of HBr is attacked by an electron pair of a bent cyclopropane sigma bond to form a carbocation that
adds Br~ to give a 1,3-Markovnikov-addition product.

C/CH3 C/CH3 C/CH3
~ ™~ ™~
/ CH; /*‘ CH; . /I CH;
CHz\ —’ CHz\ + :_B_l'i —_— CHz\Br
CH2 CHZ CHZ
1,1-Dimethylcyclopropane 2-Bromo-2-methylbutane
30 R+ 1,3-addition product

Problem 9.21 Which conformation of 1,3-butadiene participates in the Diels—Alder reaction with, e.g., ethene?
«

The two conformations of 1,3-butadiene are s-cis (cisoid) and s-trans (transoid):

H H CH
\ / \ st
— C—C
/ A\ 7 \
H,C CH, H,C
s-Cis s-trans

Although s-rrans is the more favorable conformer, reaction occurs with s-cis because this conformation has its double
bonds on the same side of the single bond connecting them; hence, the stable form of cyclohexene with a cis double
bond is formed. Reaction of the s-trans conformer with ethene would give the impossibly strained trans-cyclohexene
[Problem 9.10(a)]. As the s-cis conformer reacts, the equilibrium between the two conformers shifts toward the s-cis
side, and in this way all the unreactive s-trans reverts to the reactive s-cis conformer.

Problem 9.22 Outline a synthesis of the following alicyclic compounds from acyclic compounds.

|
(a) 1,1-Dimethylcyclopropane b) @—CH=CH2 (c) Cyclooctane
(a) CH3—‘C=CH2 + CHyl, —2<o >A
CH;

~CHy H

HC™ | heat
® + C—CH=CH, CH=CH,
HC, Il
CH,

CH;

i(c

Ni(CN) H,/Pd
(c) Acetylene _515?2’ Cyclooctatetraene RL1LE Cyclooctane
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Problem 9.23 Starting with cyclopentanol, show the reactions and reagents needed to prepare (a) cyclopentene,
(b) 3-bromocyclopentane, (c) 1,3-cyclopentadiene, (d) rrans-1,2-dibromocyclopentane, (e) cyclopentane. «

Br
OH
(ram (o (s ()
— - - - .
heat

Cyclopentanol Cyclopentene
(@) (b) (©

Br“'/ N
L O

‘B
@ (€)

Problem 9.24 Complete the following reactions:

CH, CH,4

. 120°C
(@) + HBr —— (b) ozonolysis of (© A + H; R

1

Ni Ni
@/\+Bn— (@ | +H o~ (f) Q +Hy o
(F9) A +KMnOy — (b A\ + KMnO, —~

CH;4

Cycloalkenes behave chemically like alkenes.

H;C Br fHa
C=0

(@) (a Markovnikov addition) (2] U \:HO

(¢) CH;CH,CHj. Under these conditions the strained three-membered ring opens. (¢) BrCH,CH,CH,Br. Again, the
three-membered ring opens. (¢) CH;CH,CH,CHj. The strained four-membered ring opens, but a higher temperature
is needed than in part (c). (f) No reaction. The five-membered ring has no ring strain. (g) No reaction. Even the
strained rings are stable toward oxidation. (h) L2 cyclopropanecarboxylic acid.

Problem 9.25 Cycloalkanes with more than six C’s are difficult to synthesize by intramolecular ring closures, yet
they are stable. On the other hand, cyclopropanes are synthesized this way, yet they are the least stable cycloalkanes.
Are these facts incompatible? Explain. <

No. The relative ease of synthesis of cycloalkanes by intramolecular cyclization depends on both ring stability
and the probability of bringing the two ends of the chain together to form a C-to-C bond, thereby closing the ring. This
probability is greatest for smallest rings and decreases with increasing ring size. The interplay of ring stability and this
probability factor are summarized below (numbers represent ring sizes).
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Probability of ring closure 3>4>5>6>7>8>9
Thermal stability 6>7,5>8,9>»4>3
Ease of synthesis 5>3,6>4,7,8,9

The high yield of cyclopropane indicates that a favorable probability factor outweighs the ring instability. For
rings with more than six C’s the ring stability effect is outweighed by the highly unfavorable probability factor.

Problem 9.26 Account for the fact that intramolecular cyclizations to rings with more than six C’s are effected at
extremely low concentrations (Ziegler method). <

Chains can also react intermolecularly to form longer chains. Although intramolecular reactions are ordinarily
faster than intermolecular reactions, the opposite is true in the reaction of chains leading to rings with more than six
C’s. This side reaction from collisions between different chains is minimized by carrying out the reaction in extremely
dilute solutions.

Very Dilute Solution Concentrated Solution
CH,

—AB

(CHa), ACH,(CH,),CH;B ACH,(CH3),CH; —CH,(CH,),,CH,B
\CH2 Chain lengthening

Ring closure

9.6 MO THEORY OF PERICYCLIC REACTIONS

The formation of alicyclics by electrocyclic and cycloaddition reactions (Section 9.4) proceeds by one-step
cyclic transition states having little or no jonic or free-radical character. Such pericyclic (ring closure)
reactions are interpreted by the Woodward-Hoffmann rules; in the reactions, the new ¢ bonds of the ring
are formed from the “head-to-head” overlap of p orbitals of the unsaturated reactants.

INTERMOLECULAR REACTIONS
The rules state that:

1. Reaction occurs when the lowest unoccupied molecular orbital (LUMO) of one reactant overlaps
with the highest occupied molecular orbital (HOMO) of the other reactant. If different molecules
react, either can furnish the HOMO and the other the LUMO.

2. The reaction is possible only when the overlapping lobes of the p orbitals of the LUMO and the
HOMO have the same sign (or shading).

3. Only the terminal p AO’s of the interacting molecular orbitals are considered, as it is their overlap
that produces the two new ¢ bonds to close the ring.

1. Ethene Dimerization |2 + 2] to Cyclobutane

The bracketed numbers indicate that the cycloaddition involves two species each having two =«
electrons. Without ultraviolet light we have the situation indicated in Fig. 9-14(a). Irradiation with uv
causes a = — n* transition (Fig. 8-3), and now the proper orbital symmetry for overlap prevails [Fig.
9-14(b)).

2. Diels—Alder Reaction |2 + 4]
See Fig. 9-15.
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H _H H
@ c @ QCG —)<—> (not allowed)
@ <D GDC@
H H
LUMO (n*) HOMO (Tt)
(@)

H JH H H
PO D W
i ] i D (allowed)
OC--@CcO
H

H H H Cyclobutane

HOMO (n*) LUMO (r)
photoexcited — unexcited

(P)
Fig. 9-14
H H
(%
H H ./
@C G @ C Q heal
| (allowed)
O =S G
H H /
>cT
H H
LUMO (m*) HOMO (m,; see Fig. 8.3)
dienophile diene
Fig. 9-15

ELECTROCYCLIC (INTRAMOLECULAR) REACTIONS
In electrocyclic reactions of conjugated polyenes, one double bond is lost and a single bond is formed

between the terminal C’s to give a ring. The reaction is reversible

HC{_’;"CHZ Hﬁ (l;H2
HC-CH, HC—CH,
a diene a cyclobutene

frans CH3

H ) H _heat

X CH;

m-J H

cis, trans-2,4-Hexadiene L15-3,4—D1me1hylcyclobutane

CH;
H
= H heat
H
H X
CH,

CH;

trans, trans isomer trans isomer
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To achieve this stereospecificity, both terminal C’ rotate 90" in the same direction, called a conrotatory
motion. Movement of these C’s in opposite directions (one clockwise and one counterclockwise) is termed
disrotatory.

The Woodward -Hoffmann rule that permits the proper analysis of the stereochemistry is: The orbital
symmetry of the HOMO must be considered, and rotation occurs to permit overlap of two like-signed
lobes of the p orbitals to form the o bond after rehybridization.

The HOMO for the thermal reaction then requires a conrotatory motion [Fig. 9-16(a)]. Irradiation
causes a disrotatory motion by exciting an electron from 7, — n¥. which now becomes the HOMO [Fig.
9-16(b)].

v
009 .
a C\@ @ conrotatory

0

HOMO (n,, see Fig. 8.3)

@
@/ 0=V
O\C\Q @ disrotatory
@

HOMO (rt3*%)
photoexcited

(a)

(h)
Fig. 9-16

Problem 9.27 When applying the Woodward—Hoffmann rules to the Diels—Alder reaction, (a) would the same
conclusion be drawn if the LUMO of the dienophile interacts with the HOMO of the diene? () Would the reaction be
light-catalyzed? «

(a) Yes; see Fig. 9-17(a). (b) No; see Fig. 9-17(b).

Problem 9.28 Use Woodward-Hoffmann rules to predict whether the following reaction would be expected to
occur thermally or photochemically.

1 2 H
CH>» NS !
Nl + Cs —
CH; S 5 5
CH,
allyl carbanion <

The MO energy levels of the allyl carbanion 7 system showing the distribution of the four 7 electrons (two from
nt double bond and two unshared) are indicated in Fig. 9-18. The 0 is used whenever a node point is at an atom. The
allowed reaction occurs thermally as shown in Fig. 9-19(a). The photoreaction is forbidden [Fig. 9-19(b)].
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HOMO of dienophile (r)

LUMO of diene (n3*) /C——C—C—C

HOMO of dienophile (excited) (1*) H
‘ ~—— improper

l symmetry
LUMO of diene (nt3%)

(h)
Fig. 9-17
8 g g n3* antibonding
8 0 g " nonbonding
g g g 3] ——— bonding

_______ @F)
+ 0 heat | Product (allowed)

LUMO (n¥) HOMO (n3")
of ethylene of allylcarbanion (unexcited)
(@)
.o
) hght
—>(— (not allowed)
>
LUMO (nt*) HOMO (13%)
of ethylene of allylcarbanion (excited)
G

Fig. 9-19

[CHAP. 9
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9.7 TERPENES AND THE ISOPRENE RULE

The carbon skeleton

g G
C—C—C—C of H,C=C—CH=CH,
[soprene

is the structural unit of many naturally occurring compounds, among which are the terpenes, whose
generic formula is (CsHg),.

Problem 9.29 Pick out the isoprene units in the terpenes limonene, myrcene and a-phellandrene, and in vitamin A,
shown below. <

In the structures below, dashed lines separate the isoprene units.

X
Limonene Myrcene a-Phellandrene
H;,C CH; CH, CH,

' | ' |
CH=CH—C=CH—~CH=CH—C=CH—CH,0H

CH; )
Vitamin A

Supplementary Problems

Problem 9.30 Draw formulas for (a) isopropylcyclopentane, (b) cis-1,3-dimethylcyclooctane, (c¢) bicyclo-
[4.4.1]undecane, (d) trans-1-propyl-4-butylcyclohexane. <

CH,
CHy
o Or, O @
‘et CH,
I

or
or

CH,CH,CHj
00 Je Q
CH,CH,CH,CH;
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Problem 9.31 Name each of the following compounds and indicate which, if any, is chiral.

5 7
Cry e CP
3 7 ! CH,CH;
(@) (h) (c) <

(a) The rings are numbered as shown, starting at a bridgehead C and going around the larger ring first, in such a way
that the first doubly-bonded C attains the lowest possible number. The name is bicyclo[4.3.0lnon-7-ene. The
molecule is chiral; C’ and C? are chiral centers.

(b) 2,3-Diethylcyclopentene. The molecule is chiral; C’ is a chiral center.

(c) Bicyclo[4.4.2]dodecane. The molecule is achiral.

Problem 9.32 Draw the structural formulas and give the stereochemical designation (meso, rac, cis, trans, achiral)

of all the isomers of trichlorcyclobutane. 4
Cl Cl H Cl
ZC:P7< (j><i:lk ;yz:;7< I H a ¢ H
d Cl H g
achiral cis, cis, meso trans, trans, meso

ﬁ C@;

trans LlS rac

g
Problem 9.33 Show steps in the synthesis of cyclohexane from phenol, CgHsOH. |
i 200°C _ CHO Hy/Ni
3H2 15 atm HZSO4 heat
Phenol Cyclohexanol Cyclohexene Cyclohexane

Problem 9.34 Write structural formulas for the organic compounds designated by a ?. Indicate the stereochemistry

where necessary and account for the products. 4
CH,
™~
((1) /CH2 + Bl’2 (CC]4) ?7+?

CH;—CH
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CH;—CH;

@ - T " 4+Br, —
CH,—CH,
CH3; H
s / uv
(c) /C=Q + CH;N; (liquid phase) —— ?
H CH,
CH; CHs
(@) \C=Q + CH;N; (in presence of an inert gas, argon) 249
H H

(¢)  Same as (d) but with added O, — ?

_CH(CH;)—CH (CH,COK*

(f) CH, | +cHol —— 2+
CH, CH
_CHy=C—CH (CHy),COK*
(g) CH; “ + CHCIBry ——— ? +?
“CH,—CH
CH,
) CH, \/CHZ +Br;
CH;—C=CH
CH,—
/2 C{h H,50, dil. ag.
() CH, CH, 9
\ / heat KMnQy
CH,—CHOH

(a) Two Br’s add to each of the two nonequivalent single bonds I and Il of

o b a
to form two products, (+)-CH,Br—CH,—CHBr—CHj; by breaking (1) and
b a ¢
CHZBR—~C|H—CH2BR by breaking (I1)

CH,

& | | by radical substitution; unlike the three-membered ring, the four-membered ring is stable.
CH,—CH,
(¢) In the liquid phase we get singlet CH, which adds cis; trans-2-butene forms frans-1,2-dimethylcyclopropane:

CH; H

HY CH;

(d) Some initially formed singlet CH; collides with inert-gas molecules and changes to triplet

bt

CH,
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which adds nonstereospecifically. cis-2-Butene yields a mixture of cis- and srans-1,2-dimethylcyclopropane:

CH; CH; CH; H

and
HYH H ¥ CH,

(e) O; is a diradical which combines with triplet carbenes, leaving the singlet species to react with cis-2-butene to
give cis-1,2-dimethylcyclopropane.
(/) Dichlorocarbene adds cis to C==C, but either cis or trans to the Me.

Cl Cl
H;C cl H a
and
H CH3

(g) CHCIB1; loses Br™, the better leaving group, rather than C1~ to give CIBrC:, which then adds so that either Cl or

Br can be cis to CHj.
Cl Br
CH; CH;

(n @@

Br CH; HsC Br
trans addition; 2 enantiomers (rac)

o O —

HO OH

Cyclohexanol is dehydrated to cyclohexene, which forms a meso glycol by cis addition of two OH’s.

Problem 9.35 Explain why (a) a carbene is formed by dehydrohalogenation of CHCl3 but not from methyl, ethyl,
or n-propyl chlorides; (b) cis-1,3- and trans-1,4-di-fert-butylcyclohexane exist in chair conformations, but their
geometric isomers, frans-1,3- and cis-1,4-, do not. 4

(a) Carbene is formed from CHCl; because the three strongly electronegative Cl’s make this compound sufficiently
acidic to have its proton abstracted by a base. CH;ClI has only one Cl and is considerably less acidic. Carbene
formation is an a-elimination of HCI from the same C; it does not occur with ethyl or propyl chlorides because
protons are more readily eliminated from the f§ C’ to form alkenes.

(b) Both cis-1,3 and frans-1,4 compounds exist in the chair form because of the stability of their (ee) conformers.
Trans-1,3- and cis-1,4- are (ea). An axial s-butyl group is very unstable, so that a twist-boat with a quasi-(ee)
conformation (Fig. 9-20) is more stable than the chair.
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H H

(Cﬂs)acwC(CHs)a

Twist-boat
Twisting reduces eclipsed and “flagpole” interactions

Fig. 9-20

Problem 9.36  Assign structures or configurations for A through D, (a) Two isomers, A and B, with formula CgH,,
differ in that one adds 1mol and the other 2mol of H,. Ozonolysis of A gives only one product,
O=CH(CH,),CH=0, while the same reaction with 1mol of B produces 2mol of CH,=0O and lmol of
O=CH(CH,),CH=O0. (b) Two stereoisomers, C and D, of 3,4-dibromocyclopentane-1,1-dicarboxylic acid undergo
decarboxylation as shown:

CHBr—CHg\ COOH CHBr—CHg\ H

C heat C02 N , /C
CHBr—CHjy a8 COOH CHBr—CH; COOH
a gem-dicarboxylic acid a monocarboxylic acid
C gives one, while D yields two, monocarboxylic acids. 4

(a) Both compounds have two degrees of unsaturation (see Problem 6.34), B absorbs two moles of H, and has two
multiple bonds. A absorbs one mole of H; and has a ring and a double bond; it is a cycloalkene. As a
cycloalkene, A can form only a single product, a dicarbonyl compound, on ozonolysis.

_CHp—CH, CHy—CH, _CHy—CHy
CH, CH=0 o, |Ch, CH| _w  CH, \g{z
Cl\{2 /CH=O CP\lz /CH C{lz /CHZ

CH,—CH, CH,—CH, CH,—CH,

Qctane-1,8-dial Cyclooctene (A) Cyclooctane

Since one molecule of B gives three carbony! molecules, it must be a diene and not an alkyne.

0O
H,C=0 + O=HC(CH,),CH=0 + O0=CH, «— H,C=CH(CH,),CH=CH,
1.6-Hexanedial 1,7-Octadiene (B)

2 CH,CH,(CH,),CH,CH,
Octane

(b) The Br’s of the dicarboxylic acid may be cis or trans. Decarboxylation of the cis isomer yields two isomeric
products in which both Br’s are cis (E) or trans (F) with respect to COOH. The cis isomer is D. In the
monocarboxylic acid G formed from C (trans isomer), one Br is ¢is and the other trans with respect to COOH
and there is only one isomer.

COOH COOH COOH COOH
~— \Br
Br H Br
(&) © (D)

trans cis
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Problem 9.37 OQutline the reactions and reagents needed to synthesize the following from any acyclic compounds
having up to four C’s and any needed inorganic reagents: (a) cis-l-methyl-2-ethylcyclopropane; (b) trans-1,1-
dichloro-2-ethyl-3-n-propylcyclopropane; (¢) 4-cyanocyclohexene; (d) bromocyclobutane.

(@) The cis-disubstituted cyclopropane is prepared by stereospecific additions of singlet carbene to cis-2-pentene.

CH;  CHyCH, H3C| CleCHs

AY uv
— —_— — +
=S + CHaN; liquid $V|C N
H H H
2

The alkene, having five C’s, is best formed from |-butyne, a compound with four Cs.

CHj CH,CHj;
\ /

NaNH, - CHsl
H—C=CCH,CH, Na*:C=CCH,CHj CH;—C=CCH,CH, £=C_
Cis H H
addition
(b) Add dichlorocarbene to trans-3-heptene, which is formed from 1-butyne.
CHs H ?sz 1|{
\
C=C + CHCl; + (CH3);CO- — C C
SR Ivl
H CH,CH,CHj; H 4 CH,CH,CH;
2
CH,CH, H
NaNH, _ n-C3H;Br Na \
CH,CH,C=CH CH4,CH,C=C:Na+ CH3CH,C=CCH,CHyCH; — £=C
3
trans H CH,CH;CH3
addition

(¢) Cyclohexenes are best made by Diels-Alder reactions. The CN group is strongly electron-withdrawing and when
attached to the C=C engenders a good dienopbhile.

CH _ CH
Z JC=N HC™ ’CHCN .
+ HC — |l | (a Diels—Alder reaction)
I HC. _CH,

CH, CH, CH;
1,3-Butadiene Acrylonitrile

Br.
= heat HBr
(electrocyclic reaction)

=
Cyclobutene

s
HC

Problem 9.38 Write planar structures for the cyclic derivatives formed in the following reactions, and give their
stereochemical labels.

(a¢) 3-Cyclohexenol + dil. ag. KMnQy —

(b) 3-Cyclohexenol + HCOsH and then H,O —

(¢) (+)-trans-1,2-Dibromocyclopropane + Br, e

: I
(d) meso-cis-1,2-Dibromocyclopropane + Br, e

(¢) |-Methylcyclohexene + HBr (peroxide) — (an anti addition) 4
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HO OH HO H HO OH
OH H
H OH OH
meso rac meso
}|3 l|3r Br Br Br  Br Br 113r l|3r Ilir
©) V @ Lt + NB/l + "NHA™
H Br Bryf H H Br H H H H
- J
—
racemate H Br
Opncally cis, nans all cis cis, trans-meso
active Optically no chiral C’s
inactive
(meso) (Note that in absence of chiral catalysts an optically
inactive reactant gives only optically inactive
() products).
H;C Br

cis, rac (erythro)

Problem 9.39 Use cyclohexanol and any inorganic reagents to synthesize (a) frans-1,2-dibromocyclohexane, (b)
cis-1,2-dibromocyclohexane, (c) trans-1,2-cyclohexanediol. 4

—HZO
H2504 140 °C
Br H

Cyclohexanol Cyclohexene trans-1,2-Dibromocyclohexane

(b) See Problem 9.38(e).

—HBr HBr
ale. KOH peroxide
Br Br Br

1-Bromocyclohexene cis-1,2-Dibromocyclohexane
1. HCO3H
HO H
Cyclohexene trans-1,2-Cyclohexanediol

Problem 9.40 Decalin, C,oH,3, has cis and trans isomers that differ in the configurations about the two shared C’s
as shown below. Draw their conformational structural formulas.

cis trans
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For each ring the other ring can be viewed as 1,2-substituents. For the trans isomer, only the rigid (ee)
conformation is possible structurally. As shown in Fig. 9-21, diaxial bonds point 180° away from each other and
cannot be bridged by only four C’s to complete the second ring. Cis fusion is (ea) and the bonds can be twisted to
reverse the (a) and (e) positions, yielding conformation enantiomers.

H(a) H(a) H(a)
(e) (e)
& (e)H o —— H(e)
H(a)
trans (ee) cis (ae)

conformational racemate

Fig. 9-21

Problem 9.41 Explain the following facts in terms of the structure of cyclopropane. (a) The H’s of cyclopropane
are more acidic than those of propane. (&) The Cl of chlorocyclopropane is less reactive toward Sy2 and Syl
displacements than the Cl in CH;CHCICHj. <

(¢) The external C—H bonds of cyclopropane have more s character than those of an alkane (Fig. 9-1). The more s
character in the C—H bond, the more acidic the H.

(b) The C—ClI bond of chlorocyclopropane also has more s character, which diminishes the reactivity of the CL
Remember that vinyl chlorides are inert in Sy2 and Sy 1 reactions. The R* formed during the Sy1 reaction would
have very high energy, since the C would have to use sp® hybrid orbitals needing a bond angle of 120°. The angle
strain of the R is much more severe (120°-60°) than in cyclopropane itself (109°-60°).

Problem 9.42 Use quantitative and qualitative tests to distinguish between (@) cyclohexane, cyclohexene and 1,3-
cyclohexadiene; (b) cyclopropane and propene. 4

(a) Cyclohexane does not decolorize Br, in CCly. The uptake of H,, measured quantitatively, is 2 mol for 1 mol of
the diene, but | mol for 1 mol of the cycloalkene.

(p) Cyclopropane resembles alkenes and alkynes, and differs from other cycloalkanes in decolorizing Br; slowly,
adding H,, and reacting readily with H,SO,. However, it is like other cycloalkanes and differs from multiple-
bonded compounds in not decolorizing aqueous KMnO,.

Problem 9.43 (o) Give the structure of the major product, A, whose formula is CsHg, resulting from the
dehydration of cyclobutylmethanol. On hydrogenation, A yields cyclopentane. (5) Give a mechanism for this reaction.
<

(¢) Compound A is cyclopentene, which gives cyclopentane on hydrogenation.
+
CH,0H CH,

® Er o Ef/ —*Oi’@

The side of a ring migrates, thereby converting a RCH, having a strained four-membered ring to a much more
stable R,CH* with a strain-free S-membered ring.
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Problem 10.1 Benzene is a planar molecule with bond angles of 120°. All six C-to-C bonds have the identical
length, 0.139 nm. Is benzene the same as 1,3,5-cyclohexatriene? <

No. The bond lengths in 1,3,5-cyclohexatriene would alternate between 0.153 nm for the single bond and
0.132 nm for the double bond. The C-to-C bonds in benzene are intermediate between single and double bonds.

Problem 10.2 (a) How do the following heats of hydrogenation (AH,, kJ/mol) show that benzene is not the
ordinary triene 1,3,5-cyclohexatriene? Cyclohexene, —119.7; 1,4-cyclohexadiene, —239.3; 1,3-cyclohexadiene,
—231.8; and benzene, —208.4. (b) Calculate the delocalization energy of benzene. (¢) How does the delocalization
energy of benzene compare to that of 1,3,5-hexatriene (AH, = —336.8 kJ/mol)? Draw a conclusion about the relative
reactivities of the two compounds. <

In computing the first column of Table 10-1, we assume that in the absence of any orbital interactions each double
bond should contribute —119.7 kJ/mol to the total AH,, of the compound, since this is the AH,, of an isolated C=C (in
cyclohexane). Any difference between such a calculated AH, value and the observed value is the delocalization
energy. Since AH, for 1,4-cyclohexadiene is 7.5kJ/mol less than that for 1,3-cyclohexadiene, conjugation stabilizes
the 1,3-isomer. [Remember that the smaller (more negative) the energy, the more stable the structure.}

(a) 1,3,5-Cyclohexatriene should behave as a typical triene and have AH, = —359.1kJ/mol. The observed AH,, for
benzene is —208.4 kJ/mol. Benzene is nor 1,3,5-cyclohexatriene; in fact, the latter does not exist.

(b) See Table 10-1.

(¢) The delocalization energy of benzene (—150.7kJ/mol) is much smaller than that of 1,3,5-hexatriene
(—22.3kJ/mol). Three conjugated double bonds engender a large negative delocalization energy only when

Table 10-1
Calculated Observed
AH,, AH,, Delocalization
kJ/mol kJ/mol Energy
C> : H2 o <__—> _1 19‘7

Cyclohexene Cyclohexane

2—119.7)
=-2394 | -2393 0.0

+2H2 —

g

1,4-Cyclohexadiene

+2H, —— O 2-119.7)
= -239.4 —231.8 -7.6

&

1,3-Cyclohexadiene

@ +3H, — 3(=119.7)
= —359.1 ~208.4 —150.7
Benzene
H H
H
=H
+3Hy — CeHiy 3(—119.7)
— H = —359.1 —336.8 —-22.3

H
H H

c¢is-1,3,5-Hexatriene
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they are in a ring. Since the ground-state enthalpy of benzene is much smaller in absolute value than that of the
triene, the AH? for addition of H; to benzene is much greater, and benzene reacts much slower. Benzene is less
reactive than open-chain trienes towards all electrophilic addition reactions.

Problem 10.3 (a) Use the AH,’s for complete hydrogenation of cyclohexene, 1,3-cyclohexadiene and benzene, as
given in Problem 10.2, to calculate AH, for the addition of 1 mol of H; to (i) 1,3-cyclohexadiene, (ii) benzene. (b)
What conclusion can you draw from these values about the rate of adding | mol of H; to these three compounds? (The
AH of a reaction step is not necessarily related to AH? of the step. However, in the cases being considered in this
problem, AH,,.op is directly related to AH*.) (¢) Can cyclohexadiene and cyclohexene be isolated on controlled
hydrogenation of benzene? <

Equations are written for the reactions so that their algebraic sum gives the desired reactant, products and
enthalpy.

(@) (i) Add reactions (1) and (2):

(N O - H, @ AH=+119.7 kJ/mol
Cyclohexane Cyclohexene
1,3-Cyclohexadiene Cyclohexane

H+@=03) AH, = -112.1 kJ/mol

8

+H2—->

@&

1,3-Cyclohexadiene Cyclohexene

Note that reaction (1) is a dehydrogenation (reverse of hydrogenation) and that its AH is positive. (ii) Add the
following two reactions:

AH =+231.8 kJ/mol

~ 2H,

@
@

Cyclohexane 1,3-Cyclohexadiene

+ 3H,— AH, =-208.4

»
@

Benzene Cyclohexane

+ H, AH, =+23.4 kJ/mol

»
¢

Benzene 1,3-Cyclohexadiene

() The reaction with the largest negative AH, value is the most exothermic and, in this case, also has the fastest rate.
The ease of addition of 1 mol of H, is:

cyclohexene (—119.7) > 1,3-cyclohexadiene (—112.1) >> benzene (+23.4)

(¢) No. When one molecule of benzene is converted to the diene, the diene is reduced all the way to cyclohexane by
two more molecules of H, before more molecules of benzene react. [f | mol each of benzene and H, are reacted,
the product is § mol of cyclohexane and %mol of unreacted benzene.



192 BENZENE AND POLYNUCLEAR AROMATIC COMPOUNDS [CHAP. 10

Problem 10.4 The observed heat of combustion (AH,) of C¢Hg ts —3301.6kJ/mol.* Theoretical values are
calculated for C¢Hg by adding the contributions from each bond obtained experimentally from other compounds;
these are (in kJ/mol) —492.4 for C=C, —206.3 for C—C and —225.9 for C—H. Use these data to calculate the heat
of combustion for C¢Hy and the difference between this and the experimental value. Compare the difference with that
from heats of hydrogenation. <

The contribution is calculated for each bond and these are totaled for the molecule.

Six C—H bonds = 6(—225.9) = —1355.4 kJ/mol
Three C—C bonds = 3(—206.3) = —618.9
Three C=C bonds = 3(—492.4) = —1477.2
TOTAL = —3451.5 (calculated AH . for C¢Hy)
Experimental = —3301.6
DIFFERENCE = —149.9 kJ/mol

This difference is the delocalization energy of C¢He; essentially the same value is obtained from AH,, (Table 10-1).

Problem 10.5 How is the structure of benzene explained by (a) resonance, (b) the orbital picture, (¢) molecular
orbital theory? <

(a) Benzene is a hybrid of two equal-energy (Kekulé) structures differing only in the location of the double bonds:

(b) Each C is sp? hybridized and is o bonded to two other C’s and one H (Fig. 10-1). These ¢ bonds comprise the
skeleton of the molecule. Each C also has one electron in a p orbital at right angles to the plane of the ring. These
p orbitals overlap equally with each of the two adjacent p orbitals to form a 7 system parallel to and above and

below the plane of the ring (Fig. 10-2). The six p electrons in the 7 system are associated with all six C’s. They
are therefore more delocalized and this accounts for the great stability and large resonance energy of aromatic

rings.
N N 2
. w 2 o) / \
Ward e, 0 ONE
\<\C 120° C/(spz-spz) @\@ @/@
% \, H/é é\“
Fig. 10-1

(¢) The six p AO’s discussed in part (b) interact to form six 7 MO’s. These are indicated in Fig. 10-3, which gives the
signs of the upper lobes (cf. Fig. 8-3 for butadiene). Since benzene is cyclic, the stationary waves representing
the electron clouds are cyclic and have nodal planes, shown as lines, instead of nodal points. See Problem 9.28
for the significance of a 0 sign. The six p electrons fill the three bonding MO’s, thereby accounting for the
stability of C¢He.

* Some books define heat of combustion as —AH,. and values are given as positive nhumbers.
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written
as

(the “hybrid” structure)

Fig. 10-2
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Fig. 10-3

The unusual benzene properties collectively known as aromatic character are:

—

Thermal stability.
2. Substitution rather than addition reactions with polar reagents such as HNO;, H,SO, and Br,.

In these reactions the aromatic unsaturated ring is preserved.
3. Resistance to oxidation by ag. KMnO,, HNO; and all but the most vigorous oxidants.
4. Unique nuclear magnetic resonance spectra. (See Table 12-4.)

10.2 AROMATICITY AND HUCKEL’S RULE

Hiickel’s rule (1931) for planar species states that if the number of v electrons is equal to 2 + 4n,
where n equals zero or a whole number, the species is aromatic. The rule was first applied to carbon-
containing monocyclics in which each C is capable of being sp?-hybridized to provide a p orbital for
extended 7 bonding; it has been extended to unsaturated heterocyclic compounds and fused-ring

compounds. Note that benzene corresponds to » = 1.

Problem 10.6 Account for aromaticity observed in: (a) 1,3-cyclopentadienyl anion but not 1,3-cyclopentadiene;
(b) 1,3,5-cycloheptatrienyl cation but not 1,3,5-cycloheptatriene; (c) cyclopropenyl cation; (d) the heterocycles

pyrrole, furan and pyridine. <
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(@) 1,3-Cyclopentadiene has an sp*-hybridized C, making cyclic p orbital overlap impossible. Removal of H* from
this C leaves a carbanion whose C is now sp?-hybridized and has a p orbital capable of overlapping to give a
cyclic 7 system. The four 7 electrons from 2 double bonds plus the two unshared electrons total six 7 electrons;

the anion is aromatic (n = 1).
+ B: B:H' + O or
S ~spd sp? %

H H H H
cyclopentadienyl anion

(b) Although the triene has six p electrons in three C=C bonds, the lone sp>-hybridized C prevents cyclic overlap of
p orbitals.

5p3\H~ Br H ’/—sz

cycloheptatrienyl cation

Generation of a carbocation by ionization permits cyclic overlap of p orbitals on each C. With six x electrons, the
cation is aromatic (n = 1).
(¢) Cyclopropenyl cation has two 7 electrons and » = 0.

The ions in parts (a), (b), and (c) are reactive but they are much more stable than the corresponding open-chain
ions.
(d) Hiickel’s rule is extended to heterocyclic compounds as follows:

-0 -9 (J-Q

H
Pyrrole Furan Pyridine
(6 T electrons; (6 T electrons; (6 m electrons;
2 unshared only 2 electrons the unshared pair
electrons on N on O participate in of electrons on N
overlap in the the 7 system) does not participate
T system) in the 7 overlap)

Note that dipoles are generated in pyrrole and furan because of delocalization of electrons from the heteroatoms.

10.3 ANTIAROMATICITY

Planar cyclic conjugated species less stable than corresponding acyclic unsaturated species are called
antiaromatic. They have 4n n electrons. 1,3-Cyclobutadiene (n = 1), for which one can write two
equivalent contributing structures, is an extremely unstable antiaromatic molecule. This shows that the
ability to write equivalent contributing structures is not sufficient to predict stability.
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[

Problem 10.7 Cyclooctatetraene (CgHg), unlike benzene, is not aromatic; it decolorizes both dil. ag. KMnO, and
Br, in CCly. Its experimentally determined heat of combustion is —4581 kJ/mol. (a) Use the Hiickel rule to account
for the differences in chemical properties of CgHg from those of benzene. (b) Use thermochemical data of Problem
10.4 to calculate the resonance energy. (¢} Why is this compound not antiaromatic? (d) Styrene, CgHsCH=CH,, with
heat of combustion —4393 kJ/mol, is an isomer of cyclooctatetraene. Is styrene aromatic? <

(a) CsHg has eight rather than six p electrons. Since it is not aromatic it undergoes addition reactions.
(b) The calculated heat of combustion is:

8 C—H bonds = 8(—225.9) = —1807 kJ/mol

4 C—C bonds = 4(—206.3) = —-825

4 C=C bonds = 4(—492.4) = ~1970
TOTAL = —4602 kJ/mol

The difference --4602 — (—4581) = —21 kJ/mol shows small (negative) resonance energy and no aromaticity.
(¢) Although the molecule has (n = 2) n electrons it is not antiaromatic, because it is not planar. It exists chiefly in a
“tub” conformation (Fig. 10-4).

Fig. 10-4

(d) Styrene is aromatic; its delocalization energy is —4602 — (—4393) = —209 kJ/mol. This is attributable to the
presence of the benzene ring. Styrene has a more negative energy than does benzene [—150 kJ/mol] because its
ring is conjugated to the C=C bond, thereby extending the delocalization of the electron cloud.

Problem 10.8 Deduce the structure and account for the stability of the following substances which are insoluble in
nonpolar but soluble in polar solvents. (a) A red compound formed by reaction of 2 mol, of AgBF, with 1 mol of
1,2,3,4-tetraphenyl-3,4-dibromocyclobut-1-ene. (b) A stable compound from the reaction of 2 mol of K with 1 mol of
1,3,5,7-cyclooctatetraene with no liberation of H,. <«

The solubility properties suggest that these compounds are salts. The stability of the organic ions formed
indicates that they conform to the Hiickel rule and are aromatic.

(a) Two Br’s are abstracted by two Ag*’s to form two AgBr and a tetraphenylcyclobutenyl dication.
Ph Ph Ph Ph
Ph———=7Ph —
+2AgBFy — @ 2BF; + 2AgBr

Ph Ph —
Br Br Ph Ph Ph Ph

an aromatic cation (n = 0)

(b) Since K- is a strong reductant and no H, is evolved, two K’s supply two electrons to form a cyclooctatetraenyl
dianion (Fig. 10-5). This planar conjugated unsaturated monocycle has 10 electrons, conforms to the Hiickel rule

(n = 2) and is aromatic.
. @

o y

Fig. 10-5
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Fig. 10-6

Problem 10.9 Sondheimer synthesized a series of interesting conjugated cyclopolyalkenes that he designated the
[n]-annulenes, where » is the number of C’s in the ring.

D 65

[14]-Annulene [18]-Annulene

Account for his observation that (a) [18]-annulene is somewhat aromatic, [16]- and [20]-annulene are not; (&) [18]-
annulene is more stable than [14]-annulene.

(a) The somewhat aromatic [18}-annulene has 4n+ 2 (n =4) n electrons; there are 4n n electrons in the
nonaromatic, nonplanar {16]- and [20]-annulenes.

(&) [l14]-Annulene is somewhat strained because the H’s in the center of the ring are crowded. This steric strain
prevents a planar conformation, which diminishes aromaticity.

Problem 10.10 Use the Hiickel rule to indicate whether the following planar species are aromatic or antiaromatic:

_. H + H
/ < . o
(@) Q (8) () , @
H H H
+
o 0 o O
noo + <
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(@) Aromatic. There are 2 7 electrons from each C=C and 2 from an electron pair on S to make an aromatic
sextet. (b) Antiaromatic. There are 4n (n = 2) n electrons. (¢) Aromatic. There are 6 n electrons. (d) Aromatic. There
are 10 = electrons and this anion conforms to the (4n + 2) rule (n = 2). (e) Antiaromatic. The cation has 4n (n =2) n
electrons. ( /') and (g) Antiaromatic. They have 4n (n = 1) n electrons.

Problem 10.11 The relative energies of the MO’ of conjugated cyclic polyenes can be determined by the
following simple polygen rule instead of using nodal planes as in Problem 10.5(c). Inscribe a regular polygon in a
circle, with one vertex at the bottom of the circle and with the total number of vertices equal to the number of MO’s.
Then the height of a vertex is proportional to the energy of the associated MO. Vertices below the horizontal diameter
are bonding 7, those above are antibonding n*, and those on the diameter are nonbonding #n". Apply the method to 3-,
4-, 5-, 6-, 7-, and 8-carbon systems and indicate the character of the MO’s, «

See Fig. 10-6.

10.4 POLYNUCLEAR AROMATIC COMPOUNDS

Most of these compounds have fused benzene rings. The prototype is naphthalene, C,oHs.

Napththalene

Although the Hiickel 4n + 2 rule is rigorously derived for monocyclic systems, it is also applied in an
approximate way to fused-ring compounds. Since two fused rings must share a pair of = electrons, the
aromaticity and the delocalization energy per ring is less than that of benzene itself. Decreased aromaticity
of polynuclear aromatics is also revealed by the different C—C bond lengths.

Problem 10.12 Draw a conclusion about the stability and aromaticity of naphthalene from the fact that the
experimentally determined heat of combustion is 255 kJ/mol smaller in absolute value than that calculated from the
structural formula. <

The difference, —~255kJ/mol, is naphthalene’s resonance energy. Naphthalene is less aromatic than benzene
because a per-ring resonance energy of % (—255) = —127.5kJ/mol is smaller in absolute value than that of benzene
(—150 kJ/mol).

Problem 10.13 Deduce an orbital picture (like Fig. 10-2) for naphthalene, a planar molecule with bond angles of
120°. |

See Fig. 10-7. The C’s use sp® hybrid atomic orbitals to form ¢ bonds with each other and with the H’s. The
remaining p orbitals at right angles to the plane of the C’s overlap laterally to form a = electron cloud.

Problem 10.14 (@) Draw three resonance structures for naphthalene. (b) Which structure makes the major
contribution to the structure of the hybrid in that it has the smallest energy? (¢) There are four kinds of C-to-C bonds

in naphthalene: C'-C?, C?-C3, C'-C?, and C?-C’°. Select the shortest bond and account for your choice. «
8 i
7 s 2
s 3
70
3 7
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@;//C CW
H—C @> C—H

H—é\\«g @/\ c—H
DB
Fig. 10-7

(b) Structure I has the smallest energy because only it has two intact benzene rings.
(c) The bond, in all of its positions, that most often has double-bond character in the three resonance structures is the
shortest. This is true for C/-C? (also for C*-C*, C*-C?, and C’-C?).

Anthracene and phenanthrene are isomers (C4H o) having three, fused benzene rings;

Anthracene 7

Phenanthrene

As the number of fused rings increases, the delocalization energy per ring continues to decrease in absolute
value, and compounds become more reactive, especially toward addition. The delocalization energies per
ring for anthracene and phenanthrene are —117.2 and —126.8 ki/mol, respectively.

10.5 NOMENCLATURE

Some common names of benzene derivatives are toluene (CsHsCHs), xylene (CgH4(CHs),), phenol
(CsHsOH), aniline (CsHsNH,), benzaldehyde (C;Hs;CHO), benzoic acid (C4HsCOOH), benzene-
sulfonic acid (C¢HsSO;H), styrene (CgHsCH=CH,), mesitylene (1,3,5-(CH);CsH;), and anisole
(CsHsOCH3).

Derived names combine the name of the substituent as a prefix with the word benzene. Examples are
nitrobenzene (C,HsNO,), ethylbenzene (C¢Hs;CH,CH3) and fluorobenzene (C¢H;F).

Some aryl (Ar—) groups are: C¢Hs— (phenyl), C¢Hs;—C¢H,— (biphenyl), p-CH;C¢Hs— (p-tolyl)
and (CH;),CsHs;— (xylyl). Some arylalkyl groups are: CgHsCH,— (benzyl), CsHsCH— (benzal),
CgHsC= (benzo), (C¢Hs),CH— (benzhydryl), (C¢Hs);C— (trityl). '

The order of decreasing priorities of common substituents is: COOH, SO;H, CHO, CN, C=0, OH,
NH,, R, NO,, X. For disubstituted benzenes with a group giving the ring a common name, o-, p-, Or m- is
used to designate the position of the second group. Otherwise positions of groups are designated by the
lowest combination of numbers.
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Problem 10.15 Name the compounds:

COOH
SO;H CH

(@)
(b) (c)

NH, NO, OH
COOH

Br
: opex <
HO NO, () ci

(@) p-Aminobenzoic acid. (b) m-Nitrobenzenesulfonic acid. (¢) m-Isopropylphenol. (d) 2-Bromo-3-nitro-5-
hydroxybenzoic acid. (Named as a benzoic acid rather than a phenol because COOH has priority over OH.) (e)
3,4'-Dichlorobiphenyl; the notational system in biphenyl is:

Problem 10.16 Give the structural formulas for (a) 2,4,6-tribromoaniline, (b) m-toluenesulfonic acid, (c) p-
bromobenzalbromide, (d) di-o-tolylmethane, () trityl chloride. <

SO3H CHBr,

NH,
Br Br
b
Br Br
HsC CH;
o Ol o (O
3

Problem 10.17 Name the following compounds:

SO3H H}CO Br

(@) 1-naphthalenesulfonic acid or a-naphthalenesulfonic acid, (b) 1-naphthaldehyde or z-naphthaldehyde, (c) 8-
bromo- 1-methoxynaphthalene.

10.6 CHEMICAL REACTIONS

The unusual stability of the benzene ring dominates the chemical reactions of benzene and naphthalene.
Both compounds resist addition reactions which lead to destruction of the aromatic ring. Rather, they
undergo substitution reactions, discussed in detail in Chapter 11, in which a group or atom replaces an H
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from the ring, thereby preserving the stable aromatic ring. Atoms or groups other than H may also be
replaced.

REDUCTION

Benzene is resistant to catalytic hydrogenation (high temperatures and high pressures of H, are
needed) and to reduction with Na in alcohol. With Na in refluxing ethanol, naphthalene gains two H’s
giving the unconjugated 1,4-dihydronaphthalene. In higher-boiling alcohols two more H’s are gained, at C’
and C?, to give the tetrahydro derivative (tetralin). Anthracene and phenanthrene each pick up H’s at C° and
C!?, and acquire no more.

Problem 10.18 (a) Write equations for the reductions of (i) naphthalene, (ii) anthracene and (iii) phenanthrene. (b)
Explain why naphthalene is reduced more easily than benzene. (¢) Explain why anthracene and phenanthrene react at

the C?-C? double bond and go no further. «
(a)
9 H H
(i) ©© - CSH”OH @ ! g ©‘©
——— (”) ——r——
132°C ROH
Naphthalene 1,2,3,4-Tetrahydro- 0 H H
naphthalene (Tetralin) Anthracene 9,10-Dihydroanthracene
CZI:]:(')H, v 10 fHH
O‘ (“l) o
ROH
1,4-Dihydronaphthalene Phenanthrene 9,10-Dihydrophenanthrene

(b) Each ring of naphthalene is less aromatic than the ring of benzene and therefore is more reactive.

(¢) These reactions leave two benzene rings having a combined resonance energy of 2(—150) = —300 kJ/mol. Were
attack to occur in an end ring, a naphthalene derivative having a resonance energy of —255kJ/mol would
remain. Two phenyls are less energetic (more stable) than one naphthyl.

Problem 10.19 In the Birch reduction benzene is reduced with an active metal (Na or Li) in alcohol and liquid
NH;(—33 °C) to a cyclohexadiene that gives only OCHCH,CHO on ozonolysis. What is the reduction product? «

Since the diene gives only a single product on ozonolysis, it must be symmetrical. The reduction product is 1,4-
cyclohexadiene.

i
C
1.0, Hzc/ \O
2. 40 H ([ O\C—H
Te Y |
1,4-Cyclohexadiene CH,
o=(|:/
H

Malonic aldehyde
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Problem 10.20 Typical of mechanisms for reductions with active metals in protic solvents, two electrons are
transferred from the metal atoms to the substrate to give the most stable dicarbanion, which then accepts two H*’%s
from the protic solvent molecules to give the product. (a) Give the structural formula for the dicarbanion formed from
C¢He and (&) explain why it is preferentially formed. «

e

(b) The repulsion between the negative charges results in their maximum separation (pare orientation), Product
formation is controlled by the stability of the intermediate dicarbanion and not by the stability of the product. In
this case, the more stable product would be the conjugated 1,3-cyclohexadiene.

OXIDATION

Benzene is very stable to oxidation except under very vigorous conditions. In fact, when an
alkylbenzene is oxidized, the alkyl group is oxidized to a COOH group, while the benzene ring remains
intact. For this reaction to proceed there must be at least one H atom on the C attached to the ring.

C¢H,CHRR — C(H;COOH (poor yields)

However, in naphthalene one benzene ring undergoes oxidation under mild conditions; e.g., Cr20$' inH™.
Under more vigorous conditions a benzene dicarboxylic acid is formed.

0
AcOH,
Byes COOH
0
Naphthalene 1,4-Naphthoquinone Phthalic acid

Problem 10.21 Oxidation of |-nitronaphthalene yields 3-nitrophthalic acid. However, if I-nitronaphthalene is
reduced to a-naphthylamine and if this amine is oxidized, the product is phthalic acid.

NO, NH,
OO0

1-Nitronaphthalene a-Naphthylamine

1oxid. ‘omd.
NO, COOH

HOOC
COOH

HOOC
3-Nitrophthalic acid Phthalic acid
How do these reactions establish the gross structure of naphthalene? <

The electron-attracting —NO; stabilizes ring A of I-nitronaphthalene to oxidation, and ring B is oxidized to form
3-nitrophthalic acid. By orbital overlap, —NH, releases electron density, making ring A more susceptible to
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oxidation, and a-naphthylamine is oxidized to phthalic acid. The NO; labels one ring and establishes the presence of
two fused benzene rings in naphthalene.

Problem 10.22 Like naphthalene, anthracene and phenanthrene are readily oxidized to a quinone. Suggest the

products and account for your choice. <
Q o) 0
9,10-Anthraquinone 9,10-Phenanthraquinone

Oxidation at C* and C’” leaves two stable intact benzene rings. (See Problem 10.18(c).)

HALOGENATION

Under typical polar conditions, benzene and napthalene undergo halogen substitution and not addition.
However, in the presence of uv light, benzene adds Cl, to give 1,2,3,4,5,6-hexachlorocyclohexane, an
msecticide.

10.7 SYNTHESIS

Benzene, naphthalene, toluene, and the xylenes are naturally occurring compounds obtained from coal tar.
Industrial synthetic methods, called catalytic reforming, utilize alkanes and cycloalkanes isolated from
petroleum. Thus, cyclohexane is dehydrogenated (aromatization), and n-hexane (cyclization) and
methylcyclopentane (isomerization) are converted to benzene. Aromatization is the reverse of catalytic
hydrogenation and, in the laboratory, the same catalysts—Pt, Pd, and Ni—can be used. The stability of the
aromatic ring favors dehydrogenation.

Problem 10.23 Use the Diels—Alder reaction to synthesize benzoic acid, C¢HsCOOH. <

CH CH,
CH CH—COOH CH  CH—COOH

700N COOH
I o — | Dear + 2H
2
CH CH CH CH P
N 2 N2

CH2 CH2

S and Se can be used in place of Pt, and H,S and H,Se are then the respective products.

Supplementary Problems

Problem 10.24 (a) Draw two Kekulé structures for 1,2-dimethylbenzene (o-xylene). (b) Why are these structures
not isomers? What are they? (¢) Give the carbonyl products formed on ozonolysis. <

CHj CH,
(@) CH, CH,
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(b) These structures differ only in the position of the n electrons and therefore are contributing (resonance)
structures, not 1somers.

(¢) Although neither contributing structure exists, the isolated ozonolysis products arising from the resonance hybrid
are those expected from either one:

CH3("3—(|fCH3 H(HI—(I‘.IIH CH3("3—(IfH
0 O 0 O 0O O

Problem 10.25 What are the necessary conditions for (a) aromaticity and (b) antiaromaticity? «

(a) (1) A planar cyclic molecule or ion. (2) Each atom in the ring must have a p AO. (3) These p AO’s must be
parallel, so that they can overlap side-by-side. (4) The overlapping 7 system must have (4n + 2) 7 electrons
(Hiickel).

(6) In (a) change (4n + 2) to 4n.

Problem 10.26 Design a table showing the structure, number of 7 electrons, energy levels of 7 MO’ and electron
distribution, and state of aromaticity of: (a) cyclopropenyl cation, (b) cyclopropenyl anion, (¢) cyclobutadiene, (d)
cyclobutadieny! dication, (e) cyclopentadienyl anion, (f) cyclopentadieny! cation, (g) benzene, (k) cycloheptatrienyl
anion, (i) cyclooctatetracne, (f) cyclooctatetraenyl dianion. «

See Table 10-2. (H’s are understood to be attached to each doubly bonded C.)

Problem 10.27 Explain aromaticity and antiaromaticity in terms of the MO’s of Problem 10.26. «

Aromaticity is observed when all bonding MO’ are filled and nonbonding MO’s, if present, are empty or
completely filled. Hiickel’s rule arises from this requirement. A species is antiaromatic if it has electrons in
antibonding MO’ or if it has half-filled bonding or nonbonding MO, provided it is planar.

Problem 10.28 Name the monobromo derivatives of (a) anthracene, (b) phenanthrene. «

(a) There are 3 isomers; 1-bromo-, 2-bromo-, and 9-bromoanthracene.
{b) There are 5 isomers: 1-bromo-, 2-bromo-, 3-bromo-, 4-bromo-, and 9-bromophenanthrene.

Problem 10.29 What is the Diels—Alder addition product of anthracene and ethene? «

Reaction occurs at the (most reactive) C° and C? positions.
H,C

y
H,C

H\ /H
C
SOORD S NS
SN
H

H
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Table 10-2
Number
of m
Structure Electrons © MO% Aromaticity
7 f— —nm
2 s ! Aromatic
H * %n\
* *
;.-_ 4 w4 Antiaromatic
H M
—n¥
D 4 n34 4-n) | Antiaromatic
hias
+ 4 —n}
E[ 2 ni— —mj | Aromatic
+H M
n¥— —n¥
- 6 ny & 47, | Aromatic
H #m
n¥— —n}
. 4 734 47, | Antiaromatic
B #m
—n¥
n¥— —n¥ .
6 - Aromatic
@ UEY e Y
#m
nf— —n¥
8 T4 Aond Antiaromatic
N Ty &
H niad
—n¥
n¥— —n¥
@ 8 724 47 | Nonaromatict
n; 4 4k 7, | (nonplanar)
N
_ng
2- n¥— —n¥
[@} 10 ns A 4 ni | Aromatic
USI a2
®#m

tIf it were planar it would be antiaromatic; to avoid this, (i) is nonplanar.
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H H L H

H
(a) LB, E— E

contributing structures

Note that + is at C’s ortho and para to sp® hybridized C, which is the one bonded to E*.

(b) The benzenonium ion is a type of allylic cation [see Problem 8.24(b)]. The five remaining C’s using sp*-
hybridized orbitals each have a p orbital capable of overlapping laterally to give a delocalized = structure, or ¢
complex:

&+ E

5+ +H

delocalized (hybrid) structure

The d+ indicates positions where + charge exists.

Problem 11.2 For each electrophilic aromatic substitution in Table 11-1, give equations for formation of E* and
indicate what is B~ or B (several bases may be involved). In reaction (c) the electrophile is a molecule, E. |

@ X, +FeX; —= X*(E*) + FeX;(B™) (forms HX + FeX;)
(b) H,SO, + HONO, —= HSOj; (B™) + H,ONO, —~ H,0 + NOj (E*)
(©) 2H,SO,—=H,0" + HSO;(B") + SO4(E)
. A
CeH, + SO, —= C H; —+ C,H,SOH
S03(BY)
@ RX +AlIX; —=R" (E) + AIX;(B") (forms HAIX,)
ROH + HF —= R* (E*) + H,0 (B) + F(B")

—(|:=(|:— +H,PO, —= —Cl—jclzn (E") + H,PO3(B)

(& RCOCI + AlCl;—= RC=0: =—=RC=0: (E) + AICI;(B")

oxycarbonium ion

Problem 11.3 How does the absence of a primary isotope effect prove experimentally that the first step in aromatic
electrophilic substitution is rate-determining? «

A C—H bond is broken faster than is a C—D bond. This rate difference (isotope effect, ky/kp) is observed only
if the C—H (or C—D) bond is broken in the rate-determining step. If no difference is observed, as is the case for most
aromatic electrophilic substitutions, C—H bond-breaking must occur in a fast step (in this case the second step).
Therefore, the first step, involving no C—H bond-breaking, is rate-determining. This slow step requires the loss of
aromaticity, the fast second step restores the aromaticity.

Problem 11.4 How is E* generated, and what is the base, in the following reactions? (@) Nitration of reactive
aromatics with HNO; alone. (b) Chlorination with HOCI using HCI as catalyst. (¢) Nitrosation (introduction of a NO
group) of reactive aromatics with HONO in strong acid. (d) Deuteration with DCI. 4



207

CHAP. 11] AROMATIC SUBSTITUTION. ARENES
Table 11-1

Reaction Reagent Catalyst Product E* or E
(a) Halogenation X, (X =Cl, Br) FeX3 (from Fe + X;) ArCl, ArBr X+
(b) Nitration HNO; H,S0,4 ArNO, *NO;
(¢) Sulfonation H,S04 or H,S,0, none ArSO;H SO,
(d) Friedel-Crafts | RX, ArCH,X AlCH Ar—R, Ar—CH,Ar

alkylation ROH HF, H,S0,, or BF; Ar—R R*

H H Ar—CHCH,
RC=CH H;PO, or HF R

(¢) Friedel-Crafts | RCOCI AlCl; C RC=0

acylation Ar—C—R

(@

(b)

(©)

(b)

H
| R
HNO, + H—0—NO,—=NOj + [H—o——No2 —= H,0 (Base) + NO, (E*)

e
unstable Nitronium ion

H
I
H* + H—O—Cl—= H—O—Cl—= H,0 (Base) + CI'(E")

H
H—O—N=0 +H" — H—(l)*—N=0 —= H,0 (Base) + NO*(E")
Nitrosonium ion
D, transferred by DCl to benzene. Base is C1.
/H }
C.H, + DCl —= C6H5\ + ClI'—= C(H;D + HCl
D
base, acid, acid, base,

Problem 11.5 Since the initial step of aromatic electrophilic substitution is identical with that of alkene addition,
explain why (a) aromatic substitution is slower than alkene addition; (b) catalysts are needed for aromatic substitution;
(c) the intermediate carbocation eliminates a proton instead of adding a nucleophile.

(a)

(b)
(c)

«

The intermediate benzenonium ion is less stable than benzene; hence its formation has a high AH? and the

reaction is slowed. Loss of aromaticity is energetically more unfavorable than loss of © bond.

The catalysts are acids which polarize the reagent and make it more electrophilic.

The addition reaction would be endothermic and would produce the less stable cyclohexadiene. Loss of a proton,

on the other hand, produces a stable aromatic ring.



208 AROMATIC SUBSTITUTION. ARENES [CHAP. 11

Problem 11.6 Sulfonation resembles nitration and halogenation in being an electrophilic substitution, but differs in
being reversible and in having a moderate primary kinetic isotope effect. Illustrate with diagrams of enthalpy (H)
versus reaction coordinate.

In nitration (and other irreversible electrophilic substitutions) the transition state (TS) for the reaction wherein

H +
Ar/

NO,

loses H* has a considerably smaller AH* than does the TS for the reaction in which NOJ is lost. In sulfonation the
AH? for loss of SO; from

+ /H
Ar\
SO;
is only slightly more than that for loss of H*.
In terms of the specific rate constants
H
Ay N / Ky
ArH + SO; == Ar —= AISO;+H"
K, Nen-
SO;

(H (2)

k5 is about equal to k_;. (For nitration, &, 3> k_,.) Therefore, in sulfonation the intermediate can go almost equally
well in either direction, and sulfonation is reversible. Furthermore, since the rate of step (2) affects the overall rate, the
substitution of D for H decreases the rate because AH* for loss of D* from

+

Ar,
AN
SOj;

/D

is greater than AH? for loss of H* from the protonated intermediate. Hence, there is a modest primary isotope effect.

H H
Nitration Sulfonation
;- JfHisD
ArH-+ NO;j
H"+ AINO, ArH + SO,
H"+ ArSO3
Reaction Reaction

Fig. 11-1
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Groups other than H' can be displaced during electrophilic aromatic attack. The acid-catalyzed
reversal of sulfonation (desulfonation) exemplifies such a reaction; here, H* displaces SO;H as SO; and
H*:

50% aq. H;S0,, 150 °C

ArSO;H + H,0 ArH + H,80,
fum. H,S0,

Problem 11.7 Use the principle of microscopic reversibility (Problem 6.21) to write a mechanism for desulfona-

tion. «
. /SO;

ArSO; + H" == Al == ArH + SO,

H

ORIENTATION AND ACTIVATION OF SUBSTITUENTS

The 5 ring H’s of monosubstituted benzenes, C¢HsG, are not equally reactive. Introduction of E into
CgHsG rarely gives the statistical distribution of 40% ortho, 40% meta, and 20% para disubstituted
benzenes. The ring substituent(s) determine(s) (a) the ornentation of E (meta or a mixture of ortho and
para) and (b) the reactivity of the ring toward substitution.

Problem 11.8 (a) Give the delocalized structure (Problem 11.1) for the 3 benzenonium ions resulting from the
common ground state for electrophilic substitution, C;HsG + E*. (b) Give resonance structures for the para-
benzenonium ion when G is OH. (¢) Which ions have G attached to a positively charged C? (d) 1f the products from
this reaction are usually determined by rate control (Section 8.5), how can the Hammond principle be used to predict
the relative yields of op (i.e., the mixture of ortho and para) as against m (meta) products? (e) In terms of electronic
effects, what kind of G is a (i) op-director, (ii) m-director? () Classify G in terms of its structure and its electronic

effect. <

G G G

o+ H o+
&+ &+
(a) E E
&+ 5+ &+ &+
H
H” “E o
ortho para meta

OH OH OH *OH
(major contributor
) - —-— - because all atoms obey octet rule)
® O + .
H E H E H E H E

(¢) The ortho and para. This is why G is either an op- or an m-director.

(d) Because of kinetic control, the intermediate with the lowest-enthalpy transition state (TS) is formed in the
greatest amount. Since this step is endothermic, the Hammond principle says that the intermediate resembles the
TS. We then evaluate the relative energies of the intermediates (op vs. m) and predict that the one with the lowest
enthalpy has the lowest AH* and is formed in the greatest yield.

(e) (i) An electron-donating G can better stabilize the intermediate when it is attached directly to positively charged
(op) C’s. Such G’s are op-directing. (ii) An electron-withdrawing G destabilizes the ion to a greater extent when
attached directly to positively charged (op) C’s. They destabilize less when attached meta and are thus m-
directors.
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Electron-donating (op-directors): (i) Those that have an unshared pair of electrons on the atom bonded to the
ring, which can be delocalized to the ring by extended n bonding.

E | E |
H H

Other examples are —Q—, ~:X: (halogen) and —S—.
(ii) Those with an attached atom participating in an electron-rich = bond, e.g.

[
—C=C— CeHs— Ar—

(iii) Those without an unshared pair, which are electron-donating by induction or by hyperconjugation (absence
of bond resonance), e.g., alkyl groups.

hyperconjugated
structure

Electron-withdrawing (m-directors). The attached atom has no unshared pair of electrons and has some

positive charge, e.g.

0 ) i’ " 5
+ A I 4 }s. i N 8+ & +
—NR, —N_ —s™oH —CEx® : —C= —§c<
o | )*(5— OH
X-FCl

Problem 11.9 Explain: (a) All m-directors are deactivating. (b) Most op-directing substituents make the ring more
reactive than benzene itself—they are activating. (¢) As exceptions, the halogens are op-directors but are deactivating.

(a)
b

(c)

<

All m-directors are electron-attracting and destabilize the incipient benzenonium ion in the TS. They therefore
diminish the rate of reaction as compared to the rate of reaction of benzene.

Most op-directors are, on balance, electron-donating. They stabilize the incipient benzenonium ion in the TS,
thereby increasing the rate of reaction as compared to the rate of reaction of benzene. For example, the ability
of the —OH group to donate electrons by extended p orbital overlap (resonance) far outweighs the ability of the
OH group to withdraw electrons by its inductive effect.

In the halogens, unlike the OH group, the electron-withdrawing inductive effect predominates and consequently
the halogens are deactivating. The o-, p-, and m-benzenonium ions each have a higher AH! than does the cation
from benzene itself. However, on demand, the halogens contribute electron density by extended = bonding.

E
><_:>:XI (showing delocalization of + to X)
H +

and thereby lower the AH* of the ortho and para intermediates but not the meta cation. Hence the halogens are
op-directors, but deactivating.
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Problem 11.10 Compare the activating effects of the following op-directors:

(@) —OH, —0O: and —Qﬁ—cm (h) —NH,

0

and —NH—‘ﬁ_CH_;

Explain your order. «

(@) The order of activation is —O~ > —OH > —OCOCH;. The —O~, with a full negative charge, is best able to
donate electrons, thereby giving the very stable uncharged intermediate

E
0
H
In —QCOCH; the C of the é =0 group has + charge and makes demands on the —O— for electron density,

thereby diminishing the ability of this —O— to donate electrons to the benzenonium ion.
(b) The order is —NH, > —NHCOCH; for the same reason that OH is a better activator than —OCOCH;.

Table 11-2 extends the results of Problem 11.10.

Problem 11.11 (a) Draw enthalpy-reaction diagrams for the first step of electrophilic attack on benzene, toluene
(meta and para) and nitrobenzene (meta and para). Assume all ground states have the same energy. (b) Where would
the para and meta substitution curves for CgHsCl lie on this diagram? «

(a) Since CHj; is an activating group, the intermediates and TS’ from PhCH, have less enthalpy than those from
benzene. The para intermediate has less enthalpy than the mera intermediate. The TS and intermediates for
PhNO, have higher enthalpies than those for C¢He, with the meta at a lower enthalpy than the para. See Fig.
11-2.

() They would both lic between those for benzene and p-nitrobenzene, with the para lower than the mera.

Problem 11.12 (a) Explain in terms of the reactivity-selectivity principle (Section 4.4) the following yields of
meta substitution observed with toluene: Br, in CH;COOH, 0.5%; HNO5 in CH;COOH, 3.5%; CH;CH,Br in GaBrs,

Table 11-2
op-Directors m-Directors
activating weakly deactivating deactivating
o G Be NG| —NR]
—OH —NH, —NR, _NO, —CF, —CCl
—OR  —NHCR —CN —SO;H
I
I —‘(”30H —EOR —ﬁH —ER
—R C¢Hs— —C=C— 0 0

increase
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E ————— for C¢Hy
H
y t  mm——— fOl‘ C6H5N02

—-——— for C¢qH5CH,4

2
£ ~_ NO, & &
5 \—’l
= . H
= ; 6+6+
\ 5 g
H
5+ 5+

Reaction Progress

Fig. 11-2

21%. (b) In terms of kinetic vs. thermodynamic control, explain the following effect of temperature on isomer
distribution in sulfonation of toluene: at 0°C, 43% o- and 53% p-; at 100°C, 13% o- and 79% p-. <4

{a) The most reactive electrophile is least selective and gives the most mera isomer. The order of reactivity is:
CH,;CHf > NOj > Bry(Br*)

(b) Sulfonation is one of the few reversible electrophilic substitutions and therefore kinetic and thermodynamic
products can result. At 100°C the thermodynamic product predominates; this is the para isomer. The ortho
isomer is somewhat more favored by kinetic control at 0 °C.

Problem 11.13 PhNO,, but not C4H,, is used as a solvent for the Friedel-Crafis alkylation of PhBr. Explain.

CqH, is more reactive than PhBr and would preferentially undergo alkylation. —NO; is so strongly deactivating
that PhNO, does not undergo Friedel-Crafts alkylation or acylations.

Problem 11.14 Account for the percentages of m-orientation in the following compounds: (a) C¢HsCH; (4.4%),
CeHsCH,CI (15.5%), CsHsCHCI, (33.8%), CHsCCl; (64.6%); (b) CgHsN*(CH,), (100%), C4CsCH,N*(CHj;),
(88%), C4Hs(CH,),N*(CH,); (19%). <

(a) Substitution of the CHy H’s by Cl’s causes a change from electron-release (—<—CHjs) to electron-attraction
(——CCl3) and m-orientation increases.

() tNMe; has a strong electron-attracting inductive effect and is m-orienting, When CH; groups are placed
between this N* and the ring, this inductive effect falls off rapidly, as does the m-orientation. When two CH,’s
intercede, the electron-releasing effect of the CH, bonded directly to the ring prevails, and chiefly op-orientation
is observed.

Problem 11.15 Predict and explain the reaction, if any, of (a) phenol (PhOH), () PhH and (c¢) benzenesulfonic
acid with D>SO4 in D,0. 2|

(¢) D,SO,4 transfers D', an electrophile, to form 2.4,6-trideuterophenol. Reaction is rapid because of the
activating —OH group. The mera positions are deactivated. () PhH reacts slowly to give hexadeuterobenzene. (¢) The
sulfonic acid does not react, because —SO;H is too deactivating.
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RULES FOR PREDICTING ORIENTATION IN DISUBSTITUTED BENZENES

1. If the groups reinforce each other, the orientation can be inferred from either group.

2. If an op-director and an m-director are not reinforcing, the op-director controls the orientation. (The
incoming group goes mainly ortho to the m-director).

3. A strongly activating group, competing with a weakly activating group, controls the orientation.

4. When two weakly activating or deactivating groups or two strongly activating or deactivating
groups compete, substantial amounts of both isomers are obtained; there is little preference.

5. Very little substitution occurs in the sterically hindered position between meta substituents.

6. Very little substitution occurs orthoe to a bulky op-directing group such as ¢-butyl.

Problem 11.16 Indicate by an arrow the position(s) most likely to undergo electrophilic substitution in each of the
following compounds. List the number of the above rule(s) used in making your prediction. (@) m-xylene, (b) p-
nitrotoluene, (¢) m-chloronitrobenzene, (d) p-methoxytoluene, (¢) p-chlorotoluene, ( /) m-nitrotoluene, (g) o-

methylphenol {(o-cresol). <4
CH, CH, CH, Cl
™~ rd rd ™~
(a) very little ) (©)
CH, CH, y NO
NO, major
(Rule 1) (Rule 5) (Rule 1) (Rule 2)
OCH; (moderaie) Cl (weak) CH, OH (strong)
e e N CH, (weik)
G () or ) @)
\\
P NG 1
CHj (weak) CH; (weak)
(Rule 3) (Rule 4) (Rule 2) (Rule 3)

ELECTROPHILIC SUBSTITUTION OF NAPHTHALENE

1. Electrophilic substitution of naphthalene occurs preferentially at « position.

2. Examples of f-substitution are: (@) sulfonation at high temperatures (at low temperatures, «-
substitution occurs); (b) acylation with RCOCI and AICl;, in C¢HsNO, as solvent (in CS; or
CH,CICH,CI, a-substitution occurs).

3. Substitution occurs in a ring holding an activating (electron-releasing) group: (a) para to an a-
substituent; (b) ortho to an g-substituent if the para position is blocked; (¢) to % ortho position if the
activating group is a f3-substituent.

4. A deactivating group (electron-withdrawing) directs electrophiles into the other ring, usually at
positions.

Problem 11.17 Account for (a) formation of the x-isomer in nitration and halogenation of naphthalene, (b)
formation of a-naphthalenesulfonic acid at 80“C and f-naphthalenesulifonic acid at 160 °C.

(a) The mechanism of electrophilic substitution is the same as that for benzene. Attack at the « position has a lower
AH* because intermediate I, an allylic R* with an intact benzene ring, is more stable than intermediate I1 from g-
attack.
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SemeoRsollees

11, not an allylic R*
1, an allylic R’ B-substitution
a-substitution

In II the + charge is isolated from the remaining double bond and hence there is no direct delocalization of
charge to the double bond without involvement of the stable benzene ring. In both I and II the remaining
aromatic ring has the same effect on stabilizing the + charge. Since I is more stable than II, a-substitution
predominates.

(b) «-Naphthalenesulfonic acid is the kinetic-controlled product [see part (a)]. However, sulfonation is a reversible
reaction and at 160 °C the thermodynamic-controlled product, §-naphthalenesulfonic acid, is formed..

Problem 11.18 Name the product and account for the orientation in the following electrophilic substitution
reactions:

(a) 1-Methylnaphthalene + Br,, Fe (b) 2-Ethylnaphthalene + Cl,, Fe
(¢) 2-Ethylnaphthalene + C,H;COCI + AICl, (d) 1-Methylnaphthalene + CH;COCI, AICI3(CS,)
(¢) 2-Methoxynaphthalene + HNO, + H,SO, (/) 2-Nitronapththalene + Br,, Fe

(a) 1-Methyl-4-bromonaphthalene. Br substitutes in the more reactive « position of the activated ring,
(b) 1-Chloro-2-ethylnaphthalene. C’ (ortho and «) is activated by C;Hs since C?, which is also «, is meta to C;Hs.
{¢) 1-(2-Ethylnaphthyl) ethyl ketone. Same reason as in (b). (d) 4-(1-Methylnaphthyl) methy! ketone. Same reason
as in (a). (e) 1-Nitro-2-methoxynaphthalene. Same reason as in (b). (f) 1-Bromo-6-nitronaphthalene and
1-bromo-7-nitronaphthalene. NO, deactivates its ring and bromination occurs at the « positions of the other ring,
more at C’ that bears no delocalized §*.

11.2 ELECTROPHILIC SUBSTITUTIONS IN SYNTHESES OF BENZENE DERIVATIVES
ORDER OF INTRODUCING GROUPS

To do such syntheses it is essential to introduce the substituents in the proper order, which is based on the
knowledge of the orientation and activation of both ring and incoming substituents.

Problem 11.19 From C¢Hs (PhH) or PhCH; synthesize: (a) p-CIC¢HsNO,, (b) m-CICGH4NO., (¢) p-
OzNC6H4COOH, (d) m-O2NC6H4COOH 4

In the synthesis of disubstituted benzenes, the first substituent present determines the position of the incoming
second. Therefore the order of introducing substituents must be carefully planned to yield the desired isomer.

(@) Since the two substituents are para, it is necessary to introduce the op-directing Cl first.

PhH —Fo PhCI =% 5-CIC,H,NO,
"1, H,30,

(b) Since the substituents are meta, the m-directing NO; is introduced first.

HNO,

PhH PhNO, %» m-CIC,H,NO,

280, e

(¢} The COOH group is formed by oxidation of CH;. Since p-O,NC¢H4COOH has two m-directing groups, the NO,
must be added while the op-directing CHj is still present.

HNO;

PhCH, p-CH,C4H,NO, + 0-CH,C,H,NO,

1,50,
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The para isomer is usually easily separated from the op mixture.

KMnO,
H+

p-O,NC,H,CH; p-O,NC(H,COOH (use phase transfer catalysts, Prob.7.26.)

(d) Now the substituents are meta, and NO; is introduced when the m-directing COOH is present.

KMnO,

H*

PhCOOH — %

PhCH, m-0,NC4H,COOH

H,S0,
USE OF BLOCKING GROUPS

If, in most cases, electrophilic substitution of a phenyl derivative with an op-directing group yields mainly
the para isomer, how are good yields of the ortho isomer obtained? Answer: First introduce an easily
removed blocking group into the para position; then introduce the ortho substituent; and, finally, remove
the blocking group. Two good blocking groups are —SO;H and -—C(CH3),.

Problem 11.20 Show steps in the synthesis of (@) o-chlorotoluene and () 1,3-dimethyl-2-ethylbenzene, <

(@) In this synthesis —SO;H is the blocking group. In the second step the op-directing CHs and the m-directing
SO;H reinforce each other.

H,S0, Fe H,S0,
HO3S Cl, HO3S Cl heat cl

(#) In this synthesis —C(CH,); is the blocking group. In the second step, although C,Hs and C(CH,); are
competing, op-directors, the bulkiness of the latter group inhibits attack ortho to itself.

CH, CH, CH, CH,
H,C H,C
(CH,),C=CH, 2CH,C 3 CH, HF 3 CH;
HF AICY, + (CH,),C=CH,

C(CH,), C(CH,),

In the reaction with HF, the electrophile H* replaces C(CH3)7, which forms (CH,),C=CH,.

11.3 NUCLEOPHILIC AROMATIC SUBSTITUTIONS
ADDITION-ELIMINATION REACTIONS

Nucleophilic aromatic substitutions of H are rare. The intermediate benzenanion in aromatic nucleophilic
substitution is analogous to the intermediate benzenonium ion in aromatic electrophilic substitution, except
that negative charge is dispersed to the op-positions.

H  Nu

5 &

Benzenanion

/ ArNu + H:

Q,or A N + o)
—_—
K,Fe(CN), riNu + H,

5
H
‘Nu™ + ArH —— |:Ar/
AN
Nu
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Oxidants such as O, and K;Fe(CN)g facilitate the second step, which may be rate-controlling, by oxidizing
the ejected :H™, a powerful base and a very poor leaving group, to H,O.

Electron-withdrawing groups positioned at the op-positions bearing the negative charges greatly
stabilize the formation of the intermediate benzenanion. Thus, groups (such as NO,, CN, and halogen)
which deactivate the ring toward electrophilic attack, encourage nucleophilic attack. These groups are op-
directors toward nucleophilic aromatic substitution.

Problem 11.21 Account for the product in the reaction.

NO, NO,

+ :CN™ —» +:H" <
NO, NO,

CN~ is a nucleophile. NO;’s activate the ring toward nucleophilic substitution at op-positions by withdrawing the
electron density and placing charge on the O’ of NO;:

.0
+.7
N.
RS

“
Hg

y —_—
“

+.:
N,
X

When not sterically hindered, the ortho position may be more reactive. CN™ is a “thin” nucleophile and its insertion
ortho to each NO, is not hindered.

A good leaving group, such as halide ion (X7), is more easily displaced than H™ from a benzene ring
by nucleophiles. Electron-attracting substituents, such as NO, and CN, in ortho and para positions
facilitate the nucleophilic displacement of X of aryl halides. The greater the number of such ortho and para
substituents, the more rapid the reaction and the less vigorous the conditions needed.

Cl Ci Nu
+ Nu~ —_— Nu e +ClI™
addition elimination

usually slow usually fast

NaOH, 300°C

CeHsCl CH,OH

15% NaOH

p'O2NC6H4Cl p'ochéHAOH

160°C

Na,CO,
130°C

2,4,6-(0,N);CoH,Cl === 2,4,6-(0,N);C,H,OH
Problem 11.22 Write resonance structures to account for activation in addition-elimination aromatic nucleophilic

substitution from delocalization of the charge of the intermediate carbanion by the following para substituent groups:
(@) —NO,, (b) —CN, (¢) —N=0, (d) CH=O0. <
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Only the resonance structures with the negative charge on the para C are written to show delocalization of charge
from ring C to the para substituent.

X. _Nu X. _Nu
N N

_ AN -

O/ \O O/ \O_

C=N: C
[

N:
X. Nu X iNu fNu X. Nu
‘N ‘N
N\ . \
\O_.' \-_O_.' / \

Problem 11.23 Compare addition-elimination aromatic nucleophilic and electrophilic substitution reactions with
aliphatic Sy2 reactions in terms of (a) number of steps and transition states, (b) character of intermediates. A

(@) Nucleophlllc and electrophilic aromatic substitutions are two-step reactions, having a first slow and rate-
determining step followed by a rapid second step. Aliphatic Sy2 reactions have only one step. There are 2 transition
states for the aromatic and 1 for the aliphatic substitution. (b) Sy2 reactions have no intermediate. In electrophilic
aromatic substitution the intermediate is a carbocation, while that in nucleophilic substitution is a carbanion.

Problem 11.24 Why do the typical Sy2 and Syl mechanisms not occur in nucleophilic aromatic substitution?
«

The Sp2 backside attack cannot occur, because of the high electron density of the delocalized n cloud of the
benzene ring. Furthermore, inversion at the attacked C is sterically impossible. The Sy mechanism does not occur,
because the intermediate C¢HZY, with a + charge on an sp-hybridized C, would have a very high energy. The ring
would also have a large ring strain.

ELIMINATION-ADDITION REACTIONS

With very strong bases, such as amide ion, NH;, unactivated aryl halides undergo substitution by an
elimination-addition (benzyne) mechanism.

(-\Bl' NH3 NHZ
"
@ NHZ _Br @ T @ raSt @
H slow H

(elimination) benzyne (addition)

Problem 11.25 How do the following observations support the benzyne mechanism? (¢) Compounds lacking
orthe H’s, such as 2,6-dimethylchlorobenzene, do not react. (b) 2,6-Dideuterobromobenzene reacts more slowly than
bromobenzene. (¢) o- Bromoamsole 0-CH;0C¢H4Br, reacts with NaNH,/NH; to form m-CH;0C¢H/NH,. (d)
Chlorobenzene with C1 bonded to '*C gives almost 50% aniline having NH, bonded to '*C and 50% aniline with
NH, bonded to an ortho C. <
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(@) With no H ortho to Cl, vicinal elimination cannot occur.

(b) This primary isotope effect (Problem 7.28) indicates that a bond to H is broken in the rate-determining step,
which is consistent with the first step in the benzyne mechanism being rate-determining.

(¢) NH; need not attack the C? from which the Br™ left; it can add at C7.

OCH, OCH, OCH,
1 Br ! !
2 ~NH, ? NH, 2
3 ~HBr 3 3
H NH
a benzyne 2
NH,

cl ™
o«
@ Eia @\ o
\,"‘_’f'_ NH,
@ (50%)

Problem 11.26 Account for the observation that NaOH reacts at 300 °C with p-bromotoluene to give m- and p-
cresols, while m-bromotoluene yields the three isomeric cresols. <

(50%)

The benzyne intermediate from p-bromotoluene has a triple bond between C? and C?; both C’s are independently
attacked by OH™, giving a mixture of m- and p-cresols (HOCgH,CH3;). Two isomeric benzynes are formed from m-
bromotoluene, one with a C°-to-C’ triple bond and the other with a C*-to-C* triple bond. Hence, this mixture of
benzynes reacts with OH™ at all three C’s, giving the mixture of three isomeric cresols.

11.4 ARENES
NOMENCLATURE AND PROPERTIES

Benzene derivatives with saturated or unsaturated C-containing side chains are arenes. Examples are
cumene or isopropylbenzene, C;H;CH(CH;),, and styrene or phenylethene, C(H;CH=CH,.

Problem 11.27 Supply systematic and, where possible, common names for:

CH(CH,), CH,

(a) (b) (©) CH3©CH=CH2

H4C CH,

Ph Ph
_ N, 7
(@) @CHZ—C=C—CH2@ () e=C_
H H

(@) p-Isopropyltoluene (p-cymene). (b) 1,3,5-Trimethylbenzene (mesitylene). (c) p-Methylstyrene. (d) 1,4-
Diphenyl-2-butyne (dibenzylacetylene). (e) (£)-1,2-Diphenylethene (cis-stilbene).

<

Problem 11.28 Arrange the isomeric tetramethylbenzenes, prehnitene (1,2,3,4-) and durene (1,2,4,5-) in order of
decreasing melting point and verify this order from tables of melting points. <
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The more symmetrical the isomer, the closer the molecules are packed in the crystal and the higher is the melting
point. The order of decreasing symmetry, durene > prehnitene, corresponds to that of their respective melting points,
+80°C > —6.5 °C.

SYNTHESES

Friedel-Crafts alkylations and acylations, followed by reduction of the C=0 group, are most frequently
used to synthesize arenes. Coupling reactions can also be employed.

Ar,CuLi + PTX — AR or R,CuLi + ArtX —= ArR

Problem 11.29 Explain the following observations about the Friedel-Crafis alkylation reaction. (a) In monoalk-
ylating C¢Hg with RX in AIX; an excess of C¢Hj is used. (b) The alkylation of PhOH and PhNH, gives poor yields.
{¢) Ph—Ph cannot be prepared by the reaction

AlC,

PhH + PhCl—<= Ph—Ph + HCl

(d) At 0°C

PhH + 3CH,Cl —2% 1,2 4-trimethylbenzene

but at 100°C one gets 1,3,5-trimethylbenzene (mesitylene). (¢) The reaction

PhH + CH,CH,CH,Cl % PhCH,CH,CH, + HCl

gives poor yield, whereas

PhH + CH,CHCICH; ——"» PhCH(CHj,), + HCI

gives very good yield. 4

(a) The monoalkylated product, C¢HsR, which is more reactive than CcHy itself since R is an activating group, will
react to give C¢HyR, and some C¢H3R;. To prevent polyalkylation an excess of CgHg is used to increase the
chance for collision between R* and C¢Hy and to minimize collision between R+ and CcHsR.

() OH and NH; groups react with and inactivate the catalyst.

() PhCl+ AICl; —<= Ph* + AICI;, Ph* has a very high enthalpy and doesn’t form.

(d) The alkylation reaction is reversible and therefore gives the kinetic-controlled product at 0°C and the
thermodynamic-controlled product at 100°C.

(e) The R* intermediates, especially the 1° RCHZ can undergo rearrangements. With CH;CH,CH,Cl we get

CH,CH,CH} —“~ CH,CHCH,

and the major product is PhCH(CHs;),.

Problem 11.30 Prepare PhCH,CH,CHj; from PhH and any open-chain compound. «

PhH + CICH,CH=CH, —— PhCH,CH=CH, —* PhCH,CH,CH,

or

PhH + CICOCH,CH, ——~ PhCOCH,CH, — /&1

PhCH,CH,CH,

(Clemmensen reduction)

CH;CH,CH,Cl cannot be used because the intermediate 1° CH;CH,CH; rearranges to the more stable 2°
(CH;3),CH*, to give C¢HsCH(CHj3), as the major product. The latter method is for synthesizing PhCH,R.
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Problem 11.31 Give the structural formula and the name for the major alkylation product:

Icl BF
(@) C¢Hg + (CH,),CHCH,CI A () C¢HsCH; + (CH,;);CCH,0H —~
iCl ICl
(¢) C¢H¢+ CH;CH,CH,CH;ClI {:TC»’JC’ (d) m-xylene + (CH,),CCl _1%5‘_3(?’ 4
s T W o
(a) CH,CHCH,Cl = CH,CHCH; —= CH,CCH;~7 CH,CCH,
C6HS
Isobutyl [sobutyl tert-Butyl tert-Butyl-
chloride cation (1°) cation (3°) benzene
?HJ ?HJ C|IH3 CH;
() CHJ?CHIOH 2 CHJ?CHE % o CH,CCH,CH, —— p-CH3C6H4—CICH2CH3
CH, CH, CH,
Neopentyl Neopentyl tert-Pentyl p-tert-Pentyl-
alcohol cation (1°) cation (3°) toluene
CH,CH,CH,CH;
() CH,CH,CH,CH,C1 22w e =% 349% PhCH,CH,CH,CH, + 66% CeHs—CHCH,CH,
CH;CH,CHCH, I
' CH,
n-Butyl chioride n-Butylbenzene s-Butylbenzene
CH;
() Thermodynamic product; it has less steric strain and is more stable than the
kinetic-controlled isomer having a bulky #-butyl group erthe to a CH,.
H,C C(CH,),

|
CHEMISTRY; REACTIVITY OF THE BENZYLIC (Ph(ll‘H) H AND C

The chemistries of the benzylic and allylic positions are very similar. Intermediate carbocations, free
radicals and carbanions formed at these positions are stabilized by delocalization with the adjacent =
system, the benzene ring in the case of the benzylic position. Another aspect of arene chemistry is the
enhanced stability of unsaturated arenes having double bonds conjugated with the benzene ring. This
property is akin to the stability of conjugated di- and polyenes.

Problem 11.32 PhCH; reacts with Br, and Fe to give a mixture of three monobromo products. With Br; in light,
only one compound, a fourth monobromo isomer, is isolated. What are the four products? Explain the formation of the

light-catalyzed product. 4

With Fe, the products are o-, p-, and some m-BrCsHsCHj. In light the product is benzyl bromide, PhCH,Br. Like
allylic halogenation (Section 6.5), the latter reaction is a free-radical substitution:

(1) Br, —~ 2Br-
(2) Br-+ PhCH, —= PhCH, + HBr
(3) PhCH, + Br, —= PhCH,Br + Br:

Steps (2) and (3) are the propagating steps.

Problem 11.33 Which is more reactive to radical halogenation, PhCH, or p-xylene? Explain. A

p-Xylene reactivity depends on the rate of formation of the benzyl-type radical. Electron-releasing groups such as
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CH, stabilize the transition state, producing the benzy! radical on the other CH; and thereby lowering the AH? and
increasing the reaction rate.

Problem 11.34 Outline a synthesis of 2,3-dimethyl-2,3-diphenylbutane from benzene, propylene, and any needed
inorganic reagents. <

The symmetry of this hydrocarbon makes possible a self-coupling reaction with 2-bromo-2-phenylpropane.

CGHS C6H5 $6H5 $6H5
CeHy+ CH;CH=CH, X CH;—C—H—i> CHy—C—Br o CHy—C——C—CH,
CH, CH, CH, CH,

Problem 11.35 Give all possible products of the following reactions and underline the major product,

H,80, ale.

(@) PhCH,CHOHCH(CH;), () PhCH,CHBrCH(CHy), —~
(¢) PhCH=CHCH, + HBr —= (d) PhCH=CHCH, + HBr 2%
(¢) PhCH=CHCH=CH, + Br, (equimolar amounts) —= <

(@) PhCH,CH=C(CH;), + PhCH=CHCH(CHj;),. The major product has the C=C conjugated with the benzene
ring and therefore, even though it is a disubstituted alkene, it is more stable than the minor product, which is a
trisubstituted nonconjugated alkene,

(b) Same as part (@) and for the same reason. .

(¢) PhCH,CHBrCH; + PhCHBrCH,CH;. H* adds to C=C to give the more, stable benzyl-type PhCHCH,CHj.
Reaction with Br~ gives the major product. The benzyl-type cation PhCHR (like CH,=CHCHY) can be
stabilized by delocalizing the + to the op-positions of the ring:

H
&+ C/
AN
" CH,CH;,

(d) PhCH,CHBrCH, 4 PhCHBrCH,CH;. Br- adds to give the more stable benzyl-type PhCHCHBrCH3 rather than

PhCHBrCHCH,. We have already discussed the stability of benzylic free radicals.
(¢) PhCHBrCHBrCH=CH, + PhCH=CHCHBrCHBr + PhCHBrCH=CHCH,Br. The major product is the
conjugated alkene, which is more stable than the other two products [see part (a)].

Problem 11.36 Explain the following observations. (a) A yellow color is obtained with PhyCOH (trity] alcohol) is
reacted with concentrated H,SO,, or when Ph;CCl is treated with AICl;. On adding H,O, the color disappears and a
white solid is formed. (b) PhyCCl is prepared by the Friedel-Crafts reaction of benzene and CCl,. It does not react
with more benzene to form PhyC. (¢) A deep-red solution appears when Ph;CH is added to a solution of NaNHj; in
liquid NH3. The color disappears on adding water. (<) A red color appears when Ph;CCl reacts with Zn in C¢Hg. O3
decolorizes the solution. <

(a) The yellow color is attributed to the stable Ph3C*, whose + is delocalized to the op-positions of the 3 rings.
Ph;COH + H,80, —= Ph;C* + H;0% + HSO;
PhyCCl1 + AICl; — Ph,C* + AICI;
Ph,C* 4 2H,0 —~ Ph;COH + H;07

Lewis Lewis white
acid base solid
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(b) With AICl,;, PhyCCl forms a salt, PhyC*AICI;, whose carbocation is too stable to react with benzene. Phy,C+
may also be too sterically hindered to react further.

(¢) The strong base :NH; removes H* from Ph;CH to form the stable, deep red-purple carbanion Ph;C~, which is
then decolorized on accepting H* from the feeble acid H,O.

N . _
Ph,CH + :NH; — H:NH, + Ph;C:

acid, base, acid, base, (deep red)
Ph,C* + H,O— Ph;CH + OH"™
base, acid, acid; base,

The Ph;C* is stabilized because the — can be delocalized to the op-positions of the three rings (as in the
corresponding carbocation and free radicals).

(@) Cl is removed from Ph,CCl by Zn to give the colored radical Ph,C-, which decolorizes as it forms the peroxide
in the presence of O,.

2Ph,CCl + Zn — 2Ph,C- + ZnCl,
2Ph,C + -0—0Q' — Ph,C:0:0:CP<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>