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Periodic Table of the Elements

Main groups

Main groups
: R L 1
1A 8A
I 18
] 2
H | 5a 3A  4A  SA 6A 7A | He
1.00794 2 13 14 15 16 17 4.002602
3 4 5 6 T 8 9 10
Li B B C N (0] F Ne
6941 | 9.012182 Transition metals 10.811 | 12,0107 | 14.0067 | 15.9994 |18.998403 | 20.1797
(D - : T 14 15 16 17 18
22.989770| 24.3050 3 4 5 6 7 8 9 10 11 12 l26081538] 28.0855 30973761 | 32.065 | 35.453 | 39.948
19 20 31 32 33 34 35 36
K Ca Ga Ge As Se Br Kr
39,0983 | 40.078 69.723 | 72.64 |74.92160 78.96 | 79.904 | 83.80
331/ 38 49 50 51 52 53 54
Rb Sr In Sn Sh Te | Xe
854678 | 87.62 114.818 | 118.710 | 121.760 | 127.60 |126.90447|131.293
55 56 | 81 82 83 84 85 86
Cs Ba Tl Pb Bi Po At Rn
132.90545| 137.327 204.3833| 207.2 |208.98038| [208.98] | [209.99] | [222.02]
87 88 y 113 114 115 116 117 118
Fr Ra ! Fl Lv
[223.02] |[226.03] [ : 1 i [284] [289] [288] [293] [293] [294]

*Lanthanide series

fActinide series

those recommended

aThe labels on top (1A, 2A, etc.) are common American usage. The labels below these (1, 2, etc.) are
by the International Union of Pure and Applied Chemistry.
The names for elements 113, 115, 117, and 118 have not yet been decided.

Atomic masses in brackets are the masses of the longest-lived or most important isotope of radioactive elements.
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Spectroscopy Problems

For problems that require specific chemical knowledge, the chapter number where the information can be found is
given just after the problem number.

1. Determine the structure of the straight-chain five-carbon alcohol that produces the mass spectrum
shown here.
100 45
80 -
b -
‘g
g 60
A=
g -
‘5
5 40-
o
20 - 35
- | | 73
0 ||IIIIII!|III|II !I!llllllll !!II !IIIIIIIII;Illll]]ll'llli:ll|I||II|IIIII.
10 20 30 40 50 60 70 80
m/z
2. The mass spectrum of an ether is shown here. Determine the molecular formula of the ether that produces

this spectrum and then draw possible structures for it.

100 31

80 —
. 59
60 —

45 74
40

Relative Intensity

20

0 lII:}IIlIIIIIII! ':lllllllllllllllllllllllllIlllllllllllll
10 15 20 25 30 35 40 45 50 55 60 65 70 75
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Spectroscopy Problems

The mass spectra of pentane and isopentane are shown here. Determine which spectrum belongs to which

compound.
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Spectroscopy Problems 3

4. Which of the following compounds gives the mass spectrum shown here?
/k/ T /lk/ A BN
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5. Chapter 10
An unknown acid reacted with 1-butanol. The product of the reaction gave the mass spectrum shown here.
What is the product of the reaction, and what acid was used?
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25 50 75 100 125
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4 Spectroscopy Problems

6. Identify the compound with molecular formula CoH,(Oj that gives the following IR and '"H NMR spectra. an

| l _

1 —
-l ;
— 10 9

—
2)
2
oA

8 7 6 5 4 3 2 1 0
100 0.0
%0 /_,/‘J/ \ M-o.os
] i AN/

80 & v V‘ -0.1
70 | A .7 i ﬂ A /‘/ W .

: \ N | 3 Lo
60 - R ‘ S
50 -Q \ 7 g—-o‘

5 \l/ :
40 - 1 \‘l T g——0.4
30 —:F E o5 /“\

ﬁ 0.6 -
20 =C 0.7

E 0.8
10 a2t
S1]000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 45—02.0

7. Identify the compound with molecular formula CsH,,Br that gives the following 'H NMR spectrum.
] —
3
) - 6
2 1
]
8 7 6 5 4 3 2 1 0
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9.

Spectroscopy Problems 5
Identify the compound with molecular formula C¢H,,0 that gives the following IR and 'H NMR spectra.
4
9
_
3
9 8 _6 5¥ 4 2 1 0
0.0
| haNEY TN l/'\ NEaA A f‘d'\ \v_ 008

0.1

. A
B |-
| T B |02
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-N 03
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T E
T - 0.5
A I - 0.6
¢ 07
- 0.8
E 09
1.0
- 20
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4000 3800 3600 3400 3200 3000 2800 2600 2400 2200

Chapter 18

2000 1800 1600 1400 1200

A methyl-substituted benzene was treated with Cl, in the presence of AICl;. The 'H NMR spectrum of
one of the monochlorinated products is shown below. Identify the product.

;-—-—-
‘\_\
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6 Spectroscopy Problems

10..  Identify the compound with molecular formula CgH,4O that gives the following IR and "H NMR spectra. ~
P
i
i 1~
~0.9 all 4
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7 6 5 4 3 2 |
100 — 0.0
90 M{Mb\ i M VV-\\“ - 0.05
v .
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70 ' 'I
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aftM f 0104
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11. Identify the compound with molecular formula C4HyBr that gives the following '"H NMR spectrum.
— ~
—— .
7 6 5 4 3 2 1 0
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13.

|

Spectroscopy Problems

-

I

6

Il/"_J
4

— b

Identify the compound with molecular formula C¢H;, that gives the following IR and 'H NMR spectra.

|

Identify the compound with molecular formula CgH,(O that gives the following "H NMR spectrum.

_—
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8 Spectroscopy Problems
14. Identify the compound with molecular formula C4;H;CIO that gives the following IR and 'H NMR spectra.
r
3
]
1
A 3
8 7 6 5 4 3 1 0
100 0.0
90 = r 0.05
o \ me - Vr‘\\ /\\ e
o W i !
M [ [ |
R ’ Y A
A B
50 N ¥ s+ 03
S o
a0 |-M Rt 04
- _'{: ﬁ_- 05
20N el o7
E 03
10 1.0
2000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 45;)2.0
15. Identify the compound with molecular formula CgHgBr, that gives the following 'H NMR spectrum.
4
4
8 7 5 4 3 2 1 0
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Spectroscopy Problems 9
16. Identify the compound with molecular formula C4HgO that gives the following IR and 'H NMR spectra.
i ’
f
(
2 3 1
8 7 6 5 4 3 2 1 0
100 LA 00
MYaR Y 'r\ i N M /N g o008
N ‘
80 {l \\ - 0.1
70
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60 —E \ \ II A- 02
50 —l; ' (E-- 0.3
Py \ / Bl oa
T ! ' ) N[
-1} e
20 ——g 0:7
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10 0
2000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 45_0 20

17.

Identify the compound with molecular formula C;HgB1N that gives the following 'H NMR spectrum.

A
— }
I 3
f’_——J
2 1
- J % N
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Spectroscopy Problems 11

20. Identify the compound with molecular formula CsH;4O, that gives the following TH NMR spectrum.

| Ir

5
f"—/
1 — 3 6
8 7 6 5 4 3 2 1 0

21. Identify the compound with molecular formula CgH; O, Br that gives the following IR and '"H NMR spectra.

100 0.0
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12 Spectroscopy Problems

22. Identify the compound with molecular formula C;HgO that gives the following 'H NMR spectrum.

1]
= i
10 9 8 7 6 5 4 3 2 1 0

23. The two 'H NMR spectra shown here are given by constitutional isomers with molecular formula C;H;Br.
Identify each isomer.

a. | .
|
~4.3
—-____/
1 6
T A

8 7 6 5 4 3 2 1 0
b w —f

2 /

2 2 3

.. L
8 7 6 5 4 3 2 1 0
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24, Chapter 6

Spectroscopy Problems

13

An unknown alkene with molecular formula CgH,¢ undergoes ozonolysis (Section 6.11 in the text). Only
one product is formed. The IR and 'H NMR spectra of the product are shown here. What is the product?

What alkene produced this product?

100 0.0
MANCTN / A VN ™ A\ lLf \ /TN
90 2 4 ‘ “w { V\ I \v4 \'4 \\— 0.05
80 m n - 0.1
70 A
% Al
60 |-T A Loz
R s
so|-& | Otos
M B
L Al
40 i N 04
Wt G105
L 0.6
08 07
E C 0%
10 ‘ 1.0
- 20

0
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200

1000 800 600
—_—
1 ]
offset 2.5 ~2.4

-—-—-—/
—
—J
1 4 6
7 6 5 4 3 1 0
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14

Spectroscopy Problems

2s. Identify the compound with molecular formula C4H;BrO, that gives the following IR and '"H NMR spectra.
100 ‘ 0.0
90 W - 0.05
80 ~ N7 A\ - 0.1
" i In 1\ /1 \ /1
MEIRETA) [ AN ZY ERAVIRVAN S
A \ [ Hal 1\ L
50 N J Y v 2+tos
q0 =M ﬂ \ II \v/ 5-- 04
T Clos
30 I '\4‘ f E By
20N 07
E 03
10 10
2000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 45—02.0
I [

1~

A

offset: 0.2ppm.

6
m = h
12 11 10 9 8 7 6 5 4 3 2 1 0
26. Identify the compound with molecular formula C;HgCl, that gives the following 'H NMR spectrum.
I If
_ Yl
~2.2
|
4
I 2
7 6 5 4 3 2 1 0
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27. Chapter 7

Spectroscopy Problems 15

A compound with the following IR spectrum was formed by a reaction with 1-propyne. If the number of
carbons in the reactant and product is the same, what compound is formed and what reaction conditions
produced this compound?

100 0.0
% < / \“\ — - 0.0
80 !' A ,-\'/\ [ \ / \ ol
W ' \j \/
% " B 02
60 |- S—]
R 0o
A R
s0t-N ¥ B— 03
S A
ao-M Nt o4
T E
30 —X - 0.5
8 - 0.6
20fc¢ 07
E - 08
10 03
0 - 2.0
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 450

28. Identify the compound with molecular formula C4HgO, that gives the following 'H and '*C NMR spectra.

240 220 200 180 160 140 120 100 80 60 40 20 0
s y %
=
Offset: 0.4 ppm. ~2.6 ppm.
1 [
; A
12 11 10 9 8 7 6 5 4 3 2 1 0
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16

29.

30.

31.

Spectroscopy Problems

Identify the compound with molecular formula C4,HgO, that gives the following 'H NMR spectrum.

_
T L
T8 /
J
]
2 2 3
L
6 5 4 3 2 1 0

Identify the compound with molecular formula CoH,;NO that gives the following 'H NMR spectrum.

-
. —
|
—
1] 2 2' 6
==l 1 A
10 9 8 7 6 5 4 3 2 1 0

Identify the compound with molecular formula CyH, 0, that gives the following '"H NMR spectrum.

r
J
2 || 3
7 6 5 4 3 2 1 0
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Spectroscopy Problems 17

32.  The '3C NMR and 'H NMR spectra of 1,2-, 1,3-, and 1,4-ethylmethylbenzene are shown here. Determine
which spectrum belongs to which compound.

CH; CH, CH,
CH,CH;
CH,CH;
CH,CH;
a. 160 140 120 100 80 60 40 20 0
Solvent l J
e U( |
—_ L

—
3 3 3
‘ L
8 7 6 5 4 3 2 1 0
b. 160 140 120 100 80 60 40 20 0
Solvent |
1 [y I I
r’-_—J
{_J
7
4 2| 3 3
— ] [ A
8 7 6 5 4 3 2 1 0
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18 Spectroscopy Problems

c. 160 140 120 100 80 60 40 20 0

Solvent ‘ \
- | I Jl

| |

4 2 3
= ik

8 7 6 5 4 3 2 1 0

|
[
P—

33. Identify the compound with molecular formula C;H,4O that gives the following 'H NMR spectrum.

1 4 :

~2.8 ppm

7 6 5 4 3 2 1 0

34. Identify the compound with molecular formula CsH, that gives the following 'H NMR spectrum.

Copyright © 2017 Pearson Education, Inc.



Spectroscopy Problems 19

35. Identify the compound with molecular formula C;H,O that gives the following IR and 'H NMR spectra.

-3

2 1 1
\ \
8 7 6 5 4 3 2 1 0

100 N " 00
9% \f’ / \ v/ \\\,\ L 005
80 - 0.1

ol L] / aN °
" | % N \ - 0.2
50 ~E f 1 ! / \ /‘/: 03
AEARNRNAF NN HINIA B AN BRIV
0|1 / \\/J Vv ‘ \ //V__ R [ os
SREANAD, /R
0[N A Nt 07
of N/ EEt
¥

0
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 450

36. Identify the compound with molecular formula C;H;ClI that gives the following '"H NMR spectrum.

~
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Spectroscopy Problems 21

40. Identify the compound with molecular formula C;H;NO that gives the following IR and 'H NMR spectra.

100 = 00
| A LA~V -

. J sl i IWaN / ST
80 ' \ \ 0.1
70

: \ / f
ol F /

3 | | /
50 -N A-+03

S \/ }83
40 —""‘ o} 04

T | R
0T 2 tos

N N [ 06
20f-¢ C07

; 1V E s
10 1.0
0 20
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 450
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22 Spectroscopy Problems

41. The 'H NMR spectra shown here are given by constitutional isomers of propylamine (C;HoN). Identify the

isomer that gives each spectrum.

a. -
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42, Identify the compound with molecular formula C;H; N that gives the following IR and 'H NMR spectra.
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43. Identify the compound with molecular formula C4HyBrO that gives the following '"H NMR spectrum.
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4. Identify the compound with molecular formula C;HgO, that gives the following IR and '"H NMR spectra. a
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Spectroscopy Problems

Identify the alcohol that gives the following 'H NMR spectrum.
‘ \

pd el LS o e S

El
i
5 4

Identify the compound with molecular formula C¢H,,0, that gives the following '"H NMR data. The number

of hydrogens responsible for each signal is given in parentheses.

1.1 ppm (6H) doublet 2.2 ppm (2H) quartet

1.7 ppm (3H) triplet ~5 ppm (1H) septet

Identify the compound with molecular formula CyH,,O that gives the following 'H NMR data. The number

of hydrogens responsible for each signal is given in parentheses.
1.4 ppm (2H) multiplet 3.8 ppm (2H) triplet
2.5 ppm (2H) triplet 6.9-7.8 ppm (4H) multiplet

Identify the compound with molecular formula C;,H,,0 that gives the following "H NMR data.
1.1 ppm (18H) singlet 2.2 ppm (4H) singlet

Identify the compound with molecular formula C,HgO that gives the following '"H NMR data.
1.6 ppm (4H) multiplet 3.8 ppm (4H) triplet

Identify the compound with molecular formula C,sH,,0; that gives the following 'H NMR data.
7.3 ppm (4H) doublet

3.8 ppm (6H) singlet 7.7 ppm (4H) doublet
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51. Propose structures for isomers with molecular formula C,H/NO that give the "H NMR spectra shown below. ~
A.
2
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B.
3
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52. Match each of the four compounds to one of the IR spectra shown below.
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53. Identify the compounds that give the IR and 'H NMR spectra shown below. One has a molecular formula
of C.H,,N and the other a molecular formula of C;H,,O.

5713
A. 100
3
§
E 501
g
=
0 +—————————————— : S ——
4000 3000 2000 1500 1000 500
L ,.dhL A
T ' L I ) l T | I T
6 5 4 3 2 i 0

Copyright © 2017 Pearson Education, Inc.



30 Spectroscopy Problems

B. 100
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54. Identify the compounds that give the '"H NMR spectra shown below. One has a molecular formula of
C,oHy;N and the other a molecular formula of C, H,,0.

A.

LM_JL 5.

o

T
3 2
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D.J., an undergraduate researcher, was asked to obtain a '"H NMR spectrum for a sample of cis-1,
3-dibromocyclobutane and explain the results to his fellow group members. D.J. predicted that he would see
two distinct signals in the '"H NMR spetrum: a 4H triplet and a 2H quintet. Below is the '"H NMR spectrum
for his sample, which his advisor assured him was the correct spectrum for cis-1,3-dibromocyclobutane.
How did D.J. rationalize this spectrum to his research group?

D.J., now more experienced in 'H NMR interpretation, was asked to obtain a 'H NMR spectrum for
a sample of cyclopropanol. He predicted that he would see three distinct signals in the '"H NMR spectrum:
a I H broad singlet, a 4H doublet, and a 1H quintet. Below is the 'H NMR spectrum he obtained for his
sample. How does he interpret this spectrum for his group members?

1
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57. Chapter 6
A compound with molecular formula C,;H,, forms A and when it reacts with HBr and a minor amount of
B. Identify the products from their 'H NMR spectra. Write the reaction that forms A and B.

A 3
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An isomer of the starting material of the previous problem forms C when it reacts with HBr and a minor
amount of D. Identify C and D from their 'H NMR spectra. Write the reaction that forms C and D.

C 6

\
=
e
E_

[R—
o

o
(=]
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58. A compound with molecular formula C,H,CIO gives the IR and 'H NMR spectra shown below. Identify ~
the compound.
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The mass spectrum for a compound with a molecular ion at m/z = 102 is shown below. The IR spectrum of
the compound has a broad, strong absorption at 3600 cm™' and a medium absorption at 1360 cm™'.

a. Identify the compound. What fragments are responsible for the base peak at m/z =45 and the peak at
m/z=84?
b. Explain the peak at m/z = 84 and draw a structure for the compound formed as a result.

100

80

1
60 —

40 -

Relative Intensity

20
ST I!!!

! \ A ] o Ly I !
IIII|IIII|IIII|I III|IIII|I |III|IIII[ Illll'lll!llll||llIIlIlII|IIll|IIII]IIII'

I
10 20 30 40 50 6 70 80 90 100

Chapter 9
Three isomeric bromobutanes (A, B, and C) were each treated with sodium hydroxide. Identify the
bromobutane from the IR spectra of the product(s) it formed.

A IR absorption bands at 2960-2850 cm™! and 1670 cm™!
B IR absorption bands at 2960-2850 cm™' and 3350 cm™!
C IR absorption bands at 2960-2850 cm™!, 3350 cm™', and 1670 cm™
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61. IR spectra A-E are shown below for the following compounds. Match each compound to its IR spectrum. ™
1
0 OH C\H OH : ,COOH
1 2 3 4 5
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62. Identify the compound with molecular formula C,H,O that gives the following 'H NMR and '*C NMR spectra. ~
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Spectroscopy Problems 41

Answers to Spectroscopy Problems

There are three straight-chain pentanols: 1-pentanol, 2-pentanol, and 3-pentanol. Because the most stable
fragment for an alcohol is the one formed by a-cleavage, we can see which of the alcohols forms the base
peak shown in the spectrum (that is, a base peak with m/z = 45) as a result of a-cleavage.

For 1-pentanol, only one a-cleavage is possible. It forms a cationic fragment with m/z = 31.

_cleavage

. +
CH3CH2CH2CH2 + HO= CH2
m/z =31

CH,CH,CH,CH,—CH,—OH

For 2-pentanol, two a-cleavages are possible. One forms a cationic fragment with m/z = 73 and a methyl
radical. The second forms a cationic fragment with m/z = 45 and a propyl radical. Because a propyl
radical is more stable than a methy] radical, the base peak is expected to have m/z = 45.

(I)H
CH,—CHCH,CH,CH;

a-cleavage

. +

CH3 + H0=CHCH2CH2CH3
m/z=13

OH

«a-cleavage
—_—

. +
CH3CH2CH2 + HO= CHCH3
m/z=45

I
CH3CH - CH2CH2CH3

For 3-pentanol, only one a-cleavage is possible because of the symmetry of the molecule. a-Cleavage
forms a cationic fragment with m/z = 59.

(l)H
CH,CH,—CH—CH,CH,

- - +
—gclevage . cH,CH, + HO=CHCH,CH,
m/z=159

The base peak of the given mass spectrum has m/z = 45. Thus, the mass spectrum is that of 2-pentanol.
We also see a significant fragment at m/z = 73, the m/z value of the other a-cleavage product.

First, we must first identify the molecular ion. The molecular ion, the peak that represents the intact starting
compound, has an m/z = 74. Now we can use the rule of 13 to determine the molecular formula.

E = 5 carbons with 9 left over

From the rule of 13, we end up with a molecular formula of CsH;4. Because the compound is an ether, we
know that it has one oxygen, so we must add one O and subtract one C and four Hs from the molecular
formula. The resulting molecular formula is:

C4H,,0
Three ethers have this molecular formula: methyl propyl ether, diethyl ether, and isopropyl methyl ether.
e N N /O\r
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3. First, we need to determine the most abundant cationic fragments for each compound.

The possible fragments for pentane are:

1

The most abundant fragments result from bond cleavages that produce the most stable cations and radicals.
Fragments from 2 and 3 are the most abundant because, in each case, a primary carbocation and a primary
radical are formed.

2 is expected to give the base peak (the most stable fragment). The cation formed in 2 (m/z = 43) is more
stable than the cation formed in 3 (m/z = 29), because the former is more stabilized by inductive electron

CH;— CH,CH,CH,CH; |
CH3CH2 —CH2CH2CH3

CH;CH,—CH,CH,CH,

CH;—CH,CH,CH,CH,|

donation from the alkyl group.

Fragments from 1 and 4 are expected to be less abundant. They each form one primary species, but the
second species is a methyl fragment (either a radical or a carbocation), which is less stable than the second

species formed in 2 and 3.

Four sets of fragments are shown for isopentane. Fragmentations that result in a primary fragment and
a methyl fragment have been excluded because they would be less abundant than those shown here.

CH, "

CH,CHCH,CH,

CH,

CH;CHCH,CH,

CH,
CH;CH—CH,CH,

CH,
CH;CH—CH,CH; |

-CH; + +CH,CH,CH,CH;
mfz =57

-CH,CH; + +CH,CH,CH;
miz=43

-CH,CH,CH; + +CH,CH,4

m/z=29

+CH,CH,CH,CH; + +CH;

m/z=15

+
‘CH; + CH;CHCH,CH,

m/z=57

CH,CHCH,CH; + +CH,
m/fz=15

CH,

M CH2CH3 + CH3§H

m/z=43

CH,3
CH;CH + +CH,CH;
m/z =29
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The four major fragments have the same m/z values (57, 43, 29, and 15) as those formed by pentane, but
their relative intensities are different.

1 and 3 produce the most abundant fragments because they both form a secondary cation, and the stability
of the cation is more important than the stability of the radical in determining the most abundant fragments.
Therefore, we expect a base peak with m/z = 43 (because the secondary cation is accompanied by a
primary radical) and a less intense peak with m/z = 57 (because the secondary cation is accompanied by
a methyl radical).

Both spectra show a base peak at m/z = 43. The major difference in the two spectra is the intensity of the
peak with m/z = 57. The spectrum of isopentane should show a more intense peak because it is due to a
secondary cation, whereas the peak with m/z = 57 in the spectrum of pentane is due to a primary cation.

Thus, pentane gives the first mass spectrum and isopentane gives the second.

The molecular ion for this compound has an m/z = 73. The nitrogen rule states that if a molecular ion has
an odd value, then the structure must have an odd number of nitrogens. Therefore, we can eliminate the
alkane, the ketone, and the ether.

Now we can determine the molecular formula of the compound using the rule of 13. When we subtract 14
(the mass of nitrogen) from 73, we get 59.

% = 4 carbons with 7 left over

Therefore, the molecular formula is C;H;;N. Both amines given as possible structures have this formula.

To determine which of the amines is responsible for the spectrum, we can take clues from how ethers and
alcohols cleave and apply them to amines. Oxygen-containing species undergo a-cleavage. If nitrogen
behaved similarly, then we would expect a fragment to form by cleaving a C— C bond alpha to the nitrogen
in each compound. Given the relative stability of this fragment, we can anticipate that it will be the base
peak of the mass spectrum.

H,;C CH, H,C + /CH2
\T/ \CH3 a-cleavage \IT/ + -CH,
CH, CH,
m/z =58

CH,
AN
H,N CH,CH,CH,

a-cleavage
—_—

H,N=CH, + -CH,CH,CH,
m/fz =30
a-Cleavage of N,N-dimethylethylamine gives a cation with m/z = 58. a-Cleavage of butylamine gives

a cation with m/z = 30. The spectrum shows a base peak with m/z = 58, indicating that the compound
that gives the spectrum is N,N-dimethylethylamine.
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The mass spectrum has two peaks with the same height with m/z values = 136 and 138, indicating the
presence of bromine in the product. (Recall that bromine has two isotopes of equal abundance with weights
of 79 and 81 amu.)

Now we need to think about the type of reaction that occurred.

Under acidic conditions, the starting material (1-butanol) will be protonated.

A

(‘H—A Iil A"

The protonated alcohol now has a leaving group that can be replaced by a nucleophile. Because we know
that bromine is present in the product, we can assume that bromide ion is the incoming nucleophile.

i
\/\g'o*\ BT ——— ~ _~_'B + HO
\H/
We now know that the product of the reaction is 1-bromobutane. The acid, which must be the source of
the nucleophile, is HBr.

The two signals near 7 and 8 ppm are due to the hydrogens of a benzene ring. Because these signals
integrate to 4 protons, the benzene ring must be disubstituted. The fact that both signals are doublets tells us
that the protons that give each signal must be coupled to one proton (N + 1 = 1 + 1 = 2), Therefore, the
substituents must be at the 1- and 4-positions.

By subtracting the six Cs and four Hs of the benzene ring from the molecular formula, we know that the
two substituents contain three Cs, six Hs, and three Os (CoH;00; — C¢Hy = C3HgO3).

A triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.2 ppm) that integrates to 2 protons are
characteristic of an ethyl group. Because the signal for the CH, group of the ethyl substituent appears at a
relatively high frequency, we know that it is attached to an electronegative atom (in this case, an O).

The presence of the CH;CH,O group consumes more of the remaining molecular formula
(C3HgO3 — C,HsO = CHO,). There is one remaining NMR signal, a singlet (9.8 ppm) that integrates to
1 proton.

To help with the identification, we turn to the IR spectrum. The broad absorption near 3200 cm ~! indicates
the O— H stretch of an alcohol; the proton of the OH group would give the broad NMR signal at 9.8 ppm.
The strong absorption at 1680 cm ™! indicates the presence of a carbonyl C==0O group.
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Now that all the fragments of the compound have been identified, we can put them together. The compound

is ethyl 4-hydroxybenzoate.
0]
V4
HO C
\

OCH,CH;

The signals at 1.1 and 1.8 ppm have been magnified and are shown as insets on the spectrum (the 2 and
1 represent the ppm scale) so that you can better see the splitting. The triplet (1.1 ppm) that integrates to
3 protons and the quartet (1.8 ppm) that integrates to 2 protons are characteristic of an ethyl group. (The
peak to the right of the quartet is actually the beginning of the adjacent signal that integrates to 6 protons.)

The singlet (1.7 ppm) that integrates to 6 protons indicates that there are two methyl groups in the same
environment. Because the signal is a singlet, the carbon to which they are attached cannot be bonded to any
hydrogens. The only atom not accounted for in the molecular formula is Br.

Therefore, the ethyl group and the bromine must be the two substituents that are attached to the carbon.
Thus, the compound is 2-bromo-2-methylbutane.

CH;
CH3—(|3—CH2CH3
Br

A major clue comes from the IR spectrum. The strong absorption at ~1710 cm ™! indicates the presence
of a carbonyl (C=0) group. Because the compound has only one oxygen, we know that it must be an
aldehyde or a ketone. The absence of absorptions at 2820 and 2720 cm ™! tells us that the compound is not
an aldehyde.

The absorptions at 2880 and 2970 cm ™! are due to C—H stretches of hydrogens attached to sp® carbons.

The 'H NMR spectrum has two unsplit signals. One integrates to 9 protons and the other to 3 protons.
A signal that integrates to 9 protons suggests a fert-butyl group, and a signal that integrates to 3 protons
suggests a methyl group. The fact that they are both singlets indicates that they are on either side of the
carbonyl group. Therefore, the compound is 3,3-dimethyl-2-butanone.

o
CH3—(|3—C—CH3
CH,

That the methyl group shows a signal at ~2.1 ppm reinforces this conclusion because that is where a
methyl group attached to a carbonyl group is expected to occur.
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From the reaction conditions provided, we know that the product is a monochlorinated toluene.
CH, CH,
Cl,, AICl,
Cl
The singlet (2.3 ppm) that integrates to 3 protons is due to the methyl group.

The signals in the 7-8 ppm region that integrate to 4 protons are due to the protons of a disubstituted
benzene ring. Because both signals are doublets, we know that each proton is coupled to one adjacent
proton. Thus, the compound has a 1,4-substituted benzene ring.

Therefore, the compound is 4-chloromethylbenzene.

The strong and broad absorption in the IR spectrum at 3400 cm ™! indicates a hydrogen-bonded O—H
group. The absorption bands between 2800 and 3000 cm ™! indicate hydrogens bonded to sp® carbons.

Only one signal in the 'H NMR spectrum integrates to 1 proton, so it must be due to the hydrogen of the
OH group. The singlet that integrates to 3 protons can be attributed to a methyl group that is attached to a
carbon that is not attached to any hydrogens.

Because the other two signals show splitting, we know that they represent coupled protons (that is, protons
on adjacent carbons). The quartet and triplet combination indicates an ethyl group. Because the quartet and
triplet integrate to 6 and 4 protons, respectively, the compound must have two ethyl groups.

The identified fragments of the molecule are:

Iilb I’lld fila
Hy—C—H, 2 —C—C—H, —0—H,
H, H,

When these fragments are subtracted from the molecular formula, only one carbon remains. Therefore, this
carbon must connect the four identified fragments. The compound is 3-methyl-3-pentanol.

9%

OH

The 'H NMR spectrum contains only one signal, so only one type of hydrogen is present in the molecule.
Because the compound has 4 carbons and 9 identical hydrogens, the compound must be tert-butyl
bromide.

CH,
CH;—C—Br

l
CH,
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The molecular formula indicates that the compound is a hydrocarbon with one degree of unsaturation. The
IR spectrum can tell us whether the degree of unsaturation is due to a cyclic system or a double bond. The
absorption of moderate intensity near 1660 cm ™' indicates a C=C stretch. The absorption at ~3100 cm ™~ L
due to C— H stretches of hydrogens attached to sp” carbons, reinforces the presence of the double bond.

The two relatively high-frequency singlets (4.7 ppm) is given by vinylic protons. Because the signal
integrates to 2 protons, we know that the compound has two vinylic protons. Because the signals are not
split, the vinyl protons must not be on adjacent carbons. Thus, they must be on the same carbon.

The singlet (1.8 ppm) that integrates to 3 protons must be a methyl group. Because it is a singlet, the
methyl group must be bonded to a carbon that is not attached to any protons.

The doublet (1.1 ppm) that integrates to 6 protons and the septet (2.2 ppm) that integrates to 1 proton is
characteristic of an isopropyl group.

H H
L1
T
H H H
isopropyl group

Because the compound has a methyl group, an isopropyl group, and two vinylic hydrogens attached to the
same carbon, we know that the compound must be 2,3-dimethyl-1-butene.

The signals in the '"H NMR spectrum between 6.7 and 6.9 ppm indicate the presence of a benzene ring.
Because the signals integrate to 3 protons, it must be a trisubstituted benzene ring.

The triplet (6.7 ppm) that integrates to 1 proton and the doublet (6.9 ppm) that integrates to 2 protons tell
us that the three substituents are adjacent to one another. (The Hy protons are split into a doublet by the H,
proton, and the H, proton is split into a triplet by the two Hy protons.)

Subtracting the trisubstituted benzene (C¢Hs) from the molecular formula leaves C,H;O unaccounted
for. The singlet (2.2 ppm) that integrates to 6 protons indicates that two methyl groups are in identical
environments. Now only OH is left from the molecular formula. The singlet at 4.6 ppm is due to the proton
of the OH group. The compound is 2,6-dimethylphenol.

OH
CH, CH;
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A major clue to the compound’s structure comes from the IR spectrum. The strong absorption at
~1740 cm ™! indicates the presence of a carbonyl (C=0) group. Because the compound has only one
oxygen, the compound must be an aldehyde or a ketone. The absence of absorptions at 2820 and 2720 cm ™!
tells us that the compound is not an aldehyde.

The NMR spectrum shows a singlet (2.3 ppm) that integrates to 3 protons, indicating that it is due to a
methyl group. The chemical shift of the signal (hydrogens attached to carbons adjacent to carbonyl carbons
typically have shifts between 2.1 and 2.3 ppm) and the fact that the signal is a singlet suggest that the
methyl group is attached directly to the carbonyl group.

0
|

C
N CH,
The two remaining signals are split, indicating that the protons that give these signals are attached to
adjacent carbons. Because the signal at 4.3 ppm is a quartet, we know that the proton that gives this signal
is bonded to a carbon that is attached to a methyl group. The other signal (1.6 ppm) is a doublet, so the
proton that gives this signal is bonded to a carbon that is attached to one hydrogen.

H
|
—C—C
|
H, H

a
—H

a

a

When these two fragments are subtracted from the molecular formula, only a Cl remains.

The only possible arrangement has the alkyl group bonded directly to the other side of the carbonyl group
and the chlorine on the last available bond. The relatively high-frequency chemical shift of the quartet
(4.3 ppm) reinforces this assignment because it must be attached to an electronegative atom. Thus, the
compound is 3-chloro-2-butanone.

0O

01

Cl

Given the simplicity of the '"H NMR spectrum, the product must be highly symmetrical.

The singlet (7.4 ppm) that integrates to 4 protons is due to benzene-ring protons. Because there are four
aromatic protons, we know that the benzene ring is disubstituted. Because the signal is a singlet, we know
that the four protons are chemically equivalent. Therefore, the two substituents must be the same and they
must be on the 1- and 4-positions of the benzene ring.
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Subtracting the disubstituted benzene ring from the molecular formula, only C,H,Br, remains. Thus, each
substituent must contain 1 carbon, 2 hydrogens, and 1 bromine. The compound that gives the spectrum,

therefore, is the one shown here.
B£H2@CHzBr

The molecular formula indicates that the compound has two degrees of unsaturation. The weak absorption
at ~2120 cm ™! is due to a carbon—carbon triple bond, which accounts for the two degrees of unsaturation.
The intense and sharp absorption at 3300 cm ™! is due to the C— H stretch of a hydrogen attached to an sp
carbon. The intensity and shape of this absorption distinguishes it from an alcohol (intense and broad) and
an amine (weaker and broad). Thus, we know that the compound is a terminal alkyne.

The absorptions between 2800 and 3000 cm ™' are due to the C—H stretch of hydrogens attached to sp®
carbons.

All three signals in the 'H NMR spectrum are singlets, indicating that none of the protons that give these
signals have neighboring protons. The singlet (2.4 ppm) that integrates to 1 proton is the proton of the
terminal alkyne.

—C=C—H

The two remaining signals (3.4 and 4.1 ppm) that integrate to 3 protons and 2 protons, respectively, can
be attributed to a methyl group and a methylene group. When the alkyne fragment and the methyl and
methylene groups are subtracted from the molecular formula, only an oxygen remains.

T
AR S
H H

The arrangement of these groups can be determined by the splitting and the chemical shift of the signals.
Because each signal is a singlet, the methyl and methylene groups cannot be adjacent or they would split
each other’s signal. Because the terminal alkyne and the methyl group must be on the ends of the molecule,
the only possible arrangement is shown below. Thus, the compound is 3-methoxy-1-propyne.

CH,0CH,C=CH

Notice that both the methyl and methylene groups show strong deshielding because of their direct
attachment to the oxygen. The methylene hydrogens are also deshielded by the neighboring alkyne.

The signals in the '"H NMR spectrum between 6.5 and 7.2 ppm indicate the presence of a benzene ring.
Because the signals integrate to 3 protons, it must be a trisubstituted benzene ring.

The singlet (2.1 ppm) that integrates to three protons must be a methyl group; 2.1 ppm is characteristic of
protons bonded to a benzylic carbon.

When the trisubstituted benzene ring (CgHs) and the methyl group (CH3) are subtracted from the molecular
formula, NH,Br is all that remains. Thus, the three substituents must be a methyl group, bromine, and
an amino group (NH,). The amino group gives the broad singlet (3.6 ppm) that integrates to 2 protons.
Hydrogens attached to nitrogens and oxygens typically give broad signals.
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The substitution pattern for the trisubstituted benzene can be determined from the splitting patterns.
Because the signal (6.5 ppm) that integrates to 1 proton is a doublet, we know that the proton that gives this
signal has only one neighboring proton. Looking at the magnification of the signal at 7.1 ppm, we see that
it is actually two separate signals. One is a singlet; therefore, it is attached to a carbon that is separated by
substituents from the carbons that are attached to protons. The other signal is a doublet that integrates to
1 proton; because it gives a doublet, we know that it is next to the proton that gives the doublet at 6.5 ppm.

To determine the relative positions of the substituents, the chemical shifts must be analyzed. Bromine is
the most electronegative substituent and, therefore, must be adjacent to the two protons that give signals
at 7.1 ppm. Thus, Z is Br. The amino group donates its lone-pair electrons into the ring, so it shields
benzene-ring protons. Thus, the signal at 6.5 ppm is from a proton in close proximity to the amino group.
Therefore, X must be the amino group.

The compound that gives the spectrum is shown here.

NH,
CH,

Br

The two compounds that produce the spectra have the following structures.

ClCHzC HzCHzBl' CICH2CH2CH21
1-bromo-3-chloropropane  1-chloro-3-iodopropane

The number of signals (three) and the splitting patterns are identical for each compound. The only
difference is variations in the chemical shift due to the different electronegativities of bromine and iodine.

Because chlorine is more electronegative than bromine or iodine, the protons bonded to the carbon that is
attached to chlorine has the most deshielded signal (that is, the signal that occurs at the highest frequency).
This is the triplet that occurs at 3.7 ppm in both spectra.

The spectra differ in the signal that occurs at 3.4 ppm in the top spectrum and the signal that appears at
3.6 ppm in the second spectrum. Because bromine is more electronegative than iodine, the protons bonded
to the carbon that is attached to bromine occurs at a higher frequency than the protons bonded to the carbon
that is attached to iodine.

Thus, 1-chloro-3-iedopropane gives the top spectrum, and 1-bromo-3-chloropropane gives the bottom
spectrum.
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The molecular formula shows that the compound has one degree of unsaturation, indicating a cyclic
compound, an alkene, or a carbonyl group.

A cyclic system containing an oxygen (a cyclic ether) would have the most deshielded signal at ~3.5 ppm,
which would be due to the hydrogens attached to the carbon adjacent to the oxygen. Therefore, a cyclic
ether would not give a signal at 6.4 ppm, so it can be ruled out.

Protons attached to a carbon adjacent to a carbonyl group show a signal at ~2.1 ppm. Because there is no
signal in that region, a carbonyl group can also be ruled out.

Vinylic protons would account for the signals in the 3.9—4.2 ppm range that integrate to 2 protons, so we
can conclude that the compound is an alkene. Because a highly deshielding oxygen is also present, the
high-frequency signal (6.4 ppm) is not unexpected.

The triplet (1.3 ppm) that integrates to 3 protons and the quartet (3.8 ppm) that integrates to 2 protons
indicate the presence of an ethyl group. The fact that the quartet is deshielded suggests that the ethyl’s
methylene group is attached to the oxygen.

The highly deshielded doublet of doublets (6.4 ppm) that integrates to 1 proton suggests that the proton
that gives this signal is attached to an sp? carbon that is attached to the oxygen. The fact that the signal is
a doublet of doublets indicates that it is split by each of two nonidentical protons on the adjacent carbon.
Thus, the compound is ethyl vinyl ether.

\
H OCH,CHj

The identification is confirmed by the two doublets (~4.0 and 4.2 ppm) that each integrate to 1 proton.
When those signals are magnified, we can see that each is actually a doublet of doublets. The doublets of
doublets are not well defined because of the small coupling constant (J value) for geminal coupling on
sp? carbons.

The doublet (1.2 ppm) that integrates to 6 protons and the septet (5.0 ppm) that integrates to 1 proton are
characteristic of an isopropyl group. (The two methyl groups are split by a single proton, and the single
proton is split by six protons.)

The remaining signal (a singlet at a tiny bit more than 2.0 ppm) that integrates to 3 protons indicates an
unsplit methyl group.

When the isopropyl and methyl groups are subtracted from the molecular formula, one carbon and two
oxygens are left over. Thus, the compound has the following fragments:

T |
—C—H H—C—H O
H

I
H
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These fragments can be pieced together two ways. Because the most deshielded signal in the spectrum
(the one at 5.0 ppm) is the proton bonded to the central carbon of the isopropyl group, that carbon must be
attached directly to the oxygen. Thus, the compound is isopropyl acetate.

0 0]
I I
AN PASN
CH3(|JH OCH; CH; O(llHCH3
CH; CH;,
methyl 2-methylpropanoate isopropyl acetate

The IR spectrum shows an absorption at ~1700 cm ™' for a C=0 stretch and a very broad absorption
(2300-3300 cm ™ ') for an O— H stretch, indicating that the compound is a carboxylic acid. Intermolecular
hydrogen bonding explains the broad nature of this peak as well as the broader-than-expected carbonyl
peak absorption. The proton of the carboxylic acid gives a singlet at 12.4 ppm in the NMR spectrum.

The two doublets (7.5 and 7.9 ppm) that each integrate to 2 protons indicate a 1,4-disubstituted benzene ring.

Subtracting the disubstituted benzene ring and the COOH group from the molecular formula leaves CH,Br.
Therefore, we know that the second substituent is a bromomethyl group; it gives the singlet at ~4.7 ppm.

Therefore, the compound that gives the spectrum is the one shown here.

0
>—©-cmm
HO

The signals with chemical shifts in the range of 7-8 ppm are due to benzene-ring protons. Because the
three signals integrate to a total of 5 protons, we know that the benzene ring is monosubstituted.

The singlet at 10 ppm indicates the hydrogen of an aldehyde or a carboxylic acid. Because only one
oxygen is in the molecular formula, we know that the compound is an aldehyde. Thus, the compound is
benzaldehyde—a compound with a monosubstituted benzene ring and an attached aldehyde.

0O

In the first spectrum, the doublet (~1.7 ppm) that integrates to 6 protons and the septet (~4.2 ppm) that
integrates to 1 proton indicate an isopropyl group. When the isopropyl group is subtracted from the
molecular formula, only a Br remains. Thus, the compound is 2-bromopropane.

t
T
H Br H
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In the second spectrum, the triplet (~ 1.0 ppm) that integrates to 3 protons is a methyl group that is attached
to a methylene group. The triplet (~3.4 ppm) that integrates to 2 protons is a methylene group that is
also attached to a methylene group; the highly deshielded nature of the signal indicates that the carbon is
attached to an electronegative group. Thus, the compound is 1-bromopropane.

The structure is confirmed by the multiplet (~ 1.8) that integrates to 2 protons; the signal is split by both the
adjacent methyl and methylene groups.

Notice that the pattern of a triplet that integrates to 3 protons, a multiplet that integrates to 2 protons, and a
triplet that integrates to 2 protons is characteristic of a propyl group.

A strong and sharp absorption in the IR spectrum at ~1730 cm ™! indicates a carbonyl (C=0) group. The
two absorptions at 2710 and 2810 cm ™! tell us that the product of ozonolysis is an aldehyde. The aldehydic
proton is also visible in the NMR as a singlet (9.0 ppm) that integrates to 1 proton.

The NMR spectrum has two additional signals. One is a doublet (1.1 ppm) that integrates to 6 protons,
and the other is a septet (2.4 ppm) that integrates to 1 proton. This is characteristic of an isopropyl group.
Therefore, we know that the product of ozonolysis is 2-methylpropanal.

kS

Because only one product is formed, we know that the alkene that formed the aldehyde must be symmetrical.
The identification of the aldehyde also agrees with the molecular formula of the alkene that underwent
ozonolysis—that is, an eight-carbon symmetrical alkene will form a four-carbon carbonyl compound.

Two symmetrical alkenes will form 2-methylpentanal—trans-2,5-dimethyl-3-hexene and cis-2,5-
dimethyl-3-hexene. We are not given any information that distinguishes between the two stereoisomers.
Therefore, the unknown alkene can be either of the two stereoisomers.

Z or
/J\;/

The strong and sharp absorption in the IR spectrum at ~1720 cm ! indicates the presence of a carbonyl
group. The broad absorption centered at 3000 cm ™! tells us that the carbonyl-containing compound is a
carboxylic acid. The broad singlet (12.0 ppm) in the NMR spectrum (shown as offset by 0.2 ppm from
where it is placed on the spectrum) confirms the presence of a carboxylic acid group.

The only other signal in the NMR spectrum is a singlet (2.0 ppm) that integrates to six protons, indicating
two methyl groups in the same environment. Because the signal is a singlet, the methyl groups must be
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attached to a carbon that is not attached to a proton. Because we know that the compound has only four
carbons and contains a bromine, the compound must be 2-brome-2-methylpropanoic acid.

><LB50H

The quintet (~2.2 ppm) that integrates to 2 protons indicates that the protons that give this signal have
four identical neighboring protons. A carbon cannot be bonded to four protons and still be able to bond to
anything else. Therefore, the two protons that give the quintet must be bonded to a carbon that is attached
to two methylene groups in the same environment.

The triplet (~3.8 ppm) that integrates to 4 protons must be the signal for the four protons of the two
methylene groups. The two methylene groups must be on either side of a carbon that is bonded to two
protons (that is, the protons that give the quintet).

L
T
H H H

Two bonds are left unaccounted for, so this is where the two chlorines shown in the molecular formula go.
Therefore, the compound is 1,3-dichloropropane. The highly deshielded nature of the signal at 3.8 ppm
for the protons bonded to the carbons that are attached to chlorines is further evidence that the chlorines are
attached to these carbons.

CICH,CH,CH,CI
The IR spectrum shows a strong and sharp absorption at ~1720 cm ™!, indicating a carbonyl (C=0)
group. The two absorptions at 2720 and 2820 cm ™! are characteristic of an aldehyde; they are due to the
C—H stretch of the bond between the carbonyl carbon and the aldehydic hydrogen. Because the reactant

has three carbons, the aldehyde that produces the IR spectrum must also have three carbons. Therefore, the
product of the reaction is propanal.

0O
Vi
CH3CH2 - C\

H

Thus, the reaction that occurred was the conversion of 1-propyne to propanal. This reaction can occur by
hydroboration—oxidation of the alkyne (Section 7.8 in the text).

o
. 1. R,BH, THF 4
HC—C=CH Tqg o CHCH—C
H
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The short signal at ~ 185 ppm in the *C NMR spectrum suggests the presence of the carbonyl group of a
carboxylic acid.

The broad singlet (12.2 ppm) in the 'H NMR spectrum that integrates to 1 proton confirms that the
compound contains a carboxylic acid group.

The doublet (1.2 ppm) that integrates to 6 protons and the septet (2.6 ppm) that integrates to 1 proton are
characteristic of an isopropyl group.

o]
SRR
H H H
Therefore, the compound is 2-methylpropanoic acid.
CH; 0
/
CH—C/
/ \
CH, OH

The breadth of the singlet (11.8 ppm) that integrates to 1 proton indicates a hydrogen that is attached to an
oxygen. The chemical shift of the signal indicates that it is due to the OH group of a carboxylic acid.

0]
g
~"NoH

The triplet (~0.9 ppm) that integrates to 3 protons is a methyl group that is attached to a methylene group.
The triplet (~2.3 ppm) that integrates to 2 protons indicates a methylene group that is also attached to a
methylene group; the chemical shift of this signal indicates that the protons that give this signal are closest
to the electron-withdrawing carboxylic acid group. The multiplet at 1.7 ppm that integrates to 2 protons is
given by the two protons that split the other two signals into triplets.

We can conclude that the compound responsible for the spectrum is butanoic acid.

0
Vi
CH{CH,CH,—C

OH

The singlet (~9.7 ppm) that integrates to 1 proton and the molecular formula that contains one oxygen
suggest that an aldehyde is present.

(0]

/C\

H

The signals at 7.7 and 6.7 ppm are due to benzene-ring protons. The fact that they are both doublets that
integrate to 2 protons tells us that substituents are on the 1- and 4-positions of the benzene ring.
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If the aldehyde group and the disubstituted ring are subtracted from the molecular formula, we find that
the second substituent contains 2 carbons, 6 hydrogens, and 1 nitrogen. The remaining NMR signal
(~3.0 ppm) is a singlet that integrates to 6 hydrogens. These must be due to two methyl groups in the same
environment. The nitrogen must be between the two methyl group; otherwise, they would split each other’s
signals. The nitrogen causes the signal for the methyl groups to appear at a higher frequency than where
methyl groups normally appear.

H,;C CH,

Thus, the compound is 4-(dimethylamino)benzaldehyde.

CH,

O>\ : : : /
N\
H CH,

The three signals between 7.4 and 8.1 ppm that together integrate to 5 protons indicate a monosubstituted
benzene ring. Subtracting the monosubstituted ring (CgHs) from the molecular formula leaves C;HsO, to
be accounted for.

The two oxygens in the molecular formula tells us that the compound is an ester because a broad singlet
between 10 and 12 ppm that would indicate a carboxylic acid is not present. The remainder of the molecule
contains two carbons and five hydrogens.

The two remaining signals, a triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.4 ppm) that
integrates to 2 protons, are characteristic of an ethyl group. The three known segments can now be joined
in one of two ways:

0
I

C
N
©/ SOCH,CH; CH,CH, 0—@

phenyl propanoate

=0

ethyl benzoate

The choice between the two compounds can be made by looking at the chemical shift of the methylene
protons. In the ethyl ester, the signal will be highly deshielded by the adjacent oxygen. In the phenyl ester,
the signal will be at ~2.1 ppm because the methylene protons are next to the carbonyl group. Because the
chemical shift of the methylene protons is 4.4 ppm, we know that the compound is ethyl benzoate.
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Because all three spectra are given by ethylmethylbenzenes, the low-frequency signals in both the 'HNMR
and >C NMR spectra can be ignored because they belong to the methyl and ethyl substituents. The key to
determining which spectrum belongs to which ethylmethylbenzene can be found in the aromatic region of
the 'H NMR and '*C NMR spectra.

3

CH, CH, CH
CH,CHj

CH,CH;
4-ethylmethylbenzene 3-ethylmethylbenzene 2-ethylmethylbenzene

The aromatic region of the '*C NMR spectrum of 4-ethylmethylbenzene will show four signals because it
has four different ring carbons.

The aromatic region of the '*C NMR spectrum of 3-ethylmethylbenzene will show six signals because it
has six different ring carbons.

CH
> %1
46 #
#s #
CH,CH,
#4

The aromatic region of the '*C NMR spectrum of 2-ethylmethylbenzene will also show six signals because
it has six different ring carbons.

CH;3 #1
CH,CH;
#6 #2
#5 #3
#4

We now know that spectrum (b) is the spectrum of 4-ethylmethylbenzene because its 13C NMR spectrum
has four signals and the other two compounds will show six signals.

To distinguish between 2-ethylmethylbenzene and 3-ethylmethylbenzene, we need to look at the splitting
patterns in the aromatic regions of the 'H NMR spectra. Analysis of the aromatic region for spectrum (c) is
difficult because the signals are superimposed. Analysis of the aromatic region for spectrum (a) provides
the needed information. A triplet (7.2 ppm) that integrates to 1 proton is clearly present. This means that
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spectrum (a) is 3-ethylmethylbenzene because 2-ethylmethylbenzene would not show a tnplet Therefore,
spectrum (c) is 2-ethylmethylbenzene.

R R
Rl
~— singlet (1H)
P R doublet (2H)
triplet (1H)  } doublet (2H)
doublet (2H)

splitting pattern for 3-methylethyl benzene splitting pattern for 2-methylethyl benzene

The final assignments are:
(a) 3-ethylmethylbenzene (b) 4-ethylmethylbenzene (c) 2-ethylmethylbenzene

The simplicity of the NMR spectrum of a compound with 7 carbons and 14 hydrogens indicates that the
compound must be symmetrical. From the molecular formula, we see that it has one degree of unsaturation.
The absence of signals near 5 ppm rules out an alkene. Because the compound has an oxygen, the degree
of unsaturation may be due to a carbonyl group.

The doublet (1.1 ppm) that integrates to 12 protons and the septet (2.8 ppm) that integrates to 2 protons
suggest the presence of two isopropyl groups.

If two isopropyl groups are subtracted from the molecular formula, we find that the remainder of the
molecule is composed of one carbon and one oxygen. Thus, the compound is the one shown here.

o)

Y

The molecular formula tells us that the compound has one degree of unsaturation. The multiplet (5.2 ppm)
that integrates to 1 proton is due to a vinylic proton (that is, it is attached to an sp? carbon). Thus, the
degree of unsaturation is due to a carbon—carbon double bond. Because there is only one vinylic proton, we
can assume that the alkene is trisubstituted.

Three additional signals are present that each integrate to 3 protons, suggesting that all three signals are
due to methyl groups. The alkene, therefore, is 2-methyl-2-butene.

CH; CH,
N /
C=C
/\

CH, H

Notice that two of the three signals given by the methyl groups are singlets and one is a doublet. The
methyl group that gives the doublet is bonded to the carbon that is attached to the vinylic proton. The other
two methyl groups are bonded to the other sp? carbon.
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A medium-intensity absorption at ~2120 cm ™! indicates the presence of a carbon—carbon triple bond. The

sharp absorption at 3300 cm ~ ! is due to the C— H stretch of a hydrogen bonded to an sp carbon. Thus, the
compound is a terminal alkyne.

—C=C—H
The intense and broad peak centered at 3300 cm ™! is evidence of an O—H group.

The NMR spectrum can be used to determine the connectivity between the groups. The signal (2.5 ppm)
that integrates to 1 proton is due to the proton of the terminal alkyne. .

The singlet (3.2 ppm) that integrates to 1 proton must be due to the proton of the OH group.

The singlet (4.2 ppm) that integrates to 2 protons must be due to a methylene group that connects the triply
bonded carbon to the OH group. The compound is 2-propyn-1-ol.

H—C=C—CH,—OH

This arrangement explains the absence of any splitting and the highly deshielded nature of the signal for
the methylene group.

The two singlets (4.9 and 5.1 ppm) that each integrate to 1 proton are vinylic protons. Therefore, we know
that the compound is an alkene.

The singlet (2.8 ppm) that integrates to 3 protons is a methyl group. The deshielding results from its being
attached to an sp? carbon.

If we subtract the two vinylic protons, the two sp? carbons of the alkene, and the methyl group from the
molecular formula, we are left with CH,Cl. Thus, a chloromethyl group is the fourth substituent of the
alkene and gives the singlet (4.9 ppm) that integrates to 2 protons. Its deshielding is due to the proximity to
the electronegative chlorine.

i i
—(|3—H —(|3—Cl
H H

Now we need to determine the substitution pattern of the alkene. The absence of splitting indicates that the
two vinylic protons must be attached to the same carbon. If these protons were cis or trans to each other,
they would give doublets with significant J values. Geminal protons attached to sp? carbons have very
small J values, so splitting is typically not observed. (See Table 14.2 on page 644 of the text.)

Thus, the compound is 3-chloro-2-methyl-1-propene.

H
|

CICHZ\C o,

|
CH,
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37. The only signal that integrates to 1 proton is the singlet at 2.2 ppm. This must be due to the OH group of an
the alcohol.

The signals centered around 7.3 ppm are given by benzene-ring protons. Because they integrate to
5 protons, the benzene ring must be monosubstituted.

The two triplets (2.8 and 3.8 ppm) that each integrate to 2 protons suggest two adjacent methylene groups.
Both signals are fairly deshielded, indicating an electronegative atom nearby.

The fragments identified at this point are a monosubstituted benzene ring, an OH group, and two adjacent

methylene groups.
Q HO I - CH2CH2 —

No other signals are in the NMR spectrum, so the compound must be the one shown here.

O/\/OH
38. The doublet (0.9 ppm) that integrates to 6 protons and the multiplet (1.8 ppm) that integrates to 1 proton
suggest the presence of an isopropyl group.

Because we are told that the compound is an alcohol, the other signal that integrates to 1 proton (the triplet N
at 2.4 ppm) must be due to the OH proton. The fact that the signal is a triplet indicates that the OH group is
probably attached to a methylene group.

The signal for the methylene group must be the remaining signal at 3.4 ppm because it integrates to
2 protons. The relatively high-frequency chemical shift confirms that the methylene group is attached to
the oxygen.

Putting together the isopropyl group and the methylene group that is attached to an OH group identifies the

compound as 2-methyl-1-propanol.
/k/ OH

39. The protons that are responsible for the doublet (1.2 ppm) that integrates to 6 protons must be adjacent to
a carbon that is attached to only one proton. Because the spectrum does not have a signal that integrates to
one proton, the compound must have two methyl groups in the same environment. Each methyl group must
be adjacent to a carbon that is attached to one proton, and those two single protons must be in identical
environments.
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Because the compound must be symmetrical, the two oxygens in the compound must be due to two OH groups
in identical environments. The hydrogens of the OH groups give a singlet (3.8 ppm) that integrates to 2 protons.

Iil (l)H OH H
e
H H H

The protons that give the triplet (2.6 ppm) must be bonded to a carbon that is adjacent to a total of two protons.
Because the triplet integrates to 2 protons, it must be due to a methylene group that connects the two pieces.

H OHH OHH

B
R RE
H H H H

This structure is confirmed by the relatively high-frequency multiplet (4.2 ppm) that is given by the protons
attached to the carbons that are attached to the OH groups. The signal for these protons is split by both the
adjacent methyl group and the adjacent methylene group.

The absorption in the IR spectrum at ~1650 cm ™! could be due to either a carbonyl group or an alkene.
Its strength and breadth tells us that it is probably due to a carbonyl (C=0) group. The strong and broad
absorption at ~3300 cm ™! that contains two broad peaks suggests two N—H bonds; thus, an NH, group is
present. When these two groups are subtracted from the molecular formula, all that is left is C,H;.

The triplet (~1.1 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that integrates to 2 protons
indicate the presence of an ethyl group; this accounts for the C,H; fragment. Thus, all the fragments of the
compound have been identified: C=0, NH,, and CH;CH,. The compound, therefore, is propanamide.

0]

NN

The presence of an amide explains the lower-than-normal frequency of the C=0O stretch in the IR
spectrum. The breadth of the N—H stretches confirms that these are amide N— H stretches and not amine
N—H stretches. The broad singlets (6.2 and 6.6 ppm) in the NMR spectrum are given by the protons
attached to the nitrogen. The protons resonate at different frequencies because the C—N bond has partial
double-bond character, which causes the protons to be in different environments.

NH,

The singlet (2.3 ppm) in the first spectrum that integrates to 3 hydrogens must be due to an isolated methyl
group.

The triplet (1.1 ppm) that integrates to 3 protons and the quartet (2.5 ppm) that integrates to 2 protons are
characteristic of an ethyl group.

The singlet (4.8 ppm) that integrates to 1 proton must be due to a single hydrogen attached to nitrogen.

| 1
DR
H H H H
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Now that the three fragments have been identified, we know that the compound is ethylmethylamine.
\T/\

H

The second spectrum shows that a broad singlet (2.8 ppm) must be due to hydrogens that are attached to
nitrogens. Because the signal integrates to 2 protons, we know that the compound is a primary amine.

The triplet (0.8 ppm) that integrates to 3 protons is due to a methyl group that is adjacent to a methylene
group. The triplet (2.7 ppm) that integrates to 2 protons must also be adjacent to a methylene group. The
multiplet (1.5 ppm) that integrates to 2 protons is the methylene group that splits both the methyl and
methylene groups. (The two triplets and multiplet are characteristic of a propyl group.)

Therefore, the compound is propylamine.

H\N/\\/
|

H

The relatively weak absorption in the IR spectrum at ~1650 cm ™! tells us that it is probably due to a
carbon—carbon double bond. This is reinforced by the presence of absorptions at ~3080 cm ™!, indicating
C—H bond stretches of hydrogens attached to sp? carbons.

The shape of the two absorptions at ~3300 cm ™' suggests the presence of an NH, group of a primary
amine. (Compare these to the shape of the N—H stretches of an NH, group of an amide in Problem 40.)

The three signals in the NMR spectrum between 5.0 and 6.0 ppm that integrate as a group to 3 protons
indicate that there are three vinylic protons. Therefore, we know that the alkene is monosubstituted.

The two remaining signals in the NMR spectrum are a doublet (3.3 ppm) and a singlet (1.3 ppm) that each
integrate to 2 protons. Because splitting is not typically seen with protons attached to nitrogens, we can
identify the singlet at 1.3 ppm as due to the two amine protons. The doublet must be due to a methylene
group that is attached to an sp? carbon and split by a vinylic proton that is attached to the same carbon. The
compound, therefore, is allylamine.

H H
\ /
C=C
/
H CH,NH,

Now we can understand why the signal at 5.9 ppm is a multiplet. This vinylic proton is split by the
methylene group and two unique vinylic protons. The signals for the other two vinylic protons are doublets
because each is split by the single proton attached to the adjacent sp? carbon. Notice that the higher-
frequency doublet has the larger J value. This is the signal for the proton that is trans to its coupled proton.

The molecular formula tells us that the compound does not have any degrees of unsaturation. Therefore,

the oxygen must be the oxygen of either an ether or an alcohol. Because there are no signals that integrate
to one proton, we can conclude that the compound is an ether.
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The triplet (1.2 ppm) that integrates to 3 protons and the quartet (3.5 ppm) that integrates to 2 protons suggests
an ethyl group. The high-frequency chemical shift of the ethyl’s methylene group and the fact that it shows
splitting only by the three protons of the methyl group indicate that the ethyl group is next to the oxygen.

The two remaining signals are both triplets (3.4 and 3.5 ppm), and each integrates to 2 protons. Thus, the
signals are due to two adjacent methylene groups. Because both signals occur at high frequencies, both
must be attached to electron-withdrawing atoms.

Because the molecular formula tells us that the compound contains a bromine, we can conclude that the
compound is 2-bromoethyl ethyl ether.

The IR spectrum shows a strong and broad absorption at ~3300 cm ~ !, indicating that the compound is
an alcohol.

The signals in the NMR spectrum between 6 and 7 ppm indicate a benzene ring. Because these signals
integrate to a total of 3 protons, the benzene ring must be trisubstituted.

Because the signal at 6.3 ppm is a doublet, it must be adjacent to one proton, and because the signal at 6.7 ppm is
a triplet, it must be adjacent to two protons. Thus, the three benzene-ring protons must be adjacent to one other.

The singlet at 8.7 ppm is the only signal in the spectrum that can be attributed to the proton of the OH group.
Because the signal integrates to 2 protons, the compound must have two OH groups in the same environment.

The singlet (2.0 ppm) that integrates to three protons indicates that the compound has a methyl group that
is not adjacent to a carbon that is attached to any hydrogens.

Therefore, we know that the three substituents that are attached to adjacent carbons on the benzene ring are
two OH groups and a methyl group. Because the OH groups are in the same environment, the compound
must be the one shown here.

CH,
HO OH

We are told that the compound is an alcohol. Because the singlet (1.4 ppm) is the only signal that integrates
to 1 proton, it must be the signal given by the OH group.

We know that a triplet that integrates to 3 protons and a quartet that integrates to 2 protons are characteristic
of an ethyl group. In this case, the triplet (0.8 ppm) integrates to 6 protons and the quartet integrates to
4 protons. Therefore, the compound must have two ethyl groups in identical environments.
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The only other signal in the spectrum is the singlet (1.2 ppm) that integrates to 3 protons. This signal must
be due to a methyl group that is bonded to a carbon that is not attached to any hydrogens.

10 i
2 H—(IZ—C]Z— H—(l:_ HO—
H H H

Because the NMR spectrum does not show any additional signals, the compound must be 3-methyl-3-pentanol.

OH

/\k\

The doublet (1.1 ppm) that integrates to 6 protons and the septet (~5 ppm) that integrates to 1 proton
suggest an isopropyl group. The triplet (1.7 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that
integrates to 2 protons suggest an ethyl group. When these two groups are subtracted from the molecular
formula, all that remains is CO,. The splitting patterns tell us that the isopropyl and ethyl groups are
isolated from one another. We can conclude then that the compound is an ester. There are two possibilities:

o) 0]
| |
AN AN
CH;CH, O(‘ZHCH3 or CH3(IZH OCH,CH,
CH; CH;
isopropyl propanoate ethyl 2-methylpropanoate

Because the highest-frequency signal (the septet) is given by the CH of the isopropyl group, we know
that the CH is attached to an oxygen. Therefore, we know that the compound that gives the NMR data is
isopropyl propanoate.

The multiplet (6.9-7.8 ppm) that integrates to 4 protons indicates a disubstituted benzene ring. Because
the signal is a multiplet, we know that the substituents are on either the 1- and 2-positions or the 1- and
3-positions. If the substituents were on the 1- and 4-positions, either one singlet (if the two substituents are
identical) or two doublets (if the substituents are not identical) would be observed.

Three signals (1.4, 2.5, 3.8 ppm) each integrate to 2 protons. The fact that the signals are two triplets and a
multiplet suggests that the compound has three adjacent methylene groups. (The methylene groups on the
ends will be triplets, and the one in the middle will be a multiplet.)

@ —CH,CH,CH,—

From the molecular formula, we know that the compound has an oxygen. The triplet at 3.8 ppm indicates
that that particular methylene group is next to the oxygen. The two fragment we have identified account for
the entire molecular formula. Therefore, the compound must have the structure shown here.

L)
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The molecular formula indicates that the compound has one degree of unsaturation. The NMR spectrum does
not show any signals in the area expected for vinylic protons, so the compound must be either a ketone or a
cyclic ether. A cyclic ether would be expected to have protons on adjacent carbons, so the signals would show
splitting. Because the two signals in the spectrum are both singlets, the compound must be a ketone.

The fact that the compound has 11 carbons and 22 hydrogens but gives only two singlets in the NMR
spectrum indicates that the compound must be symmetrical.

We know that a fert-butyl group gives a singlet that integrates to 9 protons. The symmetry of the
molecule leads us to conclude that the singlet that integrates to 18 protons is due to two fert-butyl
groups. We can then assume that the singlet that integrates to 4 protons is due to two nonadjacent
methylene groups.

ﬁ CH,
CH,

These fragments account for all atoms in the molecular formula. Therefore, the compound must be
2,2,4,4-tetramethyl-4-heptanone.

0
CH, | CH,
~ C\
CH3(IZCH2 CHz(IICHg,
CH, CH,

2,2,6,6-tetramethyl-4-heptanone

The molecular formula has one degree of unsaturation, so it must have a carbon—carbon double bond, a
cyclic structure, or a carbonyl group.

The signal (3.8 ppm) that integrates to 4 hydrogens suggests the presence of two methylene groups in
identical environments because a single carbon (other than the carbon in methane) cannot be attached
to four hydrogens. The chemical shift suggests that each methylene group must be attached to an
oxygen. Because the compound has only one oxygen, the two methylene groups must be attached to the
same oxygen.

—CH,—O0—CH,—
The signal (1.6 ppm) that integrates to 4 hydrogens also suggests the presence of two methylene groups

in identical environments. The four methylene groups and the oxygen account for all the atoms in the
molecular formula. Thus, the compound must be a cyclic ether.

()

(0]

The fact that the signal at the higher frequency is a triplet and the other signal is a multiplet confirms this
structure.
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Each of the doublets (7.3 and 7.7 ppm) that integrates to 4 protons is given by benzene-ring protons.
Because a benzene ring does not have 8 protons, there must be two benzene rings in the compound. The
doublets indicate that the benzene rings have substituents at the 1- and 4-positions and, because each
doublet integrates to 4 protons, the two substituents on each of the benzene rings must be the same.

) A

The singlet (3.8 ppm) that integrates to 6 protons suggests the compound has two methyl groups in an
identical environment. The chemical shift of the singlet indicates that each is attached to an electronegative
atom. The molecular formula indicates that the electronegative atom is an oxygen.

2 —OCH;

When the two disubstituted benzene rings and the two CH30 groups are subtracted from the molecular
formula, all that remains is CO. Therefore, a carbonyl group must connect the two benzene rings.

i
CH,;0 —Qc—@-ocm

A. The broad singlet at ~5.2 ppm that integrates to 2 protons indicates an NH, group. The broad singlet
at ~3.7 ppm that integrates to 1 proton indicates an OH group. Subtracting NH, and OH from the
molecular formula leaves C;H,. The two triplets and the quintet that each integrate to 2 hydrogens
suggests a —CH,CH,CH,— unit with a group on either end that does not cause splitting. Therefore,
this isomer is

10~ > “NH,

B. The broad singlet at ~3.7 ppm that integrates to 1 proton indicates an NH group. The broad singlet at
~2.0 ppm that integrates to 1 proton indicates an OH group. The 3H singlet at ~3.3 ppm indicates
a methyl group attached to an electron-withdrawing group. Subtracting NH, OH, and CH, from
the molecular formula leaves C,H,. The two triplets that each integrate to 2 hydrogens suggest
a —CH,CH,— unit with a group on either end that does not cause splitting. Therefore, this isomer is

H
N
Ho/\/ ~

C. The broad singlet at ~5.1 ppm that integrates to 2 protons indicates an NH, group. The singlet at
~3.3 that integrates to 3 protons indicates a methyl group attached to an electron-withdrawing group.
The electron-withdrawing group must be the oxygen because the nitrogen has two protons attached
to it, so it can be attached to only one other group. Subtracting NH, and OCH, from the molecular
formula leaves C,H,. The two triplets that each integrate to 2 hydrogens suggest a — CH,CH, — unit
with a group on either end that does not cause splitting. Therefore, this isomer is

(0)
7~ \/\NHZ
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The absence of an absorption band > 3000 cm™! eliminates all the structures with an O—H or
N—H bond. Therefore, the following compound is responsible for the spectrum. '

OCHj;3
The broad absorption band at ~3400 cm™' is due to an O— H bond. Therefore, the following
compound is responsible for the spectrum.

A

The two absorption bands at ~3400-3300 cm™! indicate two N— H bonds. Therefore, the following
compound is responsible for the spectrum.

o

The absorption band at ~3400-3300 cm™! is due to one N— H bond. Therefore, the following
compound is responsible for the spectrum.

H
Sh

The two absorption bands at ~3400-3300 cm ™' indicate two N—H bonds. The doublet at 0.9 ppm
indicates an isopropyl group. Subtracting NH, and (CH,),CH from the molecular formula leaves

C,H,. Therefore, this compound is
/l\/\NHz

The broad absorption band at ~3400-3300 cm™! is due to an O— H bond. The doublet at 0.9 ppm
indicates an isopropyl group. Subtracting NH, and (CH,),CH from the molecular formula leaves

C,H,. Therefore, this compound is
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Spectroscopy Problems

A. The broad singlet at ~2.0 ppm indicates an N— H bond. The compound has 23 hydrogens but only
4 additional signals, suggesting that it is a symmetrical compound. The doublet at 0.9 ppm indicates
an isopropy! group. The triplet at ~2.6 ppm indicates a group split only by an adjacent CH, group.

Therefore, this compound is
)\/\N/\)\
H

B. This spectrum is similar to the spectrum in part A. However, the signal indicating a hydrogen bonded
to a nitrogen is missing, and the triplet that indicates a group split only by an adjacent CH, group is ata
higher frequency (~3.4 ppm), indicating that it is adjacent to the oxygen. Therefore, this compound is

)\/\o/\)\

D.J. made the mistake of thinking that the H, and H, protons are equivalent. This made him conclude
that there would be only 2 signals in the spectrum. However, the H, and H, protons are not in the same
environment—H,_ is trans to Br, and H, is cis to Br. Therefore, there are 3 signals and each is a multiplet.

Although D.J. is now more experienced, he made the same mistake, still thinking that the H, and H, protons
are equivalent. The H, and H, protons are not in the same environment —H, is trans to OH, and H, is cis to
OH. Therefore, there are 3 signals (all multiplets) in addition to the signal for the H that is attached to the
oxygen.

A. The highest-frequency signal is for the H that is attached to the same carbon that Br is attached to.
The signal at ~0.9 ppm that integrates to 3 hydrogens is a methyl group that is attached to a CH,
group. The signal at ~2.8 ppm that integrates to 3 hydrogens is a methyl group that is close to
an electron-withdrawing group. Integration shows that the compound has two CH, groups. Thus,
compound A is

Br

PN
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B. The 6H triplet at ~1.1 ppm indicates two methyl groups in the same environment. There are also two
CH, groups in the same environment. Thus, compound B is

CH3CH2CIIHCH2CH3
Br

The reaction that produces A and B is

CH30H=CHCH2CH3 + HBr

CH3(I:HCH2CH2CH3 + CH3CH2(|:HCH2CH3
Br Br

C. The 6H singlet at ~2.8 ppm indicates 2 methyl groups that are attached to a carbon that is not attached
to a hydrogen. Because the signal is at a higher frequency than expected for a methyl group, the carbon
must be attached to an electron-withdrawing group (a Br). Integration shows that the compound has a
CH, group and another methyl group. Therefore, compound C is

Br

>

D. The 6H doublet at 0.9 ppm indicates an isopropyl group. The compound has a third methyl group as
well as two carbons that are attached to only one H. Therefore, compound D is

Br

The reaction that produces C and D is

Br
)\/ + HBr ></ +

1

Br

The strong absorption band at ~3400 cm™ is due to an OH group, which also gives the 1H singlet. The
6H singlet is due to two methyl groups that are attached to a carbon that is not attached to a hydrogen. This
information and the molecular formula give two possible structures for the compound:

OH Cl
> a or P
The absence of a molecular ion peak suggests that the compound might be an alcohol. Subtracting 84 from

the molecular ion (102 — 84) = 18 shows that the peak at m/z = 84 results from loss of water from the
molecular ion, confirming that the compound is an alcohol.

In order to lose water, the alcohol must have a y-hydrogen. The rule of 13 gives a molecular formula of

C7H18' Because we know that the compound is an alcohol, we must add an O and subtract a C and 4 Hs
from the molecular formula, resulting in a molecular formula of CH, 0.
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The molecular ions of three alcohols with molecular formula C;H,,0 and a y-hydrogen are shown below.
a-Cleavage of the firstalcohol results in apeak atm /z=31; a-cleavage of the second alcohol results in peaks at
m/z =45 and 87; a-cleverage of the third alcohol results in a peak at m/z ="73.

+
CH;CH,CH,CH,CH,CH,0H CH3CH,CH,CH,CHCHj;

*OH
a-cleavage
. R a-cleavage
CH3CH2CH2CH2CH2 + CH2=OH

m/z =31 CH;CH,CH,CH, + CH;CH=O0H

m/z =45
+
*CH; + CH3CH,CH,CH,CH=O0H
m/z =87
CH;3CH,;CH,CHCH,CH,CH3
*OH
a-cleavage

CH;CH,CH, + CH3CH,CH,CH=0H
mfz=13
Therefore, the alcohol that gives the mass spectrum is

CH3CH2CH2CH2C|2HCH3
OH

A shows an absorption for a double bond but not for an OH group. Therefore, A must be a tertiary
alkyl halide (2-bromo-2-methylpropane) because tertiary alkyl halides undergo only elimination with a
strong base.

B shows an absorption for an OH group but not for a double bond. Therefore, B must be a primary alkyl
halide (1-bromobutane) because primary alkyl halides undergo primarily substitution.

C shows an absorption for a double bond and for an OH group. Therefore, C must be a secondary alkyl
halide (2-bromobutane) because secondary alkyl halides undergo both substitution and elimination.

The strong and broad absorption bands at ~3400 cm™! indicate that A and B are the spectra of alcohols.
The absorptions in Spectrum A at a little <3000 cm™! indicate hydrogens attached to sp® carbons, and the
absorption at 1600 cm™! indicates a benzene ring. Spectrum B has neither of these absorptions. Therefore,

A is the spectrum of Compound 2.
B is the spectrum of Compound 4.

The strong absorption at ~1700 cm™! indicates that C, D, and E are the spectra of compounds with a
carbonyl group. The broad absorption at ~3000 cm™' indicates that

E is the spectrum of a carboxylic acid (Compound §).
The absorption at ~2700 cm™! indicates that

D is the spectrum of an aldehyde (Compound 3). Therefore,
C is the spectrum of Compound 1.
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The three signals in the 'H NMR spectrum at 5.9-6.3 ppm are due to three vinylic hydrogens. The 3H
signal in the 'H NMR spectrum at 2.3 ppm is due to a methyl group close to an electron-withdrawing
group. The signal in the '*C NMR spectrum at ~200 ppm indicates a carbonyl carbon. Putting the pieces
together results in the following compound.

0
no 4
N ~CH;
/7N
H H

The strong and broad absorption band at ~3400 cm™! indicates that the compound is an alcohol. The
compound loses water when it is heated with H,SO,, forming a compound with six carbons that has only
one kind of hydrogen and two kinds of carbon atoms. The reactant and product are shown below.

OH H,S0,
><( A

The IR absorption bands at 1600 cm™', 1500 cm™, and 3030 cm™ indicate a benzene ring. This
is confirmed by the two doublets between 7.1 and 7.9 ppm in the 'H NMR spectrum that indicate a
1,4-disubstituted benzene. The IR absorption band at 1690 cm™ indicates a ketone carbonyl group with
significant single-bond character. Therefore, the carbonyl group must be attached to the benzene ring. The
two 6H doublets indicate two isopropyl groups. The septet at ~4.8 ppm indicates that one of the isopropyl
groups is attached to an electron-withdrawing group. The structure of the compound is shown below.

ADHM

The IR absorption band at 1730 cm™ indicates a carbonyl group, the IR absorption bands at
2700-2800 cm™ indicate an aldehyde, and the IR absorption bands at 1600 cm™' and 1500 ¢cm™
indicate a benzene ring. The two doublets between 7.5 and 7.9 ppm in the 'H NMR spectrum indicate
a 1,4-disubstituted benzene. The doublet at 1.2 ppm and the multiplet at 5.0 ppm indicate an isopropyl
group. The structure of the compound is shown below.

o)
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CHAPTER 1

Remembering General Chemistry: Electronic Structure and Bonding

Important Terms

antibonding molecular
orbital

atomic number
atomic mass

atomic orbital

aufbau principle

bond dissociation energy

bonding molecular orbital

bond length

bond order
carbanion
carbocation
condensed structure
core electrons
covalent bond
degenerate orbitals
dipole

dipole moment (u)

double bond

a molecular orbital that results when two atomic orbitals with opposite phases
interact. Electrons in an antibonding orbital decrease bond strength.

the number of protons (or electrons) that a neutral atom has.
the average mass of the atoms in the naturally occurring element.

an orbital associated with an atom; the three-dimensional area around its nucleus
where electrons are most likely to be found.

the principle that states that an electron will always go into the available orbital
with the lowest energy.

the amount of energy required to break a bond in a way that allows each of the
atoms to retain one of the bonding electrons; the amount of energy released when

a bond is formed.

a molecular orbital that results when two atomic orbitals with the same phase
interact. Electrons in a bonding orbital increase bond strength.

the internuclear distance between two atoms at minimum energy (maximum
stability).

describes the number of covalent bonds shared by two atoms.

a species containing a negatively charged carbon.

a species containing a positively charged carbon.

a structure that does not show some (or all) of the covalent bonds.
electrons in filled shells.

a bond created as a result of sharing electrons.

orbitals that have the same energy.

a separation of positive and negative charges.

a measure of the separation of charge in a bond or in a molecule.

a bond composed of a sigma bond and a pi bond.

72
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electronegative
electronegativity
electrostatic attraction

electrostatic potential map
(potential map)

equilibrium constant

excited-state electronic
configuration

formal charge

free radical (radical)

ground-state electronic
configuration

Heisenberg uncertainty
principle

Hund’s rule

hybrid orbital
hydride ion
hydrogen ion (proton)

ionic compound

ionization energy
isotopes

Kekulé structure
Lewis structure

lone-pair electrons
(nonbonding electrons)

Chapter 1 73

~ describes an element that readily acquires an electron.

the tendency of an atom to pull electrons toward itself.
an attractive force between opposite charges.

a map that shows how electrons are distributed in a molecule.

the ratio of products to reactants at equilibrium.

the electronic configuration that results when an electron in the ground state has
moved to a higher-energy orbital.

the number of valence electrons — (the number of nonbonding electrons + the
number of bonds).

a species with an unpaired electron.

a description of the orbitals the electrons of an atom occupy when they are all in
their lowest available energy orbitals.

a principle that states that both the precise location and the momentum of an
atomic particle cannot be simultaneously determined.

arule that states that when there are degenerate orbitals, an electron will occupy an
empty orbital before it will pair up with another electron.

an orbital formed by hybridizing (mixing) atomic orbitals.
a negatively charged hydrogen (a hydrogen atom with an extra electron).
a positively charged hydrogen (a hydrogen atom without its electron).

a compound composed of a positive ion and a negative ion held together by
electrostatic attraction.

the energy required to remove an electron from an atom.
atoms with the same number of protons but a different number of neutrons.
a model that represents the bonds between atoms as lines.

a model that represents the bonds between atoms as lines or dots and the lone-pair
electrons as dots.

valence electrons not used in bonding.
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mass number
molecular mass
molecular orbital
molecular orbital (MO)
theory

node

nonbonding electrons
nonpolar covalent bond

octet rule

orbital
orbital hybridization
organic compound

Pauli exclusion principle

pi (77) bond
polar covalent bond

potential map

(electrostatic potential map)

proton (hydrogen ion)

quantum mechanics

radical (free radical)
sigma (o) bond
single bond

skeletal structure

the number of protons plus the number of neutrons in an atom.
the sum of the atomic masses of all the atoms in the molecule.

an orbital associated with a molecule that results from the combination of atomic
orbitals.

a theory that describes a model in which the electrons occupy orbitals as they do in
atoms but the orbitals extend over the entire molecule.

a region within an orbital where there is zero probability of finding an electron.
valence electrons not used in bonding.

a bond formed between two atoms that share the bonding electrons equally.

a rule that states that an atom will give up, accept, or share electrons to achieve a
filled outer shell (or an outer shell that contains eight electrons) and no electrons of
higher energy. Because a filled second shell contains eight electrons, this is known
as the octet rule.

the volume of space around the nucleus where an electron is most likely to be found.
mixing of atomic orbitals.

a compound that contains carbon.

a principle that states that no more than two electrons can occupy an orbital and
that the two electrons must have opposite spin.

a bond formed as a result of side-to-side overlap of p orbitals.
a bond formed between two atoms that do not share the bonding electrons equally.

a map that allows you to see how electrons are distributed in a molecule.

a positively charged hydrogen ion.

the use of mathematical equations to describe the behavior of electrons in atoms or
molecules.

a species with an unpaired electron.
a bond with a symmetrical distribution of electrons about the internuclear axis.
a pair of electrons shared between two atoms.

shows the carbon—carbon bonds as lines but does not show the carbons or the
hydrogens that are bonded to the carbons.
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tetrahedral bond angle
tetrahedral carbon
trigonal planar carbon
triple bond

valence electron
valence-shell electron-pair
repulsion (VSEPR) model
wave equation

wave functions

Chapter 1 75
the bond angle (109.5°) formed by an sp® hybridized atom that has no lone pairs.
a carbon that forms covalent bonds using four sp® hybrid orbitals.
an sp? hybridized carbon.
a bond composed of a sigma bond and two pi bonds.
an electron in an outermost shell.
a model for the prediction of molecular geometry based on the minimization of
electron repulsion between bonding electrons and nonbonding electrons around
an atom.

an equation that describes the behavior of each electron in an atom or a molecule.

a series of solutions to a wave equation.
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Chapter 1

Solutions to Problems

1.

5.

The atomic number = the number of protons.
The mass number = the number of protons + the number of neutrons.
All isotopes have the same atomic number; in the case of oxygen, it is 8. Therefore:

The isotope of oxygen with a mass number of 16 has 8 protons and 8 neutrons.
The isotope of oxygen with a mass number of 17 has 8 protons and 9 neutrons.
The isotope of oxygen with a mass number of 18 has 8 protons and 10 neutrons.

The number of protons an element has never changes. The number of electrons depends on the charge on
the element.

a. 1. 11 2. 18 3 17

b. 1. 10 2. 18 3. 18

(percentage of naturally occurring **Cl X atomic mass of **Cl) +
(percentage of naturally occurring >’Cl X atomic mass of *’Cl)

(7577 X 34.969) + (.2423 X 36.966)
(26.496 + 8.957) = 35.45

All four atoms have 2 core electrons in their filled first shell. (Notice that because the four atoms in the
question are in the same row of the periodic table, they have the same number of core electrons.) The elec-
trons that are not in a filled shell are valence electrons.

a. 3 b. 5 c. 6 d 7

a. Use the aufbau principle (electrons go into available orbitals with the lowest energy) and the Pauli exclusion
principle (no more than two electrons are in each atomic orbital). The relative energies of the orbitals:

Is<2s<2p <3 <3P <4<3d<4p<55<4d<5p

Remember that each shell has one s atomic orbital and three degenerate p atomic orbitals. The third
and fourth shells also have five degenerate d atomic orbitals.

Cl  1s225%2p%38°3p°
Br  1s%25%2p%3s% 3p5 3d'0 45% 4p°
I 15> 257 2p° 35 3p° 3d'% 4s” 4p° 4d'° 55 5p°

b. They each have 7 electrons in their outer shell; in each case, 2 are in an s orbital and 5 are in p orbitals.
Notice that because the 3 elements all are in the same column of the periodic table, they have the same
number of valence electrons.

The atomic numbers can be found in the periodic table on the last page of the text. Notice that elements
in the same column of the periodic table have the same number of valence electrons and that their valence
electrons are in similar orbitals.

a. carbon (atomic number = 6; 2 core, 4 valence): 152 252 2p2
silicon (atomic number = 14; 10 core, 4 valence): 15 25* 2p5 35% 3p?
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b. oxygen (atomic number = 8; 2 core, 6 valence): 1s* 25% 2p*
sulfur (atomic number = 16; 10 core, 6 valence): 15?25 2p° 3s? 3p*

c. nitrogen (atomic number = 7; 2 core, 5 valence): 1s? 2s* 2p°
phosphorus (atomic number = 15; 10 core, 5 valence): 1s? 25> 2p° 3s5? 3p®

d. magnesium (atomic number = 12; 10 core, 2 valence): 15> 25? 2p° 35
calcium  (atomic number = 20; 18 core, 2 valence): 1s* 25* 2p5 35° 3p° 4s?

a. Potassium is in the first column of the periodic table; therefore, like lithium and sodium that are also in
the first column, potassium has one valence electron.
b. It occupies a 4s orbital.

The polarity of a bond can be determined by the difference in the electronegativities (given in Table 1.3 on
page 10 of the text) of the atoms sharing the bonding electrons. The greater the difference in electronega-
tivity, the more polar the bond.

a. Cl—CH; b. H—OH ¢ H—F d. CI—CH;,

The electronegativity differences in the four listed compounds are as follows:

KCl 3.0 — 08 =22

LiBr 28 —10=18
Nal 25-09=16
Cl, 30-30=0

a. KCI has the most polar bond because its two bonded atoms have the greatest differences
in electronegativity.
b. Cl, has the least polar bond because the two chlorine atoms share the bonding electrons equally.

Solved in the text.

To answer this question, compare the electronegativities of the two atoms sharing the bonding electrons
using Table 1.3 on page 10 of the text.

6- O+ o- O+ o+ o- 5+ 6-
a. HO—H b. F—Br ¢. H3;C—NH, d. H3;C—Cl
5 &+ 5- o 5+ 8- 5 &

e. HO—Br f. H;C—Li g. 1—Cl h. H,N—OH

(Notice that if the two atoms being compared are in the same row of the periodic table, the atom farther to
the right is the more electronegative atom; if the atoms being compared are in the same column, the one
closer to the top of the column is the more electronegative atom.)

Solved in the text.
The dipole moment is the magnitude of the charge times the distance between the charges. Because fluo-
rine is more electronegative than Cl, the charge on H and F in HF is larger than the charge on H and Cl in

HCI. The larger charge on F compared to the charge on Cl is more than enough to make up for the fact that
H—F is a shorter bond than H—CI.
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14.

15.

16.

17.

Chapter 1

a. LiH and HF are polar (they have a red end and a blue end).

b. A potential map marks the edges of the molecule’s electron cloud. The electron cloud is largest around
the hydrogen in LiH, because that hydrogen has more electrons around it than do the hydrogens in the
other molecules.

c. Because the hydrogen of HF is blue, we know that this compound has the most positively charged
hydrogen and, therefore, will be most apt to attract a negatively charged species.

By answering this question, you will see that a formal charge is a bookkeeping device. It does
not necessarily tell you which atom has the greatest electron density or is the most electron deficient.

a. oxygen b. oxygen (it is more red)
C. oxygen d. hydrogen (it is the deepest blue)

Notice that in the hydroxide ion, the atom with the formal negative charge is the atom with the greater
electron density. In the hydronium ion, however, the atom with the formal positive charge is not the most
electron-deficient atom.

formal charge = number of valence electrons
— (number of lone-pair electrons + the number of bonds)

In all four structures, every H is singly bonded and thus has a formal charge = 1 — (0 + 1) = 0.
Similarly, all CH; carbon atoms have four bonds and a formal charge = 4 — (0 + 4) = 0.
The formal charges on the remaining atoms:

T ()
a. CH3—'c|5+—CH3 b. H—C—H c. CH3—II~I+—CH3 d. H—l]f— 1|3'—H
H H CH; H H
formal charge on O formal charge on C formal charge on N formal charge on
6—(2+3)=+1 4-2+3)=-1 5-0+4)=+1 N:5-(0+4) = +1

B:3—-0+4)=-1
The bond between two atoms can be shown by a pair of dots or by a line, so there are two ways each of the
answers can be written. Remember that all lone pairs have to be shown.

A _030- « H:gzlé:_ & Hgg+H & _OgOH
or or or or
5 H H H H
-;@:_Il\l,_@:; et H G NH 0—C—0—H
’ N B bW
b :0:N:0 d.  H:iC:CiH f. Na* :0:H h 0
HH H:C:0
or or or
H or
:B6=N=0: HeC—E—H Na* O—H T
Il
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| T
H—?—(IS—Q—H and H—(II—Q—(IZ—H
H H

H H
H:C:C:C:O:H and H:C:C:0:C:H and H:C:C:C:H
HHH HH H H:0:H
H
or
[ T 10
H—C—C—C—0—H and H—C—C—Q—C—H and H—C—C—C—H
L1 || I || )
H H H H H H :(I): H
H

Because the compounds are neutral, a halogen has 3 lone pairs, an oxygen has 2, a nitrogen has 1, and a
carbon or a hydrogen has no lone pairs.

a.

d.

CH;CH,NH, b. CH;NHCH; ¢. CH3;CH,0H
CH;0CH; e. CHyCHCL: f. HONH,
0

Il
CH;CH,CH,Cl b, CH,COCH,CH; ¢ CH3CH2CIiICH2CH3 d. CH;CH,C=N

the (green) chlorine atom
the (red) oxygen atoms

o]
G
o
E—(‘l)—.‘!:
.'I:—t'l)—'.I:
'.I.'—-(Iﬁ-—m
L

CHj;

c. the (blue) nitrogen atoms
d. the (black) carbon atoms and (gray) hydrogen atoms

i
H H—(IZ—H
¢. H—C——C—B:

| I
H H—C—H
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23.

24,

25.

26.

27.

28.

29.

30.

31.

32,

Chapter 1

0] (0]
a. /\/Cl b. /[Lo/\ c. \)LN/\ d. /\‘\“N

o O o

a ball larger than a ball larger than the
the ball that represents ball that represents
a 2s orbital a 3s orbital

He; has three electrons. Using Figure 1.3 on page 23 of the text, two electrons will be in a bonding molec-
ular orbital and one electron will be in an antibonding molecular orbital. Because there are more electrons
in the bonding molecular orbital than in the antibonding molecular orbital, HeJ exists.

a. 7* This involves out-of-phase interaction of atomic orbitals (the interacting orbitals have different

b. 7

colors), leading to an antibonding molecular orbital. Because this example involves the side-to-
side overlap of p orbitals, it is a 7r* antibonding molecular orbital.

This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color),
leading to a bonding molecular orbital. Because this example involves the side-to-side overlap of
p orbitals, it is a 7 bonding molecular orbital.

This involves out-of-phase interaction of atomic orbitals (the interacting orbitals have different
colors), leading to an antibonding molecular orbital. Because this example involves the end-on
overlap of atomic orbitals, it is a o* antibonding molecular orbital.

This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color),
leading to a bonding molecular orbital. Because this example involves the end-on overlap of
atomic orbitals, it is a o bonding molecular orbital.

The 3 carbon—carbon bonds form as a result of sp’—sp* overlap.
The 7 carbon-hydrogen bonds form as a result of sp’—s overlap.

The electron density of the large lobe of an sp® orbital (the lobe that overlaps the s orbital) is greater than
the electron density of a lobe of a p orbital. Therefore, the overlap of an s orbital with an sp® orbital forms
a stronger bond than does the overlap of an s orbital with a p orbital.

Solved in the text.

a. One s orbital and three p orbitals form four sp® orbitals.
b. One s orbital and two p orbitals form three sp® orbitals.
¢. One s orbital and one p orbital form two sp orbitals.

a(1).
b(1).

a(l).

Solved in the text.
Solved in the text.

The first attempt at drawing a Lewis structure results in a carbon that does not have a complete octet
and does not form the needed number of bonds.

:'(Ii:
H—C—0—H
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a(2).

b(2).

a(3).

b(3).

a(4).

b(4).
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Using one of oxygen’s lone pairs to put a double bond between the carbon and oxygen solves both
problems.
O:
..

H—C—0—H

The sp? hybridized C=0 carbon has 120° bond angles, uses sp* orbitals to form the three o bonds,
a p orbital to form the 7r bond, and has bond angles of 120°.

i

120°
C)
H/ \:Q_H

In order to fill their octets and form the required number of bonds, carbon and nitrogen must form
a triple bond.
H—C=N:

Because the carbon is sp hybridized, the carbon uses sp orbitals to form the two o bonds and
p orbitals to form the two 7 bonds. The bond angle is 180°.

180°
S
H—C=N:
The carbon forms four bonds, and each chlorine forms one bond.
:(F]:
=@—?—@=
:Cl:

The carbon uses sp® orbitals to form the bonds with the chlorine atoms, so the bond angles are
all 109.5°. .
CL
|<7109.5°
2o LNt
:Cl:

The first attempt at drawing a Lewis structure (and remembering to avoid oxygen—oxygen single
bonds) results in a carbon that does not have a complete octet and does not form the needed number

of bonds. .
:0:

S
H—0—C—0—H

Using one of oxygen’s lone pairs to put a double bond between the carbon and the oxygen solves

both problems. .
0

Lo,
H—0—C—0—H

The carbon uses sp? orbitals to form the three o bonds and a p orbital to form the 7 bond. The bond
angles are 120°.
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36.

37.

38.

39.
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a.
cl

120° b. 120°
Because the carbon is sp® hybridized and it has one lone pair, you can predict that the bond angle is
similar to that in NH; (107.3°).

The nitrogen atom has the greatest electron density.
The hydrogens are the bluest atoms. Therefore, they have the least electron density. In other words, they
have the most positive (least negative) electrostatic potential.

Water is the most polar—it has a deep red area and the most intense blue area.
Methane is the least polar—it is all nearly the same color (green) with no red or blue areas.

Solved in the text.

Electrons in atomic orbitals farther from the nucleus form longer bonds; they also form weaker bonds due
to less electron density in the region of orbital overlap. Therefore:

b.

a.
b.

a.

relative lengths of the bonds in the halogens: Br, > Cl,
relative strengths of the bonds: Cl, > Br,

relative lengths: CH;—Br > CH;—Cl > CH;—F
relative strengths: CH;—F > CH;—Cl > CH;—Br

longer: 1. C—I 2. C—CI 3. H—Cl
stronger: 1. C—Cl 2. C—C 3. H—F
CH,0"

The carbon in C, is bonded to four atoms, so it uses four sp® orbitals.

Each carbon-hydrogen bond is formed by the overlap of an sp® orbital of carbon with the s orbital of
hydrogen. The carbon—oxygen bond is formed by the overlap of an sp® orbital of carbon with an sp
orbital of oxygen. Because the four sp® orbitals of carbon orient themselves to get as far away from
each other as possible, the bond angles are all 109.5°.

o

|
C T
H/ H
\H

bond angles = 109.5°

Co,

The carbon in CO, is bonded to two atoms, so it uses two sp orbitals. Each carbon-oxygen bond is a
double bond. One of the bonds of each double bond is formed by the overlap of an sp orbital of carbon
with an sp? orbital of oxygen. The second bond of the double bond is formed as a result of side-to-side
overlap of a p orbital of carbon with a p orbital of oxygen. Because carbon’s two sp orbitals orient
themselves to get as far away from each other as possible, the bond angle in CO, is 180°.

0=C=0
bond angle = 180°
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c¢. H,CO
The double-bonded carbon and the double-bonded oxygen in H,CO each uses sp? orbitals; thus, the
bonds around the double-bonded carbon are all 120°. Each carbon-hydrogen bond is formed by the
overlap of an sp® orbital of carbon with the s orbital of hydrogen.

the o bond is formed by sp?—sp? overlap
the 7 bond is formed by p—p overlap

0]
sp?-s overlap _/
|(|: all bond angles are 120°

H” /~~H
sp%s overlap
do N2
The triple bond consists of one o bond and two 7 bonds. Each nitrogen has two sp orbitals; one is used to
form the o bond, and the other contains the lone pair. Each nitrogen has two p orbitals that are used to form

the two 7 bonds. A bond angle is the angle formed by three atoms. Therefore, there are no bond angles in
this two-atom containing compound.

:N=N: the o bond is formed by sp—sp overlap
each 77 bond is formed by p—p overlap

eo BF3
Promotion gives boron three unpaired electrons, and hybridization gives it three sp? orbitals.

1s 25 2px  2py Is 25 2p, ﬁ)l s 2sp? 2sp2 2sp2

T e R N T B I T I

Each sp” orbital of boron overlaps an sp® orbital of fluorine. The three sp? orbitals orient themselves to
get as far away from each other as possible, resulting in bond angles of 120°.

bond angles = 120°

Solved in the text.

We know that the o bond is stronger than the 7 bond, because the o bond in ethane has a bond dissociation
energy of 90.2 kcal/mol, whereas the bond dissociation energy of the double bond (o + ) in ethene is
174.5 kcal/mol, which is less than twice as strong.

Because the o bond is stronger, we know that it has more effective orbital-orbital overlap.

Because electrons in an s orbital are closer on average to the nucleus than those in a p orbital, the greater
the s character in the interacting orbitals, the stronger (and shorter) the bond. Therefore, the carbon—
carbon o bond formed by sp*—sp?® overlap is stronger (and shorter) than the carbon—carbon bond formed by
sp>—sp® overlap, because an sp? orbital has 33.3% s character, whereas an sp® orbital has 25% s character.
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43.

45.

46.

47.
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sp sp

(YY) (O

a. CH;CHCH=CHCH,C=CCH;

sp?
¢. the nitrogen and chlorine atoms
The bond angle depends on the central atom.
a. sp’ nitrogen with no lone pair: 109.5° c. sp’ carbon with no lone pair: 109.5°
b. sp® nitrogen with one lone pair: 107.3° d. sp® carbon with no lone pair: 109.5°

a, e, g, and h have a dipole moment of zero because they are symmetrical molecules.

H H H H F
H (|3 (|3 H \C C/ Cl—Be—Cl ]|3
—C—C— — —Be—
| | H/ \H F/ \F
H H

The electrostatic potential map of ammonia is not symmetrical in the distribution of the charge—the
nitrogen is more electron rich and, therefore, more red than the three hydrogens. Therefore, its shape,
which indicates charge distribution, is not symmetrical.

The electrostatic potential map of the ammonium ion is symmetrical in the distribution of the charge, so its
shape is symmetrical. Its symmetry results from the fact that nitrogen forms a bond with each of the four
hydrogens and the four bonds point to the corners of a regular tetrahedron. The nitrogen in the ammonium
ion has significantly lower electron density than the nitrogen in ammonia as a result of the lone pair having
formed a bond to hydrogen.
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The atom with the greater electronegativity will decrease the electron flow toward the electronegative F
atom, giving the compound a smaller dipole moment. Since CH;F has a smaller dipole moment than CD;F,
we know that hydrogen is more electronegative than deuterium.

a. H:N:N:H o H—N—N—H ¢. H:N:N:H or H—N=N—H
HH |
H H

d. Q:uC:0 or 0=c=0

0: . N

U U | B e. H:Q:Ck or H—Q—Ck
b. :0:C:Q: or :Q—C—O

a. CH3NH2, CH3F, CH3OH b. CH3F

If the central atom is sp® hybridized, the bond angle will depend on the number of lone pairs it has: no lone
pairs = 109.5°; one lone pair = 107.3°; two lone pairs = 104.5°.

a. sp’, 107.3° e. sp’, 109.5° i. sp 107.3°

b. sp? 120° f. sp? 120° j. sp? 120°

c. sp’,107.3° g. sp,180°

d. sp? 120° h. sp’, 109.5°

a. CH;CH,CH; b. CH;CH=CH, ¢. CH;C=CCH; or CH;CH,C=CH

The hybridization of the central atom determines the bond angle. If the hybridization is sp, the number of
lone pairs on the central atom determines the bond angle.

a. 109.5° b. 104.5%* c. 107.3° d. 107.3°

*104.5° is the correct prediction based on the bond angle in water.
However, the bond angle is actually somewhat larger ( 108.2°) because the bond opens up to minimize the
interaction between the electron cloud of the relatively bulky CH; group.

Is 25 2p, 2p, 2p; 3s 3py 3py 3p;

a mg U N 0 1s*25 2p° 35°
boc B4 NN N 12233

I A R E Ak
d v 1 15?25 2p°
H
H | .. . e R
a. H:C:N:H or H—C—N—H c. N& :N:H or Nd& N—H
HH || H |
H H H
b. H—0—N=0 d. H:N:O: or H—N—O:
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56.

57.

58.

59.

60.

61.

62.
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HO—CH
s HOZGH 4

sp® sp®

w44

(I3H20H

;  HC

sﬁo/

=C

sp

3
P/\Spr—spz
AN 40
| P4 ?

2 (\ \/
sp

OH

S[)3

The greater the electronegativity difference between the two bonded atoms, the more polar the bond.
(See Table 1.3 on page 10.)

a.
b.
c.
d

a.

a.

a‘

C—F >

vV V.V

sp?

|

CH3CH=CH;

0 & sp?

I
CH,CCHs

107.3°

—+—>
H3C —Br

e
H;C—Li

CcC—o0 > C—N
C—Br > C—I
H—N > H—C
C—H > CcC—C
H H ]il 0]
b. H—C—-O—(IS—H ¢. H—C—C—O—H
H H H
O
AN e /”\OH
sp3 sz
¢. CH;CH,OH e. CH3;CH=NCH,
Sp sp3
d. CH;C=N f. CH;0CH,CH;
b. 109.5° c. 180° d. 109.5°
- “+—
¢. HO—NH, e. H;C—OH
+— -t
d. I—Br f. (CH;),N—H
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formal charge = number of valence electrons
— (number of lone-pair electrons + the number of bonds)

In all four compounds, H has a single bond and is neutral and each C has four bonds and is neutral.
Thus, the indicated formal charge is for O or N.

H H H H
a. H—(l,‘—:Q—H b. H—cl:—GLH c H—(l:—Q? d. H—(Ii—-f\'l—H
b Mo JI B
formal charge formal charge formal charge formal charge

6-4+2)=0 6-(2+3)=+ 6-(6+1)=-1 5-(2+3)=0

The open arrow in the structures points to the shorter of the two indicated bonds in each compound.

SP3 SP2 SP2 ” H\ sp
1. CH;CH=CHC=CH 4. C=CHC=C—H
sp Ssp " sp? sp P
Sp3
0 sp? - CH3
—| HY o o |
2. CH;CCH,OH 5. C=CHC=C—C—H
> ) sp® W' cI:H
sp? 3
3)
sp
3. CH;NHCH,CH,N=CHCH; 6. Br—CHZCH2CH2& cl

sp3 sp3 sp? sp3 sp? sp2 sp3
For1,2, and 3:

For 4 and 5:

sp3 sp3 sp3

A triple bond is shorter than a double bond, which is shorter than a single bond.

The greater the s character in the hybrid orbital, the shorter the bond formed

using that orbital, because an s orbital is closer than a p orbital to the nucleus.
Therefore, the bond formed by a hydrogen and an sp carbon is shorter than the bond
formed by a hydrogen and an sp? carbon, which is shorter than the bond formed by a
hydrogen and an sp® carbon. (See Table 1.7 on page 42 of the text.)

For 6:

Cl forms a bond using a 3sp orbital, and Br forms a bond using a 4sp® orbital.

Therefore, the C—Cl bond is shorter.
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a.

sp All the bond angles are 120°.
] | i
lI-I H—(|3—H IiI Iil Iil Iil HH—(|:_H H IiIH—(l:—HH
a. H—?——?—?—H b. H—(IZ—(ll—(II—CEN c. H——(|J C {IZ C
H :Cl): H H :Cl): H H HH—C—HHH—C—HH
H H H H
OH
a o b )\‘N c )\o<
Cl : Cl : Cl : Cl
Cl Br Cl
1 2 3 4
highest dipole lowest dipole
moment moment
= N sp3
xS
N CH;

H

Each of the three carbons is sp® hybridized.
All the bond angles are 109.5°.

H H
\
C=C
d H/ \C_
/
H

Each of the four carbons is sp? hybridized.
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In an alkene, six atoms are in the same plane: the two sp2 carbons and the two atoms that are bonded to
each of the two sp? carbons. The other atoms in the molecule will not necessarily be in the same plane with
these six atoms.

CO
CHj (yfs yes
‘\/ yes k/
yes
yes

If you put stars next to the six atoms that lie in a plane in each molecule, you will be able to see more
clearly whether the indicated atoms lie in the same plane.

CHj;
*
H £ _CH, £ _CHs
* % *
Co
< <y <y
a. If the central atom is sp hybridized and it does not have a lone pair, the molecule will have tetrahe-
dral bond angles (109.5°). Therefore, only *NH, has tetrahedral bond angles. The following species

are close to being perfectly tetrahedral: H,O, H;0*, NH;, "CH;. However, they all have bond angles
slightly smaller than 109.5°.

b. *CH; and BF;

CH;CH,CI has the longer C—Cl bond because it is formed by the overlap of an sp® orbital of Cl with an
sp® orbital of C, whereas the C—Cl bond in CH,=CHCI is formed by the overlap of an sp* orbital of Cl
with an sp? orbital of C. (The more the s character, the shorter and stronger the bond.)

CH,Cl, has the larger dipole moment because the two chlorines are withdrawing electrons in the same gen-
eral direction, whereas in CH;Cl, only one chlorine is withdrawing electrons.

The bond angles at the triple-bonded carbons, when the bonding orbitals overlap maximally, are 180°.
A 180° angle cannot fit into the ring structure. Therefore, the overlap between the sp orbital and the adjacent
sp’ orbital becomes distorted from the ideal end-on overlap. This poor overlap causes the compound to be
unstable. (Compare the structure shown here with Figure 3.8 on page 122 of the text.)

C
I
C
i J1so
C
I
C

The dipole moment depends on the size of the charge and the distance between the bonded electrons.
The longer C—Cl bond more than makes up for the greater charge on fluorine.
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H
l + Tee + .
a. 1. H—(ll—NEN: 3. :N=N=N:
H H :0:
5: |l
T 4 H—?—C—N—H
+ -+ -
b. 1. CH;N=N 3. N=N=N
o)
([l:
2. /1!1\ 4. cu;’ NH,
HO™ * "o
¢. Ny

Only the first structure has no dipole moment.

H cl H
v He N
£=C_ e=c__ c=c
cl H a” Na a”
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Chapter 1 Practice Test

Answer the following:
a. Which bond has a greater dipole moment, a carbon-oxygen bond or a carbon-fluorine bond?

b. If Hej has three electrons in its molecular orbitals, how many electrons are in an antibonding molecu-
lar orbital?

¢. Which is the longer bond, a carbon—hydrogen bond in ethene or a carbon-hydrogen bond in ethane?
d. Which is larger, the bond angle in water or the bond angle in ammonia?
What is the hybridization of the carbon atom in each of the following compounds?

*CH; “CH; +CH;

Draw the Lewis structure for HCOj3.

Circle the compounds below that have a dipole moment = 0.

CH,Cl, CHCH; CHCl H,C=0

Which compound has greater bond angles, H;O" or *NH,?

Draw the structure for each of the following:

CCl,

a. amethyl cation

b. ahydride ion

¢. abromine radical

d. an alkane with only primary carbons

Draw the structure of a compound that contains only carbon and hydrogen, and that has five carbons, two
of which are sp? hybridized and three of which are sp® hybridized.

What is the hybridization of each of the indicated atoms?
™~ ([
(( I
CH;
a. What orbitals do carbon’s electrons occupy before promotion?

b. What orbitals do carbon’s electrons occupy after promotion and before hybridization?

¢. What orbitals do carbon’s electrons occupy after hybridization?
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10. Answer the following:

What is the H—C—0 bond angle in CH;0H?
What is the H—Be—H bond angle in BeH,?
What is the H—B —H bond angle in BH;?
What is the C— O—H bond angle in CH;0H?

&0 T

11. For each of the following compounds, indicate the hybridization of the atom to which the arrow is pointing.
i
HCOH HC=N CH;0CH; CH3;CH=—CH,

12, Indicate whether each of the following statements is true or false.

a. A pibond is stronger than a sigma bond. T F
b. A triple bond is shorter than a double bond. T F
¢. The oxygen-hydrogen bonds in water are formed by the overlap of |

an sp” orbital of oxygen with an s orbital of hydrogen. T F
d. A double bond is stronger than a single bond. T F
e. A tetrahedral carbon has bond angles of 107.5°. T F

ANSWERS TO ALL THE PRACTICE TESTS CAN BE FOUND AT THE END OF
THE SOLUTIONS MANUAL.
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CHAPTER 2

Acids and Bases: Central to Understanding Organic Chemistry

Important Terms

acid (Brgnsted acid)
acid-base reaction
acid dissociation constant
acidity

base (Brgnsted base)
basicity

Brgnsted acid
Brgnsted base
buffer solution
conjugate acid
conjugate base

delocalized electrons

equilibrium constant

Henderson-Hasselbalch
equation

inductive electron
withdrawal

Lewis acid
Lewis base
pH
Pk,

proton
proton transfer reaction
resonance

resonance contributors

resonance hybrid

a species that loses a proton.

a reaction of an acid with a base.

a measure of the degree to which an acid dissociates.

a measure of how easily a compound gives up a proton.
a species that gains a proton.

a measure of the tendency of a compound to share its electrons with a proton.
a species that loses a proton.

a species that gains a proton.

solution of a weak acid and its conjugate base.

the species formed when a base gains a proton.

the species formed when an acid loses a proton.

electrons that are shared by three or more atoms (that is, do not belong to a single
atom nor are they shared in a bond between two atoms).

the ratio of products to reactants at equilibrium.

pK, = pH + log[HA]/[A7]
the pull of electrons through sigma bonds by an atom or by a group of atoms.

a species that accepts a share in an electron pair.
a species that donates a share in an electron pair.
the pH scale used to describe the acidity of a solution (pH = —log [H*]).

a measure of the tendency of a compound to lose a proton (pK, = —log K,, where
K, is the acid dissociation constant).

a positively charged hydrogen ion.
a reaction in which a proton is transferred from an acid to a base.
delocalized electrons.

structures with localized electrons that together approximate the true structure of a
compound with delocalized electrons.

the actual structure of a compound with delocalized electrons.

93
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Solutions to Problems

1.

2.

10.

11.

CO, and CCl, are not acids because neither has a proton that it can lose.

a. HBr d. HC=N g. C=N
b. "C=N e. HC=N h. HBr
¢c. Br” f. Br~

a. HCI + NH; = CI- + *NH,
b. HO + "'NH, = HO™ + NH;

The conjugate acid is obtained by adding an H’L to the species.
a. 1) *NH, () HCI (3 H,0 @ H;0"
The conjugate base is obtained by removing an H* from the species.
b. 1) 'NH, (2) Brr (3 NO; @) HO
. The lower the pK,, the stronger the acid, so the compound with pK, = 5.2 is the stronger acid.

a
b. The greater the dissociation constant, the stronger the acid, so the compound with a dissociation
constant = 3.4 X 1073 is the stronger acid.

Because we know that K, = K [H0]

K, 453 X 1076
= = = 8.16 X 1078
Kea = TH0] 555

Its K, value is 1.51 X 107>, It is a weaker acid than vitamin C whose K, value was deterfnined to be
6.8 X 107° in the Problem-Solving Strategy.

a. HOO + Ht* = H,0
b. HCO;~ + H* == H,C0; — H,0 + CO,
c¢. CO3*~ + 2H* == H,CO; — H,0 + CO,

If the pH is <7, the body fluid is acidic; if the pH is >7, the body fluid is basic.
a. basic b. acidic ¢. basic

Remember that a proton can be picked up by an atom that has one or more lone pairs. Notice that two oxygens
have lone pairs in part e. To see which one gets the proton, see Table 2.1 on page 57 of the text and the
Problem-Solving Strategy on page 68.

0 *OH
| |
a. CH,CH,0H, b. CH,CH,OH ¢ CHy” “OH d. CH,CH,NH, e CH,CHy  “OH

In each of the following reactions, the position of equilibrium is established by analyzing the relative strengths
of the acids on either side of the reaction—the equilibrium favors reaction of the stronger acid to form the
weaker acid (see Section 2.5). (Note that HCI is a stronger acid than H;0™; see Appendix I in the text.)
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If the lone pairs are not shown:
8. CH,OHasanacid: CH;OH + NH; ~= CH;O" + NH,
CH;OHasabase: CH30H + HCl < CH36H + CI°
b
b. NHj; as an acid: NH; + CH;0© ~= 'NH, + CH;O0H

+
NHj as a base: NH; + HBr = NH, + Br~

If the lone pairs are shown:

.o ae s _ +
a. CHjOHasanacid: CH;0H + NH; <=~ CH;07 + NH,

+
CH;OHasabase: CH;0H + HC: == CH3(|)H + G

H

b. NH; as an acid: NH; + CH;( ~= "NH, + CH;0H

.. . + A
NHj as a base: NH; + HBr: <= NH4 + :Br:
o
|

|
a. ~40 b. ~15 c ~5(Notethata/C\Ongoupcanbewrittenas—COOH) d ~10

a. CH;COO" is the stronger base.
Because CH;COOH is the weaker acid, it has the stronger conjugate base.

b. "NH; is the stronger base.
Because NHj is the weaker acid, it has the stronger conjugate base.

¢. H,O0 is the stronger base.
Because H;O™ is the weaker acid, it has the stronger conjugate base.

The conjugate acids of the given bases have the following relative strengths:
0
[
+ /C ~ +
CH3OH2 > CH3 OH > CH;NH; > CH3;0H > CH;3;NH,

The bases, therefore, have the following relative strengths, because the weakest acid has the strongest
conjugate base.

Q=0

CH;NH > CH;0- > CH3NH, > CH;” O~ > CH3;OH

Methanol is the acid because it is a stronger acid (pK, ~ 15) than methylamine (pK, about 40).
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Recall that the equilibrium favors reaction of the stronger acid to form the weaker acid. Because the pK,

values in part a are similar, there will be similar amounts of reactants and products at equilibrium.

p—— CH30— + H20
pK, =15.7
+
-— CH3OH2 + H2O
pK, =-2.5
(0]
g
— ol Yoo+ o
pK, = 15.7
+
ﬁH
~— C + H,0
7\
cu{ “oH
pK,=-6.1
-~ CH3NH + H2O
pK, =15.7
+
—— CH3NH3 + H,O
pK, =10.7
— H;0" + Cr
pK, =-1.7
— + ~
NH, + HO
pK, = 9.4

Because a strong acid is more likely to lose a proton than a weak acid, the equilibrium favors loss of a

proton from the strong acid and formation of the weak acid.

HC=C~™ + H,0
pK,=15.7

HC=C" + NH3
pK, =36

¢. ~NH, would be a better base because when it removes a proton, the equilibrium favors the products.
When HO™ removes a proton, the equilibrium favors the reactants.

16.
a. CH;0H + HO™
pK, =15.5
CH;0H + H;0*
pK, =-1.7
0]
|
AN
CH;, 'OH + HO
pK,=4.8
I
C + H;0
7/ N\
CH; ‘OH
pK,=-1.7
CH3;NH, + HO™
pK, =40
CH;NH, + H;0*
pK, =-1.7
b HCl + H,0
pK, =-7
NH3 + Hzo
pK, =15.7
17.
a. HC=CH + HO™ —
pKa=25
b. HC=CH + "NH, —=——
pK,=25
18.

Each of the following bases will remove a proton from acetic acid in a reaction that favors products,

because each of these bases forms an acid that is a weaker acid than acetic acid.

HO™

CH;NH,

HC=C~

The other three choices form an acid that is a stronger acid than acetic acid.
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pK.q = pK, (reactant acid) — pK, (product acid) -

For a, the reactant acid is HCI and the product acid is H;O*.

For b, the reactant acid is CH;COOH and the product acid is H;O™.
For ¢, the reactant acid is H,0 and the product acid is CH,NH,,
For d, the reactant acid is CH3IGH3 and the product acid is H;0™.

a. pKW= -7-(-17) =-53 ¢ pKy =157 - (10.7) = 5.0
=20 X 10° Ky =10 X 1075

b. pKeq—'48—( 1.7) = 6.5 d. pKy =107 - (=1.7) = 124
Ky =32 %107 Ky =40x 107"

Recall that the weakest acid has the strongest conjugate base.

CH; > "NH, > HO > F~
Again, the weakest acid has the strongest conjugate base.
CHCH, > HC=CH > HC=C-

The species on the right is the stronger acid because its hydrogen is attached to an sp? oxygen, which is
more electronegative than the sp* oxygen to which the hydrogen in the protonated alcohol is attached.
a. A HC=CH + CHyCH, ==~ HC=C" + CH;CH;
B H,C=CH, + HC=C" <= H,C=CH + HC=CH
C CHiCH; + H,C=CH ~== CH;CH, + H,C=CH,
b. Only A, because only A has a reactant that is a stronger acid than the acid that is formed in the product.

Reaction B. The equilibrium constants for the three reactions are: K (A) = 10%; K, (B) = 10719
K (C) = 10716,
The smaller the ion, the stronger it is as a base.
FF > CI" > Br > I-
a. oxygen b. H,S c¢. CH;SH

The size of an atom is more important than its electronegativity in determining stability. Therefore, even
though oxygen is more electronegative than sulfur, H,S is a stronger acid than H,O and CH;SH is a stron-
ger acid than CH;0H, because the sulfur atom is larger than the oxygen atom.

Because the sulfur atom is larger, the electrons in its conjugate base are spread out over a greater volume,
which stabilizes it. The more stable the base, the stronger its conjugate acid.

The stronger acid has its proton attached to the more electronegative atom (if the atoms are about the
same size) or to the larger atom (if the atoms are not the same size).

+
a. HBr b. CH;CH,CH,OH, ¢. CH;CH,CH,OH d. CH;CH,CH,SH
Remember that the stronger the acid, the weaker (or more stable) its conjugate base,
a. Because HI is the strongest acid, [” is the most stable (weakest) base.

b. Because HF is the weakest acid, F~ is the least stable (strongest) base.
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Compare the acid strengths of the conjugate acids, recalling that a weaker acid has a stronger conjugate base.

a. CH;0™ because CH;OH is a weaker acid than CH3;SH.

b. HO™ because H,O is a weaker acid than H;O".

c. NHj; because *NH, is a weaker acid than H;O".

d. CH;0" because CH;0H is a weaker acid than CH;COOH.

a. CH;0CH,CH,0H because its conjugate base has its negative charge stabilized by electron
withdrawal by the CH30 group.

+
CH,CH,CF,CH,0H,  because oxygen is more electronegative than nitrogen.
c. CH;CH,OCH,CH,0OH because the electron-withdrawing oxygen is closer to the OH group.

O

d. CH;CH,COH because the electron-withdrawing C=0 is closer to the OH group.

(lle?HCH2COOH > CH3(|3HCH2C00H > (IZHZCH2CH2COOH > CH,CH,CH,COOH

F F F

The first listed compound is the most acidic because it has two electron-withdrawing substituent that stabi-
lize the conjugate base.

The second listed compound is a stronger acid than the third listed compound because the fluorine in the
third compound is farther away from the O—H bond, so the electron-withdrawing group will not be as
effective in stabilizing the conjugate base.

The compound on the far right does not have a substituent that withdraws electrons inductively, so it is the
least acidic of the four compounds.

The weaker acid has a stronger conjugate base.
(0] o)

I I | I
a. CH3(|3HCO‘ b. CH3(|3HCH2CO' ¢. CH;CH,CO™ d. CH;CCH,CH,0~
Br Cl

Solved in the text.

+i|)I'H +€|?H *OH *OH
a. C. .. b. C C. d.
CH3/ \QCH3 CH3/ \NH2 0O: NCH;
O: :0: ~0:
@ | é
a. _ . _ - _ - P e
o7 0 o7 o 0”6
O: :0: =0
[ | |
b. -:Q/lf\b:; -O/IS%Q Oéil\é:-
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When a sulfonic acid loses a proton, the electrons left behind are shared by three oxygens. In contrast,
when a carboxylic acid loses a proton, the electrons left behind are shared by two oxygens. The sulfonate
ion, therefore, is more stable than the carboxylate ion.

t”i: :ﬁliz_ 0:

CHS—0: ~— CH;$=0: =—— CHyS=0:
I | |
O: O: 0

a sulfonate ion

O: :0:
cmg—{)::’ -~— cn3é=6:
a carboxylate ion
The more stable the base, the stronger its conjugate acid.
Therefore, the sulfonic acid is a stronger acid than the carboxylic acid.

a. Because the atom (P) to which each of the OH groups is attached is also attached to two electronegative
oxygens and when each OH group loses a proton, the electrons left behind can be shared by two oxygens.

b. The middle OH group is the weakest of the remaining acidic groups. It is an alcohol (pK, ~ 15),
and the atom (C) to which it is attached is not attached to any strongly electronegative atoms.
(The protonated amino group has a pK, value of ~10.)

Remember, the smaller the pK,, the stronger the acid.

+
a. CH;C=NH
O
I
C. F3CCOH
d. an sp? oxygen
*OH

[
C H
CH;” CH;  CH;0CH;

pK,=-1.3 pK,=-3.6

+ + +
e. CH3C=NH > CH3?= NHCH; > CH3;CH;NH;
CHs
pK,=-10.1 pK,=5.5 pK,=11.0
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If the pH of the solution is less than the compound’s pKX, value, the compound will be in its acidic form /‘\
(with its proton).
If the pH of the solution is greater than the compound’s pK, value, the compound will be in its basic form
(without its proton).
a. CH;COO™ d. Br g. NO;
+
b. CH;CH,NH; e. *NH, h. NO;
c¢. HO f. HC=N i. HONH,
pH 10.4
(As long as the pH is greater than the pK, of the compound, at least 50% of the compound will be in its
basic form.)
Solved in the text.
a. 1. charged 2. charged 3. charged 4. charged 5. neutral 6. neutral
b. 1. neutral 2. neutral 3. neutral 4. neutral 5. neutral 6. neutral
a. The *NH; group withdraws electrons, which increases the acidity of the COOH group.
b. Both the COOH group and the *NH; group will be in their acidic forms, because the pH of the solution
is less than both of their pK, values.
o}
; ~
CH,CH” OH -
*NH,3
c. The COOH group will be in its basic form because the pH of the solution is greater than its pK,.
The *NH; group will be in its acidic form because the pH of the solution is less than its pK,.
(0]
g
CH,CH” O~
*NH;3
d. Both the COOH group and the *NH; group will be in their basic forms because the pH of the solution
is greater than both of their pK, values.
0]
g
CH3?H/ o
NH,
e. No, alanine can never be without a charge. To be without a charge would require a group with a pK,
value of 9.69 to lose a proton before a group with a pK, value of 2.34. This clearly cannot happen. A
weak acid cannot have a greater tendency to lose a proton than a strong acid has.
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f.  As the pH becomes more basic than 2.34, the COOH group will become more negatively charged.
As the pH becomes more acidic than 9.69, the *NH; group will become more positively charged.
Therefore, the amount of negative charge will be the same as the amount of positive charge at the pH
that is equidistant from the two pK, values.
2.34 + 9.69

= 6.02
> 6.0

Solved in the text.

a. 6.4 (two log units more acidic than the pKj)
b. 7.3 (when the pH is equal to the pK,)
¢. 5.6 (one log unit more basic than the pK,)

a. 1. pH =149 When the pH = pK,, half the compound is in its acidic form (with its proton)
and half is in its basic form (without its proton).

2, pH = 10.7
b. 1. pH > 6.9 Because the basic form is the form in which the compound is charged,
the pH needs to be more than two units more basic than the pK, value.
2. pH <87 Because the acidic form is the form in which the compound is charged,

the pH needs to be more than two units more acidic than the pK,, value.

Solved in the text.

a. For the carboxylic acid to dissolve in water, it must be charged (in its basic form), so the pH will have
to be greater than 6.8. For the amine to dissolve in ether, it must be neutral (in its basic form); the pH
must be greater than 12.7 to have essentially all of it in the neutral form. Therefore, the pH of the water
layer must be greater than 12.7.

b. To dissolve in ether, the carboxylic acid has to be neutral; the pH must be less than 2.8 to have essen-
tially all the carboxylic acid in the acidic (neutral) form. To dissolve in water, the amine has to be
charged; the pH must be less than 8.7 to have essentially all the amine in the acidic form. Therefore,
the pH of the water layer must be less than 2.8.

a. The basic form of the buffer removes a proton from the solution.

CH;COO~ + H* CH;COOH

b. The acidic form of the buffer donates a proton to remove hydroxide ion from the solution.
CH;COOH + HO~ CH;CO0~ + H,0

Solved in the text.

a. ZnCl, + CHOH ===  “z4Cl,
HOCH;

b. FeBr; + :Bri Br—FeBr;

¢ AlCL + :CQf == (1—AICL
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a, b, ¢, and h are Brgnsted acids (proton-donating acids). Therefore, they react with HO™ by giving a

proton to it. d, e, f, and g are Lewis acids. They react with HO™ by accepting a pair of electrons from it.

a. CH;OH + HO~
b. *NH, + HO~

CH,0~ + H,0
NH; + H,0

+
CH3;NH; + HO~

c. _ CH3;NH, + H,0
d. B, + HO™ — HO—BF;

e. *CH; + HO~ S CH;0H

f. FeBy + HO™ — HO —FeBr;

g. AICl; + HO™ = HO—AICl3

h. CH;COOH + HO~  =—= CH;CO0™ + H,0

The stronger base has the weaker conjugate acid.

a. HO™ b. CH;NH ¢. CH;0~ d. CI e. CH;COO™ f. CHyCHBrCOO™

N _

a. NH; + H~C: *NH, + i

LN

b. Hgd: + FeBr3 _ H20+‘— FCBI‘:;

o: *OH
e — T
H” “OH H” “OH
a. CCI;CH,0OH > CHCI,CH,0H > CH,CICH,OH
b. The greater the number of electron-withdrawing chlorine atoms equidistant from the OH group, the

stronger the acid. (Notice that the larger the K,, the stronger the acid.)

a. CH3CH2(|:HCOOH > CH3C|:HCH2COOH > CICH,CH,CH,COOH > CH3CH2CH2COOH
Cl Cl

b. An electron-withdrawing substituent makes the carboxylic acid more acidic, because it stabilizes its
conjugate base by decreasing the electron density around the oxygen atom. (Remember that the larger

the K, the stronger the acid.)

c. The closer the electron-withdrawing chloro substituent is to the acidic proton, the more it can decrease
the electron density around the oxygen atom because it has to exert its effect through fewer bonds.
Therefore, the closer it is, the more it stabilizes the conjugate base and increases the acidity of its con-

jugate acid.

H
PTS et - |+ -
a. CH3(|)—BF3 b. CH3(|)—H + Cl c. CH31\|I—AIC13
CH, CH, H

+
a. HOCH,CH,CH,NH; b. _OCH2CH2CH2NH2
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O is more electronegative than N, which is more electronegative than C.
Therefore, the alcohol is more acidic than the amine, which is more acidic than the alkane.
S is larger than O, so CH;CH,SH is more acidic than CH;CH,OH.
CH3CH2$H > CH3CH20H > CH3CH2NH2 > CH3CH2CH3
If the pH of the solution is less than the pK, of the compound, the compound will be in its acidic form (with
the proton).
If the pH of the solution is greater than the pK, of the compound, the compound will be in its basic form
(without the proton).
+
a. atpH=3 CH;COOH b. atpH=3 CH;CH,NH; ¢ atpH=3 CFCH,0H
+
atpH=6 CH3COO~ aapH=6 CH3;CH,NH, aapH=6 CF,CH,0H
+
atpH=10 CH3C00~ atpH=10 CH;CH,NH; atpH=10 CFCH,OH
atpH=14 CH;COO~ atpH=14 CH,CH,NH, atpH=14 CF,CH,0"
In all four reactions, the products are favored at equilibrium. (Recall that the equilibrium favors formation
of the weaker acid.)
a. CH3COOH + CH30° == CH;COO0~ + CH;0H
b. CH;CH,0OH +~NH, == CH3;CH,0" + NH;
+
¢. CHyCOOH + CH3NH, <=~ CH;COO~ + CH;NH;
+
d. CH;CH,0OH + HCI < CH3CH,0H, + CI
a. HC=CCH,0H > CH,=CHCH,0H > CH,CH,CH,0OH
b. These three compounds differ only in the group that is attached to CH,OH. The more electronegative
the group attached to CH,OH, the stronger the acid because inductive electron withdrawal stabilizes
the conjugate base, and the more stable the base, the stronger its conjugate acid. An sp carbon is more
electronegative than an sp? carbon, which is more electronegative than an sp° carbon.
The direction of the dipole will be toward the more electronegative of the two atoms that are sharing the
bonding electrons.
+——— +—
a. CH;—C=CH b. CH;—CH=CH,
In each compound, the nitrogen atom is the atom most apt to be protonated because it is the stronger base.
CH; CH,
a. CH3—(I:H —CH,NH, b. CH3—$—OH ¢. CH;—C—CH,OH
OH *NH; *NH;
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The log of 107 = —4, the log of 10~ = —35, the log of 1078 = —6, and so on.
Because the pK, = —log K,, the pK, of an acid with a K, of 107*is —(—4) = 4.
An acid with a K, of 4.0 X 107*is a stronger acid than one with a K, of 1.0 X 1074,
Therefore, the pK, can be estimated as being between 3 and 4.

a. 1. between 3 and 4 b. 1. pK, =34
2. between —2 and —1 2. pK, = —13
3. between 10 and 11 3. pK, = 10.2
4. between 9 and 10 4. pK, = 9.1
5. between 3 and 4 5. pK, = 3.7
6. between—1and 0 6. pK, = —03

c. Nitric acid (HNO3) is the strongest acid because it has the lowest pK, value. (The lower the pK, value,
the stronger the acid.)

The nitrogen in the chain on the left is the most basic. The nitrogen of the NH, group is less basic because
its lone pair is delocalized onto the oxygen, so it is not available to be protonated.

0) (o)
N
H,N7 7™ H,NZ N

A and C because in each case, the acid is stronger than the acid (H,O) that is formed as a product.

The reaction with the more favorable equilibrium constant is the one with the smallest difference
between the pK, value of the reactant acid and the pK, value of the product acid, because pK,; = pK,
(reactant acid) — pK, (product acid) and the smaller the pK,g, the larger the K.

a. 1. CH;CH,OH pK, = 15.9; CH;OH pK, = 15.5; *NH, pK, = 9.4

PK.q = pK, (reactant acid) — pK, (product acid)
=159 — 9.4 = 6.5;Koq = 32 X 1077
=155 -94=6.1;Kq =79 X 1077
Thus, the reaction of CH;OH with NH; has the more favorable equilibrium constant.

2. CHiCH,OH pK, = 15.9; *NH, pK, = 9.4; CH,NH; pK, = 10.7

pK.q = PK, (reactant acid) — pK, (product acid)
159 — 9.4 = 6.5; Kqg = 3.2 X 1077
=159 — 10.7 = 52;K,q = 6.3 X 107°

Thus, the reaction of CH;CH,OH with CH;NH, has the more favorable equilibrium constant.

b. Because the reaction of CH;CH,OH with CH;NH, has the smallest difference between the pK, values
of the reactant and product acids, it has the most favorable equilibrium constant.

If the reaction is producing protons, the basic form of the buffer will pick up the protons. At the pH at
which the reaction is carried out (pH = 10.5), a protonated methylamine/methylamine buffer with a
pK, = 10.7 will have a larger percentage of the buffer in the needed basic form than will a protonated
ethylamine/ethylamine buffer with a pK;, of 11.0.

Copyright © 2017 Pearson Education, Inc.



70.

71.

72.

73.

Chapter 2

CH,=CHCOOH because an sp? carbon is more electronegative than an sp® carbon
b. O because an oxygen can withdraw electrons inductively
(]
N
/7 \
H H
¢. HC=CCOOH because an sp carbon is more electronegative than an sp? carbon
d ~ because an sp? nitrogen is more electronegative than an sp® nitrogen
]
N
I
H
a. between 9 and 10 a. 95
b. between 0 and 1 b. 0.08
¢. between 2 and 3 c. 2.8

105

a. The first pK, is lower than the pK; of acetic acid because the middle COOH group of citric acid has
additional oxygen-containing groups that acetic acid does not have that withdraw electrons inductively

and thereby stabilize the conjugate base.

b. The third pK; is greater than the pK, of acetic acid because loss of the third proton puts a third negative

charge on the molecule. Increasing the number of charges on a species destablizes it.

_ [H*])[HO™]
’ (H0]
Because [H*] = [HO ], bothmustbe 1 X 107" M
(1 x107)(1 X 1077)
k= 55.5
K, = 1.80 X 10716
pK, = —log 1.80 X 10716
pK, = 15.7
The answer can also be obtained in the following way:
_ [H'][HO™]
[H0]
K,[H0] = [H*][HO™]
take the log of both sides
log K, + log[H,0] = log[H*] + log[HO™]
multiply both sides by —1
—log K, — log[H,0] = —log[H*] — log[HO™]
pK, — log[H,0] = pH + pOH
pK, — log[H,0] = 14
pK, = 14 + log[H,0]
pK, = 14 + log 55.5
pK, = 14 + 1.7
pK, = 15.7

K,
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Charged compounds dissolve in water, and uncharged compounds dissolve in ether.
The acidic forms of carboxylic acids and alcohols are neutral, and the basic forms are charged.
The acidic forms of amines are charged, and the basic forms are neutral.

< N<N<Ne

| pKa=4.17 pK, = 4.60 =9.95 K, =10.66 |
ether
water at pH = 2.0
[ water layer | ether layer

568, &858

add ether . add H,O and adjust the pH
adjust the pH of H;O so it is between 7 and 8 | ¢ it is between 7 and 8
| water layer ether layer [ water layer | ether layer
*NH; COO-

SIle

add H,O withpH =12

5

| water layer | ether layer

<l

For a discussion of how to do problems such as Problems 68-70, see Special Topic I (pH, pK;, and Buffers).

[HA]
[A7]

pK;, = pH + log

The above equation, called the Henderson—Hasselbalch equation, shows that:

1. When the pH equals the pK,, the concentration of buffer in the acidic form [HA] equals the concentra-

tion of buffer in the basic form [ A7].

2. When the pH of the solution is less than the pK,, more buffer species are in the acidic form than in the

basic form.

3. When the pH of the solution is greater than the pK,, more buffer species are in the basic form than in

the acidic form.

Because the pH of the blood (~7.3) is greater than the pK, of the buffer (6.1), more buffer species are in

the basic form than in the acidic form. Therefore, the buffer is better at neutralizing excess acid.
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amount in the acidic form
amount in the acidic form + amount in the basic form
[HA]
[HA] + [A7]
Because there are two unknowns, we must define one in terms of the other.

By using the definition of the acid dissociation constant, we can define [ A" ] in terms of [HA], [H*],
and K, so we have only one unknown.

HT][A
x = ]
[HA]
K,[HA]
Al =
Substituting the definition of [ A" ] into the equation for the fraction present in the acidic form gives:
[HA] [HA] __ v _ ]
+(A] K[HA] — K, [H']+
[HA] + [A7] [HA]+a[+] L+ K [H*] + K,
[H'] [H']

Therefore, the percentage that is present in the acidic form is given by:

[H']

—— X1
TUET A

Because the pK, of the acid is given as 5.3, we know that K, is 5.0 X 107° (because pK, = —log K,).
Because the pH of the solution is given as 5.7, we know that [H*] is 2.0 X 1075 (because pH =
—log [H']).

Substituting into the equation for the percentage present in the acidic form gives:

[H'] 2.0 X 107° % 100
[H'] + K, 20X 10°+50x10°
2.0 x 107¢
=———— X 100 = 29%
70x 10 < 1% ’
: : - [H']
b. Fraction present in the acidic form = 0] + K, = 0.80
[H*] = 0.80([H*] + K,)
[H*] = 0.80 [H"] + 0.80 K,
0.20 [H*] = 0.80K,
[H*] = 4K,
[H*] =4 X 5.0 X 107
[H*] =20 X 107
pH = 4.7
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77.  In each problem, we define [H*] = x. Then [ A"] is also x. In part a, because we have a 1.0 M solution,
[HA] = 1.0 — x; in part b, because we have a 0.1 M solution, [HA] = 0.1 — x.

HY][A H*][A
a. K, = w b. K, = w
[HA] [HA]
5 x 1 <
1.74 X 107 = 2.00 X 107" =
1.0 — x 0.1 —x
1.74 X 107 = «2 2.00 X 10712 = 42
x =416 X 107 x =141 X 107°
pH = 2.38 pH = 5.85
c. This question can be answered by plugging the given concentrations into the Henderson—Hasselbalch
equation.
K, =pH + 1 [acid]
P&y, = P og[base]

3.76 = pH + logg;::

3.76 = pH + log 3
3.76 = pH + 0.48
pH = 3.76 — 048 = 3.28
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Chapter 2 Practice Test

Which compound is the stronger acid?

(,Il Cll
a. CH3CIHCH20H or CH3(|3HCH20H c. CH3(|3CH20H or CHz(IZHCHon
Cl F Cl Cl
b. HBr or HI d. CHy or NH;

Which compound is the stronger base?
a. CH;CH,NH, or CH;CH,OH b. F° or I"

Draw a circle around the strongest base and draw a square around the weakest base.

[ _
CH;COO CH;O0- CHsOH CH;NH  CH3NH,

The following compounds are drawn in their acidic forms, and their pX, values are given.
Draw the form in which each compound will predominantly exist at pH = 8.

H +
CH;COOH CH;CH,0H CH;0H CH;CH,NH;
+
pK, =4.8 pK, =15.9 pK, =-2.5 pK, =11.2

a. Write the acid-base reaction that occurs when methylamine is added to water.

Does the above reaction favor reactants or products?

a. What is the conjugate base of NH;3?

b. What is its conjugate acid?

What is the pK, of a compound that at pH = 7.2 has a 10 times greater concentration in its basic form than
in its acidic form?

a. What products are formed from the following reaction?
CH;OH + *NH, —

b. Does the reaction favor reactants or products?

A compound has a K, = 6.3 X 107°. What is its approximate pK, (that is, between what two integers)?
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10. Label the compounds in order of decreasing acidity. (Label the most acidic compound #1.)
CH3CH,OH  CH3CH,NH,  CH3CH,SH — CH3CH,CH;

11. You are planning to carry out a reaction at pH = 4 that releases protons. Would it be better touse a 1.0 M
formic acid/sodium formate buffer or a 1.0 M acetic acid/sodium acetate buffer?
(The pK, of formic acid is 3.75; the pK, of acetic acid is 4.76.)

12. Indicate whether each of the following statements is true or false.
a. HO is a stronger base than "NH,.
b. A Lewis acid is a compound that accepts a share in a pair of electrons.
¢. CH;CH; is more acidic than H,C=CH,.
d. The weaker the acid, the more stable the conjugate base.
e. The larger the pK,, the weaker the acid.
f. The weaker the base, the more stable it is.

e R B e e R
T T T

ANSWERS TO ALL THE PRACTICE TESTS CAN BE FOUND AT THE END OF
THE SOLUTIONS MANUAL.
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SPECIAL TOPIC I

PH, pK,, and Buffers

This is a continuation of the discussion on acids and bases found in Chapter 2 of the text. First, we will see how the
pH of solutions of acids and bases can be calculated. We will look at three different kinds of solutions.

1. A solution made by dissolving a strong acid or a strong base in water.
2. A solution made by dissolving a weak acid or a weak base in water.

3. A solution made by dissolving a weak acid and its conjugate base in water.
Such a solution is known as a buffer solution.

Before we start, we need to review a few terms.

An acid is a compound that loses a proton, and a base is a compound that gains a proton.

The degree to which an acid (HA) dissociates is described by its acid dissociation constant (K, ).

HA HY + A~
K, = [H*][A7]
[HA]

The strength of an acid is indicated by its acid dissociation constant (K, ) or by its pK,.
pKa = _log K,
The stronger the acid, the larger its acid dissociation constant and the smaller its pX,.

For example, an acid with an acid dissociation constant of 1 X 1072 (pK, = 2) is a stronger acid than one
with an acid dissociation constant of 1 X 107 (pK, = 4).

While pK, is used to describe the strength of an acid, pH is used to describe the acidity of a solution. In other
words, pH describes the concentration of hydrogen ions in a solution.

pH = —log [H*]

The smaller the pH, the more acidic the solution:
acidic solutions have pH values <7;

a neutral solution has a pH = 7;

basic solutions have pH values >7.

A solution with a pH = 2 is more acidic than a solution with a pH = 4.
A solution with a pH = 12 is more basic than a solution with a pH = 8.

Determining the pH of a Solution

To determine the pH of a solution, the concentration of hydrogen ion [H*] in the solution must be determined.

111
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Strong Acids

A strong acid dissociates completely in solution. Strong acids have pK, values <1.

Because a strong acid dissociates completely, the concentration of hydrogen ions is the same as the concentration
of the acid: a 1.0 M HCl solution contains 1.0 M [H*]; a 1.5 M HCl solution contains 1.5 M [H].

Therefore, to determine the pH of a strong acid, the [H" ] value does not have to be calculated; it is the same as the

molarity of the strong acid.

Solution

1.0 M HCI
1.0 x 1072 M HCI
6.4 x 10°* M HCI

Strong Bases

[H*] pH
1.0M 0
1.0x102M 2.0

6.4 x 10 M 3.2

Strong bases are compounds such as NaOH or KOH that dissociate completely in water.

Because they dissociate completely, the concentration of hydroxide ion is the same as the concentation of the

strong base.

pOH describes the basicity of a solution. The smaller the pOH, the more basic the solution; just like the smaller the

pH, the more acidic the solution.

pOH = —log [HO™]

[HO™] and [H] are related by the ionization constant for water (K, ).

Solution

1.0 M NaOH

1.0 x 10™* M NaOH
7.8 x 1072 M NaOH

Weak Acids

K, = [H']1[HO"] = 107

pH + pOH = 14
[HO™] pOH pH
1.0M 0 140-0 = 140
1.0x10% M 4.0 14.0-4.0 = 10.0
78x102% M 1.1 140-1.1 = 129

A weak acid does not dissociate completely in solution. Therefore, [H" ] must be calculated to determine the pH.
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Acetic acid (CH;COOH) is an example of a weak acid. It has an acid dissociation constant of 1.74 X 107
(pK, = 4.76). The pH of a 1.00 M solution of acetic acid can be calculated as follows:

CH,COOH == H* + CH,COO"

_ [H*][CH,C007]
27 [CH,COOH]

Each molecule of acetic acid that dissociates forms one proton and one acetate ion. Therefore, the concentration of
protons in solution equals the concentration of acetate ions. Each has a concentration that can be represented by x.
The concentration of acetic acid, therefore, is the concentration we started with minus x.

174 x 107 = D@
) 1.00—x

The denominator (1.00 — x) can be simplified to 1.00 because 1.00 is much greater than x. (When we actually
calculate the value of x, we see that it is 0.004. And 1.00 — 0.004 = 1.00.)

x2
174 x 107° = —
1.00
x =417 x 107
pH = —log4.17 x 1073
pH = 2.38

Formic acid (HCOOH) has a pK, value of 3.75. The pH of a 1.50 M solution of formic acid can be calculated as follows:

HCOOH H" + HCOO™

_ [H'][HCOO™]
? [HCOOH]

A compound with a pK, = 3.75 has an acid dissociation constant of 1.78 X 107,
) _ x*

1.50-x 1.50

x? =1.50(1.78 x 107%)

x? =267 x 107

1.78 x 107*

x = 1.63 x 1072
pH = —log(1.63 x 107%)
pH = 1.79

Weak Bases
When a weak base is dissolved in water, it accepts a proton from water, creating hydroxide ion.

Determining the concentration of hydroxide allows the pOH to be determined, and this, in turn, allows the pH to be
determined.
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The pH of a 1.20 M solution of sodium acetate can be calculated as follows:
CH,COO™ + H,0 =——= CH;COOH + HO™

Ky _ [HO™][CH;COOH]
K, [CH,C007]
100 x 107 ()

174 x 107 120—x

x2

1.20
x> =6.86 x 10710

262 x 107 = [HO™]
pOH = —log2.62 x 107

5.75 x 10710

X

pOH = 4.58
pH = 14.00 - 4.58
pH = 9.42

Notice that by setting up the equation equal to K, /K,, we can avoid the introduction of a new term (KX, ), because
Ku/Ky = Ky

Buffer Solutions

A buffer solution is a solution that maintains nearly constant pH in spite of the addition of small amounts of H* or
HO™. That is because a buffer solution contains both a weak acid and its conjugate base. The weak acid can give a
proton to any HO™ added to the solution, and the conjugate base can accept any proton that is added to the solution,
so the addition of small amounts of HO™ or H* does not significantly change the pH of the solution.

A buffer can maintain nearly constant pH in a range of one pH unit on either side of the pK, of the conjugate acid.
For example, an acetic acid/sodium acetate mixture can be used as a buffer in the pH range 3.76-5.76 because
acetic acid has a pK, = 4.76; methylammonium ion/methylamine can be used as a buffer in the pH range 9.7-11.7
because the methylammonium ion has a pK, = 10.7.

The pH of a buffer solution can be determined from the Henderson—Hasselbalch equation. This equation comes

directly from the expression defining the acid dissociation constant. Its derivation is found on pages 72-73 of
the text.

Henderson-Hasselbalch equation

[HA]

pK, = pH + log
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The pH of an acetic acid/sodium acetate buffer solution (pK, of acetic acid = 4.76) that is 1.00 M in acetic acid
and 0.50 M in sodium acetate is calculated as follows:
[HA]

pK, = pH + log

1.00
476 = pH + log -2
PR T 98050

476 = pH + log?2
476 = pH + 0.30
pH = 4.46

Remember from Section 2.10 that compounds exist primarily in their acidic forms in solutions that are more acidic
than their pK, values and primarily in their basic forms in solutions that are more basic than their pK, values.
Therefore, it could have been predicted that the above solution will have a pH less than the pK, of acetic acid,
because there is more conjugate acid than conjugate base in the solution.

There are three ways a buffer solution can be prepared:

1. Weak Acid and Weak Base
A buffer solution can be prepared by mixing a solution of a weak acid with a solution of its conjugate base.

The pH of a formic acid/sodium formate buffer (pK, of formic acid = 3.75) solution prepared by mixing 25 mL
of 0.10 M formic acid and 15 mL of 0.20 M sodium formate is calculated as follows:

The equation below shows that the number of millimoles (mmol) of each of the buffer components can be
determined by multiplying the number of milliliters (mL) by the molarity (M).

_ moles _ millimoles
liters milliliters

Therefore:

25mL X 0.10M = 2.5 mmol formic acid
15mL x 0.20 M = 3.0 mmol sodium formate

Notice that in the following equation, we use mmol for both [HA] and [ A”] rather than molarity (mmol/mL)
because both the acid and the conjugate base are in the same solution, so they have the same volume. Therefore,
volumes cancel in the equation.

[HA]

pK, = pH + log

2.5
H + log—
P 830

3.75 = pH + 1og0.83
3.75 = pH - 0.08
pH = 3.83

3.75

It could have been predicted that the above solution would have a pH greater than the pK, of formic acid, because
there is more conjugate base than conjugate acid in the solution.
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2. Weak Acid and Strong Base

A buffer solution can be prepared by mixing a solution of a weak acid with a solution of a strong base such as
NaOH. The NaOH reacts completely with the weak acid, thereby creating the conjugate base needed for the buffer
solution.

The pH of a solution prepared by mixing 10 mL of a 2.0 M solution of a weak acid with a pK, of 5.86 with 5.0 mL
of a 1.0 M solution of sodium hydroxide can be calculated as follows:

When the 20 mmol of HA and the 5.0 mmol of HO™ are mixed, the 5.0 mmol of strong base react with 5.0 mmol of
HA, with the result that 5.0 mmol of A is formed and 15 mmol (20 mmol — 5.0 mmol) of HA is left unreacted.

10mL x 20M = 20mmol HA' ————— 15mmol HA
50mL x 1.0M = 5.0 mmol HO™ 5.0mmol A™

[HA]
[A7]
5.86 = pH + log%

pKa = pH + log

5.86 = pH + log3
5.86 = pH + 0.48
pH = 5.38

3. Weak Base and Strong Acid

A buffer solution can be prepared by mixing a solution of a weak base with a strong acid such as HCI. The strong
acid reacts completely with the weak base, thereby forming the conjugate acid needed for the buffer solution.

+
The pH of an ethylammonium ion/ethylamine buffer (pK, of CH;CH,NH; = 11.0) prepared by mixing 30 mL of
0.20 M ethylamine with 40 mL of 0.10 M HCI can be calculated as follows:

30mL x 0.20M = 6.0 mmol RNH, ——— 2.0 mmol RNH,
40mL x 0.10M = 4.0 mmol H*

+
4.0 mmol RNH3

Notice that 4.0 mmol H* reacts with 4.0 mmol RNH,, forming 4.0 mmol RItIH3, and 2.0 mmol of RNH, is left
unreacted.

[HA]
[A7]
40
11.0 = pH + log 29
P £20

pK, = pH + log

11.0 = pH + log 2.0
11.0 = pH + 0.30
pH = 107
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Fraction Present in the Acidic or the Basic Form

A common question asked is what fraction of a buffer will be in a particular form at a given pH—either what
fraction will be in the acidic form or what fraction will be in the basic form.
This is an easy question to answer if you remember the following formulas that are derived at the end of this section:

. . 1 [H"]
fraction present in the acidic form = ————
K, + [H]
K
fraction present in the basic form = ——2—
K, + [H']

What fraction of an acetic acid/sodium acetate buffer (pK, of acetic acid = 4.76; K, = 1.74 X 107°) is present in
the acidic form at pH = 5.20; [H*] = 6.31 X 107%?

[H'] 6.31 x 107
K +[H] (174 x 107%) + (6.31 x 1079)

_ 6.31 x 107

T (174 x 107%) + (631 x 107%)
631x10° 631

237 x 10 237

0.26

What fraction of a formic acid/sodium formate buffer (pK, of formic acid = 3.75; K, = 1.78 X 107*) is present
in the basic form at pH = 3.90; [H*] = 1.26 X 107™*?

K 1.78 x 107*

a
K, + [H'] (178 x 107%) + (1.26 x 107
178 x 10 1.78
3.04 x 107*  3.04
= 0.586
= 0.59

The formulas describing the fraction present in the acidic or basic form are obtained from the definition of the acid
dissociation constant.

« < [HIAT]
* [HA]

To derive the equation for the fraction present in the acidic form, we need to define [ A" ] in terms of [HA], so we
have only one unknown in the equation.

A"l =
A
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fraction present in the acidic form = [HA] = [HA] = 1
[HA] +[A7) [HA] + m 1+ ﬁf:_
[H*] [H™]
_
K + [H*]

To derive the equation for the fraction present in the basic form, we need to define [HA] in terms of [ A"], so we
can get rid of the [HA] term.

_ AT
* [HA]
[H'][A"]
K

a

[HA] =

(A1 _ [A7]
[HA] + [A7] [H'][A7]
K

fraction present in the basic form =
[AT]+
a

1

J——
1+[H]

a

K

— —a

K +[H']

Preparing Buffer Solutions

The type of calculations just shown can be used to determine how to make a buffer solution.

For example, how can 100 mL of a 1.00 M buffer solution with a pH = 4.24 be prepared if you have 1.50 M
solutions of acetic acid (pK, = 4.76; K, = 1.74 X 107%), sodium acetate, HCI, and NaOH?

First, we need to determine what fraction of the buffer is present in each form at pH = 4.24;[H*] = 5.75 X 107>,
We start by calculating the fraction of the buffer present in the acidic form.

[HY] 5.75 x 107
K +[H'] (174 x 107) + (5.75 x 107%)
575 %107
7.49 x 1075
= 0.77

If a 1.00 M buffer solution is desired, the buffer must be 0.77 M in acetic acid and 0.23 M in sodium acetate.
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~ There are three ways to make such a buffer solution:

1. By mixing the appropriate amounts of acetic acid and sodium acetate in water and adding water
to obtain a final volume of 100 mL.
The amount of acetic acid needed: [CH,;COOH] = 0.77M
mmol _ x mmol
mL ~ 100mL
77 mmol

M= =077TM

X
Therefore, we need 77 mmol of acetic acid in the final solution.
To obtain 77 mmol of acetic acid from a 1.50 M solution of acetic acid:

77 mmol
ymL
y = 51.3mL

= 1.50M

Notice that the formula M = mmol/mL is used twice. The first time it is used to determine the
number of mmol of acetic acid that is needed in the final solution. The second time it is used to
determine how that number of mmol can be obtained from an acetic acid solution with a known

concentration.
~ The amount of sodium acetate needed: [CH,COO™] = 0.23M
X mmol = 023
100 mL
x = 23 mmol
To obtain 23 mmol of sodium acetate from a 1.50 M solution of sodium acetate:
23mmol _ 1.50 M
ymL
y =153mL
The desired buffer solution can be prepared using: 51.3 mL 1.50 M acetic acid
15.3 mL 1.50 M sodium acetate
33.4 mL H,0
100.0 mL
V)
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2. By mixing the appropriate amounts of acetic acid and sodium hydroxide and adding water to
obtain a final volume of 100 mL.

Sodium hydroxide is used to convert some of the acetic acid into sodium acetate. This means that acetic

acid will be the source of both acetic acid and sodium acetate.

The concentrations needed: [CH;COOH] = 1.00 M
[NaOH] = 0.23 M

The amount of acetic acid needed: [CH;COOH] = 1.00M

x mmol

1060 mL
x =100 mmol

=1.00 M

To obtain 100 mmol of acetic acid from a 1.50 M solution of acetic acid:

100 mmol
ymL
y=66.7mL

=150M

The amount of sodium hydroxide needed: [NaOH] = 0.23 M

X mmol —0.23M
100 mL
X =23 mmol

To obtain 23 mmol of sodium hydroxide from a 1.50 M solution of NaOH:

23 mmol
ymL
y

= 1.50M

15.3mL

The desired buffer solution can be prepared using: 66.7 mL 1.50 M acetic acid
15.3 mL 1.50 M NaOH
18.0 mL H,0O
1000mL

3. By mixing the appropriate amounts of sodium acetate and hydrochloric acid and adding water to

obtain a final volume of 100 mL.
Hydrochloric acid is used to convert some of the sodium acetate into acetic acid.
This means that sodium acetate will be the source of both acetic acid and sodium acetate.

The concentrations needed: [CH3;COONa] = 1.00 M
[HCI] = 0.77M
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The amount of sodium acetate needed: [CH;COONa] = 1.00M

X mmol

100 mL
x =100 mmol

=1.00 M

To obtain 100 mmol of sodium acetate from a 1.50 M solution of sodium acetate:

100 mmol

=150M
ymL
y=66.7mL
The amount of hydrochloric acid needed:
[HCI] = 0.77 M
x mmol - 07TM
100 mL

x = 77 mmol

To obtain 77 mmol of hydrochloric acid from a 1.50 M solution of HCI:

77mmol _ 1.50 M
ymL
y = 51.3mL

100 mL of a 1.00 M acetic acid/acetate buffer cannot be made from these reagents, because the volumes
needed (66.7 mL + 51.3 mL) add up to more than 100 mL. To make this buffer using sodium acetate
and hydrochloric acid, you need to use a more concentrated solution (>1.50 M) of sodium acetate
and/or a more concentrated solution (>1.50 M) of HCL.
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Problems on pH, pK,, and Buffers

Calculate the pH of each of the following solutions:

a. 1 x10°MHCI

b. 0.60 M HCl

c. 1.40 X 1072M HCl

d. 1 X 10°MKOH

e. 3.70 X 10™*M NaOH

f. a1.20 M solution of an acid with a pK, = 4.23

g. 1.60 X 1072 M sodium acetate (pK, of acetic acid = 4.76)
Calculate the pH of each of the following buffer solutions:

a. A buffer prepared by mixing 20 mL of 0.10 M formic acid and 15 mL of 0.50 M sodium formate
(pK, of formic acid = 3.75).

b. A buffer prepared by mixing 10 mL of 0.50 M aniline and 15 mL of 0.10 M HCl
(pK, of the anilinium ion = 4.60).

¢. A buffer prepared by mixing 15 mL of 1.00 M acetic acid and 10 mL of 0.50 M NaOH
(pK, of acetic acid = 4.76).

What fraction of a carboxylic acid with a pK, = 5.23 will be ionized at pH = 4.98?

What will be the concentration of formic acid and sodium formate in a 1.00 M buffer solution with a

pH = 3.12 (pK, of formic acid = 3.75)?

You have found a bottle labeled 1.00 M RCOOH. You want to identify the carboxylic acid, so you decide to
determine its pK, value. How can you do this?

a. How can you prepare 100 mL of a buffer solution that is 0.30 M in acetic acid and 0.20 M in sodium
acetate using a 1.00 M acetic acid solution and a 2.00 M sodium acetate solution?

b. The pK, of acetic acid is 4.76. Will the pH of the above solution be greater or less than 4.76?

You have 100 mL of a 1.50 M acetic acid/sodium acetate buffer solution that has a pH = 4.90. How can
you change the pH of the solution to 4.507

You have 100 mL of a 1.00 M solution of an acid with a pK, = 5.62 to which you add 10 mL of 1.00 M
sodium hydroxide. What fraction of the acid will be in the acidic form? How much more sodium hydroxide
will you need to add so that 40% of the acid is in its acidic form (that is, with its proton)?
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Describe three ways to prepare a 1.00 M acetic acid/sodium acetate buffer solution with a pH = 4.00.

You have available to you 1.50 M solutions of acetic acid, sodium acetate, sodium hydroxide, and
hydrochloric acid. How can you make 50 mL of each of the buffers described in the preceding problem?

How can you make a 1.0 M buffer solution with a pH = 3.307

You are planning to carry out a reaction that produces protons. In order for the reaction to take place at
constant pH, it will be carried in a solution buffered at pH = 4.2. Would it be better to use a formic acid/
formate buffer or an acetic acid/acetate buffer?
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Solutions to Problems on pH, pK,, and Buffers

1. a. pH= —log (1l X 1073)
pH=3

b. pH = —log0.60
pH = 0.22

c. pH = —log (1.40 X 1072)
pH = 1.85

d. pOH = —log (1 X 107%)
pOH =3
pH=14 -3 =11

e. pOH = —log (3.70 X 107%)
pOH = 3.43
pH = 10.57

f. pK, =423, K,=589 X107

g - HIAT]
2 [HA]
2
580 x 1075 = X_
1.20
2 =707 x 107
x =841 x 1073
pH = 2.08
g Ky _ [HOTI[HA] (K, = 10°*7 = 1.74 x 10%)
K [A7]
1.0 x 10714 x?

174 x 107 1.60 x 1072
2

575x10710 = —~
1.60 x 10
x? =920 x 10712
x =3.03%x107°
pOH = 5.52

pH = 14.00-5.52 = 8.48
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a. formic acid: 20 mL X 0.10 M = 2.0 mmol
sodium formate: 15 mL X 0.50 M = 7.5 mmol

[HA]

[A7]

PK, = pH + log

2.0
375 = pH + log 22
P 875

3.75 = pH + log0.27
3.75 = pH + (-0.57)
pH = 4.32

b. aniline: I0mL X 0.50M = 50mmol —— 3.5 mmol aniline (RNH,)
HCl: 15mL X 0.10M = 1.5mmol —— 1.5 mmol anilinium hydrochloride (RNH3)

[HA]
PK, = = pH + log——
[A7]

1.5

4.60 = pH + log—

P g 3.5

4.60 = pH + log0.43
4.60 = pH + (-0.37)
pH = 4.97

¢. aceticacid: 15mL X 1.00M = 15mmol —— 10 mmol acetic acid
NaOH: 10mL X 0.50M = 50mmol —— 5.0 mmol sodium acetate

[HA]

[A7]

pK, = pH + log

10
476 = pH + log -2
P 850

476 = pH + log2
476 = pH + 0.30
pH = 4.46

125

The ionized form is the basic form. Therefore, we need to use the equation that allows us to calculate the

fraction present in the basic form.

a

K N 5.89 x 107° _ 589x10°°

fraction of buffer in the basic form =

= 0.36
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K —4
fraction of buffer in the basic form = a = 1'_38 x 10
K +[H] (178 x 107*) + (759 x 107*)
_ 178 x 107
937 x 1074
= 0.19

[sodium formate] = 0.19 M
[formic acid] = 0.81M

From the Henderson-Hasselbalch equation, we see that the pH of the solution will be the same as the pK; of
the compound when the concentration of the compound in the acidic form is the same as the concentration
of the compound in the basic form.

pK = pH + log M
! [A7]
when [HA] = [A7],
pK, = pH
Therefore, in order to have a solution in which the pH will be the same as the pKj, the number of mmol of
acid must equal the number of mmol of conjugate base.

Preparing a solution of x mmol of RCOOH and 1/2xmmol NaOH gives a solution in which
[RCOOH] = [RCOO7].

For example: 20 mL of 1.00 M RCOOH = 20 mmol
10 mL of 1.00 M NaOH = 10 mmol

This gives a solution that contains 10 mmol RCOOH and 10 mmol RCOO™.
The pH of this solution is the pK, of RCOOH.

a. X mmol x mmol

=030M =020M
100 mL 100 mL
x = 30 mmolof aceticacid x = 20 mmol of sodium acetate
30 mmol _ 1.00 M 20 mmol _ 200 M
ymL ymL
y = 30mL of 1.00 M acetic acid y = 10 mL of 2.00 M acetic acid

The buffer solution can be prepared by mixing: 30 mL of 1.00 M acetic acid
10 mL of 2.00 M sodium acetate
60 mL of water

100 mL

b. Because the concentration of buffer in the acidic form (0.30 M) is greater than the concentration of

buffer in the basic form (0.20 M), the pH of the solution will be less than 4.76.
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7. Original solution
K 174 x 107

a

K, + [H*] T (174 x 1075) + (1.26 x 107)

fraction of buffer in the basic form =

174 x 107
" 300 107
= 0.58

0.58 x 1.50 M =0.87 M

[A”] = 0.87M

[HA] = 0.63M

Desired solution
K, 1.74 x 107

fraction of buffer in the basic form =

K, + [H'] T (174 x 1075) + (3.16 x 1075)

174 x 107
" 290 % 107
= 0.35
0.35 x 1.50 M =0.53 M
[A”] = 0.53M
[HA] = 097 M

The original solution contains 87 mmol of A~ (100 mL X 0.87 M).
The desired solution with a pH = 4.50 must contain 53 mmol of A"
Therefore, 34 mmol of A” (87 — 53 = 34) must be converted to HA.
This can be done by adding 34 mmol of HCI to the original solution.

If you have a 1.00 M HCl solution, you will need to add 34 mL of it to the original solution in order to change
its pH from 4.90 to 4.50.

34 mmol
X

=1.00 M
x =34 mL

Note that after adding HClI to the original solution, it will no longer be a 1.50 M buffer; it will be more dilute
(150 mmol /134 mL = 1.12M).

The change in the concentration of the buffer solution will be less if a more concentrated solution of HCl is
used to change the pH. For example, if you have a 2.00 M HCI solution:

34 mmol
x

=2.00M

x = 17mL
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You will need to add 17 mL to the original solution, and the concentration of the buffer will be
1.28 M (150 mmol /117 mL = 1.28 M).

8. acid: 100mL X 1.00M = 100mmolHA —— 90 mmol HA
NaOH: 10mL X 1.00M = 10mmol HOO —— 10 mmol A~
Therefore, 90% is in the acidic form.

For 40% to be in the acidic form, you need:

40 mmol HA
60 mmol A~

You need to have 60 mmol rather than 10 mmol in the basic form. To get the additional 50 mmol in the basic
form, you need to add 50 mL of 1.0 M NaOH.

9. fractionofbuffer K, = 1.74 x 107 _ 1.74 x 107
inthe basic form 4 [H*] (174 x 107%) + (1.00 x 107) (174 x 107) + (10.00 x 107)

174 x 107
11.74 x 107
= 0.15
[A"]=015M
[HA] = 0.85M
a. [aceticacid] = 0.85M b. [aceticacid] = 1.00 M ¢. [sodium acetate] = 1.00 M
[sodium acetate] = 0.15 M [NaOH] = 0.15M [HC1] = 0.85 M
10. a Z0_gesm
50mL
x = 42.5 mmol of acetic acid
42.5mmol _ 1.50 M
ymL

y = 28.3mL of 1.50 M acetic acid

x mmol = 0.15M
50 mL
x = 7.5 mmol of sodium acetate
Tommol _ som
ymL
y = 5.0mL of 1.50 M sodium acetate

28.3 mL of 1.50 M acetic acid

5.0 mL of 1.50 M sodium acetate
16.7 mL of H,O
50.0 mL
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x mmol

= 1.00M
50 mL
X = 50 mmol of acetic acid
S0mmol _ 1.50 M
ymL
y = 33.3mL of 1.50M aceticacid
X mmol
= 0.15M
50 mL
X = 7.5 mmol of NaOH
7.5 mmol - 150M
ymL
y = 5.0mL of 1.50 M NaOH
33.3 mL of 1.50 M acetic acid
5.0 mL of 1.50 M NaOH
11.7 mL of H,O
50.0mL
Xx mmol
= 1.00M
50 mL
x = 50 mmol of sodium acetate
0mmol _ o0\,
ymL
Yy = 33.3mL of 1.50 M sodium acetate
X mmol
= 085M
50 mL
Xx = 42.5 mmol of HCl
42.5 mmol
— =15M
ymL
y = 28.3mL of 1.5 M HCl

We cannot make the required buffer with these solutions, because 33.3 mL + 28.3 mL > 50 mL.
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11.

12,

Special Topic I

Because formic acid has a pK, = 3.75, a formic acid/formate buffer can be a buffer at pH = 3.30, because
this pH is within one pH unit of the pK, value.

. . . K, 1.78 x 107*
fraction of buffer in the basic form = = < -
K + [H'] (178 x 10™%) + (5.01 x 107%)
178 x 107
6.79 x 1074
= 0.26

The solution must have [ formic acid] = 0.74 M and [ sodium formate] = 0.26 M.

The reaction to be carried out produces protons that will react with the basic form of the buffer in order to
keep the pH constant. :

Therefore, the better buffer is the one that has the larger percentage of the buffer in the basic form.

The pK, of formic acid is 3.74. Because the pH of the solution (4.2) is greater than the pK, of the compound,
formic acid will be primarily in its basic form.

The pK, of acetic acid is 4.76. Because the pH of the solution (4.2) is less than the pK, of the compound,
acetic acid will be primarily in its acidic form.

Therefore, the formate buffer is preferred, because it has a greater percentage of the buffer in the basic form.
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CHAPTER 3

An Introduction to Organic Compounds L
Nomenclature, Physical Properties, and Structure

Important Terms

alcohol

alkane

alkyl halide
alkyl substituent

amine

angle strain

anti conformer

axial bond
boat conformer
boiling point

chair conformer

cis fused

cis isomer
(for a cyclic compound)

cis-trans stereoisomers
common name
conformation
conformers

constitutional isomers
(structural isomers)

a compound with an OH group in place of one of the hydrogens of an alkane (ROH).
a hydrocarbon that contains only single bonds.

a compound with a halogen in place of one of the hydrogens of an alkane.

a substituent formed by removing a hydrogen from an alkane.

a compound in which one or more of the hydrogens of NH; are replaced by an
alkyl substituent (RNH,, R,NH, R;N).

the strain introduced into a molecule as a result of its bond angles being distorted
from their ideal values.

the staggered conformer in which the largest substituents bonded to the two
carbons are opposite each other. It is the most stable of the staggered conformers.

a bond of the chair conformer of cyclohexane that points directly up or directly down.
a conformer of cyclohexane that roughly resembles a boat.
the temperature at which the vapor pressure of a liquid equals the atmospheric pressure.

a conformer of cyclohexane that roughly resembles a chair. It is the most stable
conformer of cyclohexane.

two rings fused together in such a way that if the second ring were considered to
be two substituents of the first ring, the two substituents would be on the same side
of the first ring.

the isomer with two substituents on the same side of the ring.

see the definition of “cis isomer” and “trans isomer.”
nonsystematic nomenclature.

the three-dimensional shape of a molecule at a given instant.
different conformations of a molecule.

molecules that have the same molecular formula but differ in the way the
atoms are connected.

131
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cycloalkane

1,3-diaxial interaction

dipole-dipole interaction

eclipsed conformer

equatorial bond

ether

flagpole hydrogens

functional group

gauche conformer

gauche interaction
geometric isomers
half-chair conformer
homologue

homologous series

hydrocarbon

hydrogen bond

hyperconjugation

induced-dipole-induced-
dipole interaction

an alkane with its carbon chain arranged in a closed ring.

the interaction between an axial substituent and one of the other two axial substitu-
ents on the same side of a cyclohexane ring.

an interaction between the dipole of one molecule and the dipole of another.

a conformer in which the bonds on adjacent carbons are parallel to each other
when viewed looking down the carbon—carbon bond.

a bond of the chair conformer of cyclohexane that juts out from the ring but does
not point directly up or directly down.

a compound in which an oxygen is bonded to two alkyl substituents (ROR).

the two hydrogens in the boat conformer of cyclohéxane that are at the 1- and
4-positions of the ring.

the center of reactivity of a molecule.
a staggered conformer in which the largest substituents bonded to the two

carbons are gauche to each other; that is, their bonds have a dihedral angle of
approximately 60°.

X 60°

The substituents are gauche to each other.

the interaction between two atoms or groups that are gauche to each other.
cis—trans isomers.

the least stable conformer of cyclohexane.

a member of a homologous series.

a family of compounds in which each member differs from the next by one methy-
lene group.

a compound that contains only carbon and hydrogen.

an unusually strong dipole—dipole interaction between a hydrogen bonded to O, N,
or F and the lone pair of a different O, N, or F.

delocalization of electrons by the overlap of a ¢ orbital with an empty orbital.

an interaction between a temporary dipole in one molecule and the dipole
that the temporary dipole induces in another molecule.
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TUPAC nomenclature

London dispersion forces
melting point
methylene group

Newman projection

packing

parent hydrocarbon

perspective formula

polarizability

primary alcohol

primary alkyl halide
primary amine

primary carbon

primary hydrogen
quaternary ammonium salt
ring flip (chair-chair
interconversion)

sawhorse projection

secondary alcohol
secondary alkyl halide
secondary amine
secondary carbon

secondary hydrogen

Chapter 3 133

systematic nomenclature developed by the International Union of Pure and
Applied Chemistry.

induced-dipole-induced-dipole interactions.
the temperature at which a solid becomes a liquid.
a CH, group.

a way to represent the three-dimensional spatial relationships of atoms by looking
down the length of a particular carbon—carbon bond.

a property that determines how well individual molecules fit into a crystal lattice.

the longest continuous carbon chain in a molecule; if the molecule has a functional
group, it is the longest continuous carbon chain that contains the functional group.

a way to represent the three-dimensional spatial relationships of atoms using two
adjacent solid lines, one solid wedge, and one hatched wedge.

the ease with which an electron cloud of an atom can be distorted.

an alcohol in which the OH group is bonded to a primary carbon.

an alkyl halide in which the halogen is bonded to a primary carbon.

an amine with one alkyl group bonded to the nitrogen.

a carbon bonded to only one other carbon.

a hydrogen bonded to a primary carbon.

a compound with four alkyl groups bonded to a nitrogen, plus an accompanying anion.
the conversion of a chair conformer of cyclohexane into the other chair
conformer; bonds that are axial in one chair conformer are equatorial in the other

chair conformer.

a way to represent the three-dimensional spatial relationships of atoms by looking
at the carbon—carbon bond from an oblique angle.

an alcohol in which the OH group is bonded to a secondary carbon.
an alkyl halide in which the halogen is bonded to a secondary carbon.
an amine with two alkyl groups bonded to the nitrogen.

a carbon bonded to two other carbons.

a hydrogen bonded to a secondary carbon.
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solubility
solvation

staggered conformer

steric hindrance

steric strain

straight-chain alkane

structural isomers
(constitutional isomers)

symmetrical ether
systematic nomenclature
tertiary alcohol

tertiary alkyl halide
tertiary amine

tertiary carbon

tertiary hydrogen

trans-fused

trans isomer
(for a cyclic compound)

twist-boat conformer

unsymmetrical ether

the extent to which a compound dissolves in a solvent.
the interaction between a solvent and another molecule (or ion).

a conformer in which the bonds on one carbon bisect the bond angles on the adja-
cent carbon when viewed looking down the carbon-carbon bond.

hindrance due to groups occupying a volume of space.

the repulsion between the electron cloud of an atom or group of atoms and the
electron cloud of another atom or group of atoms.

an alkane in which the carbons form a continuous chain with no branches.

molecules that have the same molecular formula but differ in the way the atoms
are connected.

an ether with two identical alkyl substituents bonded to the oxygen.

a system of nomenclature based on rules.

an alcohol in which the OH group is bonded to a tertiary carbon.

an alkyl halide in which the halogen is bonded to a tertiary carbon.

an amine with three alkyl groups bonded to the nitrogen.

a carbon bonded to three other carbons.

a hydrogen bonded to a tertiary carbon.

two rings fused together in such a way that if the second ring were considered to
be two substituents of the first ring, the two substituents would be on opposite

sides of the first ring.

the isomer with two substituents on opposite sides of the ring.

one of the conformers of a cyclohexane ring.

an ether with two different alkyl substituents bonded to the oxygen.
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~~ Solutions to Problems

1. a. C,H,,., If there are 17 carbons, then there are 36 hydrogens.
b. C,H,,, If there are 74 hydrogens, then there are 36 carbons.

2.  CH;CH,CH,CH,CH,CH,CH,CH, CH3(|3HCH2CH2CH2CH2CH3

octane CH; isooctane
3. a. propyl alcohol b. butyl methyl ether ¢. propylamine
CH;
4, a. CH3?HCH2CH3 b. CH3(I:CH3
CH, CH;
2-methylbutane 2,2-dimethylpropane
S. Notice that each carbon forms four bonds and each hydrogen and bromine forms one bond.
CH;
CH3CH,CH,CH,Br CH3;CHCH,CH; CH3(|3HCH2Br CH3(FCH3
l
7~ Br CHj; Br
n-butyl bromide sec-butyl bromide isobutyl bromide tert-butyl bromide
or
butyl bromide
6. “Dibromomethane does not have constitutional isomers” proves that carbon is tetrahedral.

If carbon were flat, rather than tetrahedral, dibromomethane would have constitutional isomers because
the two structures shown below would be different since the bromines would be 90° apart in one
compound and 180° apart in the other compound. Only because carbon is tetrahedral are the two structures

identical.
H Br
H—(I',‘—Br H—é-—H
l|3r l|3r
CH;
7. a. CH3;CHOH €. CH3CH,CHI e. CH3(|3NH2
(|3H3 (I:H3 C|H3
CH;
-— b. CH3;CHCH,CH,F d. CH3(I:OH f. CH;CH,CH,CH,CH,CH,CH,CH,Br
(|:1-13 (ISHZCH3
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10.

11.

Chapter 3

a. ethyl methyl ether ¢. sec-butylamine e. isobutyl bromide

b. methyl propyl ether d. butyl alcohol or n-butyl alcohol f. sec-butyl chloride

a. 2,2,4-trimethylhexane f. S5-ethyl-4,4-dimethyloctane

b. 2,2-dimethylbutane g. 3,3-diethylhexane

¢. 3-methyl-4-propylheptane h. 4-(1-methylethyl)octane or 4-isopropyloctane
d. 2,2,5-trimethylhexane i. 2,5-dimethylheptane

e. 3,3-diethyl-4-methyl-5-propyloctane

Solved in the text.

A substituent can be drawn pointing up from the chain or pointing down from the chain.

CH; CH; (|3H3 (IZH3
|
a. CHs (|JCH2—(|JHCH2CH2CH2CH3 d. CH,CHCH,C —CHCH,CH;
" oo
b. CH3;CHCHCH,;CH,CH; €. CH3CHCH2(I3HCHCH2CH2CH3
I
CH;, (|3H2
CH;3;CHCH3
(|2H2CH3
¢. CH3;CH,CH,CCH,CH,;CH,CH,CH,CH;3 f. CH3CH2CH2(|3HCH2CH2CH2CH3

CH,CHs CH3(|3CH3

Copyright © 2017 Pearson Education, Inc.
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#1

#2

#3

#4

#5

#6

CH;CH,CH,CH,CH,CH,CH,CH3
octane

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

CH,
2-methylheptane

CH;CH,CHCH,CH,CH,CH;
I

CH;
3-methylheptane

CH;3CH,CH,CHCH,CH,CHj
|
CH;
4-methylheptane
T
CH3CCH,CH,CH,CH,
I
CH;
2,2-dimethylhexane
e
CH;CH,CCH,CH,CHjs
l
CH;
3,3-dimethylhexane
CH3(IIH — ?HCHZCHZCH3

CH; CHj
2,3-dimethylhexane
C|H3 CH,

I
CH3;CHCH,CHCH,CH;

2,4-dimethylhexane

CHj; CH;

I |
CH3;CHCH,CH,CHCHj;
2,5-dimethylhexane

#10

#11

#12

#13

#14

#15

#16

#17

#18

Chapter 3

CH; CH;
CH;CH,CH— CHCH,CHj3
3,4-dimethylhexane

e
CH;C— CHCH,CHj3

I

CHj3
2,2,3-trimethylpentane

CH; CHj;
CH3(|3CH2CHCH3

CH,
2,2,4-trimethylpentane

e
CH;CH— (IZCHZCH3

CH;
2,3,3-trimethylpentane

CH; CH;
CH3CH—(|3H—CHCH3

CH,
2,3,4-trimethylpentane

o
CH;C— CCH;

CH; CHs
2,2,3,3-tetramethylbutane
CH;CH,CHCH,CH,CH;

CH,CH,
3-ethylhexane

e
CH;CH,CHCHCH,

CH,CH;

3-ethyl-2-methylpentane

_ ?H;

CH;3CH,CCH,CH;
CH,CH;

3-ethyl-3-methylpentane
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13.

14.

15.

16.

17.

Chapter 3
b. The systematic name is under each structure.
c. Only #1 (octane or n-octane) and #2 (isooctane) have common names.
d. #2,#7,#8, #9, #12, #13, #14, #17
e. #3,#8,#10,#11
f. #5,#11, #12, #15
a. isopropyl and (1-methylethyl) ¢. sec-butyl and (1-methylpropyl)
b. tert-butyl and (1,1-dimethylethyl) d. isobutyl and (2-methylpropyl)
o 0 0
a. CH3CH2CH2CH2CH3 b. CH3$CH3 ¢. CH3;CHCH,CHj; d. CH;CHCH,CHj;
CH;

pentane 2,2-dimethylpropane 2-methylbutane 2-methylbutane
a. l-ethyl-2-methylcyclopentane f. l-ethyl-3-isobutylcyclohexane or
b. ethylcyclobutane 1-ethyl-3-(2-methylpropyl)cyclohexane
¢. 4-ethyl-1,2-dimethylcyclohexane g S-isopropylnonane 5-(1-methylethyl)nonane
d. 3,6-dimethyldecane , h. 1-sec-butyl-4-isopropylcyclohexane or
e. 2-cyclopropylhexane 1-(2-methylethyl)-4-(2-methylpropyl)cyclohexane

i. 2,2,6-trimethylheptane
(
1
0 (. N2
\
1/ \ |
00—~ .f
HO 0) 0 1) OH
a. N ol d N7
b. NN e. SNTNS
H

Br
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19.

20.

21.

Chapter 3 139

a.w
b >

CH, ?HZCH3 (|3H3
a. CH;CHCHCHCH,CH,CH, b. CH3$CH2CH2(|3HCH3
CH,CH;, CH, CH,

a. sec-butyl chloride ¢. isohexyl chloride
2-chlorobutane 1-chloro-4-methylpentane
secondary primary

b. cyclohexyl bromide d. isopropyl fluoride
bromocyclohexane 2-fluoropropane
secondary secondary

sustituent is “chloromethyl,”
because a Cl is in place of one of
the Hs of a methyl substituent.

a. : CH,CI  Note that the name of a CH,Cl b. C1I_ CH;

chloromethylcyclohexane 1-chloro-1-methylcyclohexane
C. CH; CH; CH;
Cl
Cl
Cl

1-chloro-2-methylcyclohexane 1-chloro-3-methylcyclohexane 1-chloro-4-methylcyclohexane
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22.

23.

25.

26.

Chapter 3
a. 1. methoxyethane 4, 1-isopropoxy-3-methylbutane a
2. ethoxyethane 5. 1-propoxybutane
3. 4-methoxyoctane 6. 2-isopropoxyhexane
b. No.
¢. 1. ethyl methyl ether 4. isopentyl isopropyl ether
2. diethyl ether 5. butyl propyl ether
3. nocommon name 6. no common name
a. l-pentanol ¢. 5-methyl-3-hexanol
primary secondary
b. 5-chloro-2-methyl-2-pentanol d. 7-methyl-3,5-octanediol (Notice that because there
tertiary are two OH groups, the suffix is “diol.”)
both alcohol groups are secondary
CH;0H CH;CH,CH,CH,0H
common = methyl alcohol common = butyl alcohol or n-butyl alcohol
systematic = methanol systematic = 1-butanol
CH;CH,OH CH;CH,CH,CH,CH,OH
common = ethyl alcohol common = penty! alcohol or n-pentyl alcohol
systematic = ethanol systematic = 1-pentanol e
CH;CH,CH,0H CH;CH,CH,CH,CH,CH,OH
common = propyl alcohol or n-propyl alcohol common = hexyl alcohol or n-hexyl alcohol
systematic = 1-propanol systematic = 1-hexanol
C|H3 $H3 <|3H3
CH3(|:CH2CH2CH3 CH3CH2(|:CH2CH3 CH3? - ?HCH:,-
OH OH OH CH;
/><O‘H\
2-methyl-2-pentanol 3-methyl-3-pentanol  2,3-dimethyl-2-butanol
a. 4-chloro-3-ethylcyclohexanol ¢. 1-bromo-5,5-dimethyl-3-heptanol
secondary secondary
b. 7,8-dimethyl-3-nonanol d. 4-methylcyclohexanol
secondary secondary
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27.

28.

29.

30.

31.

a.

C.

e op

d

1-hexanamine
hexylamine
primary

N-isobutyl-4-methyl-1-pentanamine or

4-methyl-N-(1-methylpropyl)- 1-pentanamine

sec-butylisohexylamine
secondary

N-ethyl-N-methylethanamine
diethylmethylamine
tertiary

tertiary alkyl halide

CH;CH,CH,NHCH,CHCH,
I
CH;

H
/\\/N\)\

CH3CH,NHCH,CH,
/\N/\
H

CH3CHCH,CH,CH,CH,NH,
l
CHj

P

2

6-methyl-1-heptanamine
isooctylamine
primary

cyclohexanamine
cyclohexylamine
primary

The bond angle is predicted to be similar
The bond angle is predicted to be similar
The bond angle is predicted to be similar
The bond angle is predicted to be similar ¢

Copyright © 2017

b. primary amipne

e‘

C.

e.

Chapter 3

N-propyl-1-butanamine
butylpropylamine
secondary

N,N-diethyl-1-propanamine
diethylpropylamine
tertiary

N-ethyl-3-methylcyclopentanamine
Nno common name
secondary

secondary alcohol d.

CH3CH2CH2III CH,CH,CH3

CH,

|
NN

CH;CH,CHCH,CHj
I

CHY{ \CH3

e

/N\

CH;

: NCH,CH3;

|
4-methyl-N-propyl-1-pentanamine

isohexylpropylamine
secondary

2,5-dimethylcyclohexanamine
no common name
primary

the bond angle in water (104.5°).

the bond angle in ammonia (107.3°).

o the bond angle in water (104.5°).

o the bond angle in the ammonium ion (109.5°).

Pearson Education, Inc.
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32.

33.

34.

35.

36.

Chapter 3
To be a liquid at room temperature, the compound must have a boiling point that is greater than room
temperature.
pentane or 2-methylbutane
a. 1,4,and 5
b. 1,2,4,5,and 6

a.

Each water molecule has two hydrogens that can form hydrogen bonds, whereas each alcohol mole-
cule has only one hydrogen that can form a hydrogen bond. Therefore, there are more hydrogen bonds
between water molecules than between alcohol molecules.

:('?—H----:('lj—H =f'5—CH3
H H H
(i)_H i?_CHg}
H H

Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can
accept hydrogen bonds.

Ammonia has three hydrogens that can form hydrogen bonds but only one lone pair that can accept
hydrogen bonds.

Therefore, only one hydrogen of an ammonia molecule can engage in hydrogen bonding, so it will
have a lower boiling point than water.

Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can
accept hydrogen bonds.

HF has three lone pairs that can accept hydrogen bonds but only one hydrogen that can form a
hydrogen bond.

Therefore, only one lone pair of a HF molecule can engage in hydrogen bonding, so it will have a
lower boiling point than water.

HF and ammonia can each form only one hydrogen bond, but HF has a higher boiling point because
the hydrogen bond formed by HF is stronger since fluorine is more electronegative than nitrogen.

OH OH OH NH,
HO\)\/OH > \)\/OH > W > \/k/ >
NN 7 \)\/

a.

/\/\/\Br > /\/\/Br > /\/\Br
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38.

39.

40.

Chapter 3 143

Because cyclohexane is a nonpolar compound, it will have the lowest solubility in the most polar solvent,
which, of the solvents given, is ethanol.

CH;CH,CH,CH,CH,0H  CH;CH,0CH,CH; CH;CH,0H CH3CH,CH,CH,CH,CH,

1-pentanol diethyl ether ethanol hexane
OH OH OH
a. /Y\[( > /\/\[r > NN > NN
OH O o)

b. HOCH,CH,CH,OH > CH,CH,CH,CH,0OH > CH,CH,CH,CH,CI

Hexethal would be expected to be the more effective sedative because it is less polar than barbital since
hexethal has a hexyl group in place of the ethyl group of barbital. Being less polar, hexethal will be better
able to penetrate the nonpolar membrane of the cell.

Start with the least stable conformer and then obtain the others by keeping the front carbon constant and
rotating the back carbon clockwise.

CH,CH, CHj HCH;
; H CH,CH;

H CH,CH
H H H H H H 232
H H H

A C
B
CH, . CH,

H H HYHs CH;CH, H
H H H H H
CH,CH CH;CH, H
D E F

Potential
Energy

D

1 L]
0 60 120 180 240 300 360
Degrees of Rotation
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41. a. The Newman projection shows rotation about the C-2—C-3 bond.
OH

N3 " 3-ethyl-2-pentanol

b. The Newman projection shows rotation about the C-2—C-3 bond.
NH,
>2</\ 2-methyl-2-pentanamine
3

42, To draw the most stable conformer: put the largest group on the front carbon opposite the largest group on
the back carbon.

a. CH; b. CH,CH3 C. CH,CH;
H CHj, H H H H
H H H CH, CHj CH,
CH,CH; CH,CH3 CH,CH;
° 360°
43. a. 180° — 360 b. 180° — 9
180° — 45° = 135° 180° — 40° = 140°

4. You can get the total strain energy of cycloheptane by subtracting the strainless heat of formation from the
actual heat of formation:

The “strainless” heat of formation of cycloheptane is 7 (—4.92) = —34.4 kcal /mol.
The actual heat of formation of cycloheptane is —28.2 kcal/mol (from Table 3.8 on page 124 of the text).

Therefore, the total strain energy of cycloheptane is —28.2 — (—34.4) = 6.2 kcal /mol.

. a. Cl Cl b. Cl
a cl Cl
Cl Cl
G Cl
Cl Cl

[equatorial conformer] 5.4

45

46. = ===
Kea [axial conformer ] 1
' [ equatorial conformer
% of equatorial conformer = - - X 100
[equatorial conformer] + [axial conformer ]
5.4

54
= X = — X =
54+ 1 100 64 100 = 84%
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Two 1,3-diaxial (gauche) interactions cause the chair conformer of fluorocyclohexane to be 0.25 kcal/mol
less stable when the fluoro substituent is in the axial position than when it is in the equatorial position.

The gauche conformer of 1-fluoropropane has one gauche interaction (see Figure 3.15 on page 128 of the
text). Therefore, the gauche conformer is (0.25/2) = 0.13 kcal/mol less stable than the anti conformer
that has no gauche interactions.

If both substituents point downward or both point upward, it is a cis isomer.
If one substituent points upward and the other downward, it is a trans isomer.

a. cis b. cis c. cis d. trans €. trans f. trans

Both trans-1,4-dimethylcyclohexane and cis-1-tert-butyl-3-methylcyclohexane have a conformer with two
substituents in the equatorial position and a conformer with two substituents in the axial position.

cis-1-tert-Butyl-3-methylcyclohexane will have a higher percentage of the diequatorial-substituted
conformer because the bulky fert-butyl substituent will have a greater preference for the equatorial position
than will a less bulky methyl substituent, since the larger substituent will have greater destabilizing
1,3-diaxial interactions when it is in an axial position.

a. m\cﬂzcm b. mgmcm
3

CH;

c. trans-1-Ethyl-2-methylcyclohexane is more stable because both substituents can be in equatorial
positions.

a. one equatorial and one axial in each d. one equatorial and one axial in each

b. both equatorial in one and both axial in the other ~ e. one equatorial and one axial in each

¢. both equatorial in one and both axial in the other ~ f. both equatorial in one and both axial
in the other

Solved in the text.

H H H H
CHj3 H H CH3
H H H H

b. There will be equal amounts of the two conformers at equilibrium because they have the same
stability—each one has one methyl group on an equatorial bond and one methyl group on an axial bond.

a.

a. One chair conformer of trans-1,4-dimethylcyclohexane has both substituents in equatorial positions,
so it does not have any 1,3-diaxial interactions. The other chair conformer has both substituents in
axial positions. When a substituent is in an axial position, it experiences two 1,3-diaxial interactions,
so this chair conformer has a total of four 1,3-diaxial interactions.
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Because the 1,3-diaxial interaction between a methyl group and a hydrogen causes a strain energy of
0.9 kcal /mol, the chair conformer with both substituents in axial positions is 4 X 0.9 = 3.6 kcal /mol
less stable than the chair conformer with both substituents in equatorial positions.

a 1,3-diaxial
interaction

b. Each of the chair conformers of cis-1,4-dimethylcyclohexane has one substituent in an equatorial posi-
tion and one in an axial position. Therefore, the two conformers are equally stable.

55. Both condensed and skeletal structures are shown.

[
a. CH3CH2(|3HO(|JCH3 d. CH3(|3HCH2CH2Br
CH; CH; CH;
0 o
/Y >< N
CH3(IZHCH3
b. CH3(|3HCH2CH2CH2CH20H e. CH;CH,CH,CH,CHCH,CH,CH,;CHj;
CH;
)\/\/\OH
C. CH3CH2('IHNH2 f. CH3;CH,NCH,CH;
|
CH; CH,CH;

SN
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g. CH;CH,CH,CHCH,CH,CH; J- CH;3CH,CH,CH,;CHCH,CH,CH,CH;
CH3(|:CH3 CHCH;
CH; [CHCH3
l|3r (|:H3
h. CH3(|3HCH2CH2$CH2CH2CH3 k. CH3CH,CHCHCH,CH,CH,CHj3
' |
CH3 Br CH3
)\/B>(Br\/ /\(‘\A/
(|:H3 CH;CHCH;
i CH3CH(|:HCH2CH2CH3 1. CH;CH,CH,CH,CHCH,CH,CH,CH,CH3
OCH,CH;

A OGN

56. /\H/OH>/\(>/Y>/L§/>/1])/ >

O OH NH,
has two groups that O is more primary amines relatively weak no hydrogen bonds;
form hydrogen electronegative form stronger hydrogen bonds only dipole—dipole
bonds than N, so OH hydrogen bonds interactions
hydrogen bonds than do secondary
are stronger than amines
NH hydrogen
bonds
I
_ N\/ >
no hydrogen bonds; no dipole—dipole
weaker dipole-dipole interactions

interactions than
oxygen-containing
compounds because

N is less electro-

negative than O
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57.

58.

59.

60.

61.

Chapter 3
a. 1. 2,2,6-trimethylheptane 7. 3-ethoxyheptane
2. 5-bromo-2-methyloctane 8. 1,3-dimethoxypropane
3. 5-methyl-3-hexanol 9. N,N-dimethylcyclohexanamine
4. 3,3-diethylpentane 10. 3-ethylcyclohexanol
S. 5-bromo-N-ethyl-1-pentanamine 11. 1-bromo-4-methylcyclohexane
6. 2,3,5-trimethylhexane

|
b 1. M 5. B~ N NSNS, O/ AN

CH; CH; CH,
2. CH3CHCH2CH2(I3HCH2CH2CH3 6. CH3CHCH2CH(|IHCH3 10.
Br CH,

)\/K/ 7. /\;\/\ 1. ) /O/
4. ?ﬁ\ 8. OO\

C and D are cis isomers. (Both substituents are downward pointing in C; both substituents are upward
pointing in D.)

a. 1.3 2.4 b. 1.6 2.5 c. 1.3 2.4
The first conformer (A) is the most stable because the three substituents are more spread out, so its gauche

interactions will not be as large. (The Cl in A is between a CH; and an H, whereas the Cl in B and C is
between two CHj; groups.)

Oy e < AL
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63.

64.

65.

66.

e

o an

&

.

me an

c.

2-butanamine
2-chlorobutane
N-ethyl-2-butanamine
1-ethoxypropane
2-methylpentane

1-bromohexane (larger, so greater surface
area)

pentyl chloride (greater surface area than
the branched compound)

1-butanol (fewer carbons)

1-hexanol (forms hydrogen bonds)

hexane (greater area of contact)

1-pentanol (forms hydrogen bonds)

ol I

Je
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2-propanamine
2-bromo-2-methylbutane
4-methyl-1-pentanol
bromocyclopentane
cyclohexanol

1-bromopentane (bromine larger and more
polarizable)

butyl alcohol (forms hydrogen bonds)
octane (see Table 3.1)

isopentyl alcohol (forms stronger hydrogen
bonds)

hexylamine (primary amines form stronger
hydrogen bonds than do secondary amines)

CH, CH, H H
H H H H
H H CH; CH,
H H H H

The one on the right predominates at equilibrium, because it is more stable since both methyl groups

are in equatorial positions.

CH, H H CH,
H H H H
H CH; CHj H
H H H H

There will be the same amount of each one at equilibrium, because they have the same stability since
each conformer has one methyl group in an equatorial position and one methyl group in an axial position.

Ansaid is more soluble in water. It has a fluoro substituent that can form a hydrogen bond with water.

Hydrogen bonding increases its solubility in water.

H—Q:--H—0Q:--H—Q:

CH; CH, (|3H3

CH; CH; CH,

H—Q:--H—Q:--H—O:

| I
H—Q:-H—Q:--H—Q:

CH; CH; CH,
|

x4
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67.

68.

69.

70.

71.

Chapter 3

The student named only one compound correctly.

a. 2-bromo-3-pentanol g. correct

b. 4-ethyl-2,2-dimethylheptane h. 2,5-dimethylheptane

¢. 3-methylcyclohexanol i. 5-bromo-2-pentanol

d. 2,2-dimethylcyclohexanol J- 3-ethyl-2-methyloctane

€. 5-(2-methylpropyl)nonane k. 2,3,3-trimethyloctane

f. 1-bromo-3-methylbutane l.  N,N,5-trimethyl-3-hexanamine

All three compounds are diaxial-substituted cyclohexanes. B has the highest energy. Only B has a
1,3-diaxial interaction between CH; and Cl, which will be greater than a 1,3-diaxial interaction between
CHj; and H or between Cl1 and H.

The only one is 2,2,3-trimethylbutane.

*A@
Jot

e
CH3(|3 —CHCH;
CH;

>
PO

First draw the structure so that you know what groups to put on the bonds in the Newman projections.

3 4
CH3_ (l:H - CHz - CHZ_ CH2 - CH3

CH,
?Hs CH;
|
a. CHCH; b. CH;3;CH, CHCH;
H H
H H H 1?
CH,CH;
most stable least stable

c. Rotation can occur about all the C—C bonds. There are six carbon—carbon bonds in the compouﬁd,

so there are five other carbon-carbon bonds, in addition to the C;—C,4 bond, about which rotation
can occur.
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d. Three of the carbon—carbon bonds have staggered conformers that are equally stable, because each is
bonded to a carbon with three identical substituents.

|

CH;—CH—CH,—CH,—CH,~—CHj

:)'
CH;
CH;CH,CH,CH,CH,Br a. l-bromopentane primary alkyl halide
b. pentyl bromide
CH;3CH,CH,CHCH; a. 2-bromopentane secondary alkyl halide
| b. no common name
Br
CH;CH,CHCH,CHj3 a. 3-bromopentane secondary alkyl halide
| b. no common name
Br
CH; a. 1-bromo-3-methylbutane primary alkyl halide
| b. isopentyl bromide
CH3CHCH2CH2BI‘
CH; a. 1-bromo-2-methylbutane primary alkyl halide
| b. no common name
CH3CH2CHCH2BI‘
Br a. 2-bromo-2-methylbutane tertiary alkyl halide
| b. tert-pentyl bromide
CH3CH2?CH3
CHj;
Br a. 2-bromo-3-methylbutane secondary alkyl halide
| b. no common name
CH3CH?HCH3
CH,
CH; a. 1-bromo-2,2-dimethylpropane primary alkyl halide
b. no common name, but in older
CH3CCH,Br literature, the common name
I
CH, neopentyl bromide can be found.

¢. Four isomers are primary alkyl halides.
d. Three isomers are secondary alkyl halides.
e. One isomer is a tertiary alkyl halide.

a. butane g. 1-methoxy-5-methyl-3-propylhexane

b. 1-propanol h. 2,3-dimethyl-6-(2-methylpropyl)decane or
¢. S-propyldecane 6-isobutyl-2,3-dimethyldecane

d. 4-propyl-1-nonanol i. 8-methyl-4-decanamine

€. 2-methyl-5-(1-methylethyl)octane or 1-methyl-2-(2-methylpropyl)cyclohexane
5-isopropyl-2-methyloctane or 1-isobutyl-2-methylcyclohexane
f. 6-chloro-4-ethyl-3-methyloctane

a. CH,CH;,

CH,

more stable CH; CH,CH,
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b. CH(CH3),
CH,CH3;
CH(CH3),
more stable CH,CH;
c. CH,
/7 CHiCH
CHj;
more stable CH,CH;
CH,CH,
CH,CH,4 CH,CH,
equally stable
e. CH,CHj ﬁ
(CH3),CH .
more stable (CH3),CH CH,CH3;
£, N\ CH,CH; (CHa)sz
(CH3),CH CH,CH,

more stable

75. Alcohols with low molecular weights are more water soluble than alcohols with high molecular weights
because, with fewer carbons, they have a smaller nonpolar component that has to be dragged into water.

76. a. v
2
m
s
]
&1 | keatimol
cal/mo : 12
mo kcal/mol
] 1 ] [
) ) 1 L]
0° 120° 240° 360°
Dihedral Angle
b. Cl c. 12+ 5.2 = 6.4kcal/mol d. 1.2 + 9.3 = 10.5 kcal/mol
H H
H H

Cl
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The more stable isomer is the one that has a conformer with both substituents in equatorial positions.

Using the following structure, you can determine easily the isomer that has both substituents in
axial positions. That will be the more stable isomer because it will have a conformer with both groups in
equatorial positions.

a. The cis isomer of a 1,3-disubstituted compound is the more stable isomer, because it has a conformer with
both substituents in axial positions. Therefore, its other conformer has both groups in equatorial positions.

b. The trans isomer of a 1,4-disubstituted compound is the more stable isomer, because it has a conformer with
both substituents in axial positions. Therefore, its other conformer has both groups in equatorial positions.

¢. The trans isomer of a 1,2-disubstituted compound is the more stable isomer, because has a conformer with
both substituents in axial positions. Therefore, its other conformer has both groups in equatorial positions.

Six ethers have a molecular formula of CsH,,0.

CH;0CH,CH,CH,CH; CH3(|1‘HCH2CH3 CH;CH,0CH,CH,CH;
OCH;

e O\/\/ pd O\(\ /\O/\/
1-methoxybutane 2-methoxybutane 1-ethoxypropane
butyl methyl ether sec-butyl methyl ether ethyl propyl ether

T
CH;CHCH, CH3(IZOCH3 CH3(|JHCH20CH3
OCH,CH,4 CH; CH3
/LO/\ ><0/ )\/O\
2-ethoxypropane 2-methoxy-2-methylpropane 1-methoxy-2-methylpropane
ethyl isopropyl ether tert-butyl methyl ether isobutyl methyl ether

The most stable conformer has two CH; groups in equatorial positions and one in an axial position.
(The other conformer would have two CHj groups in axial positions and one in an equatorial position.)

CH;
CH;
a. N,6-dimethyl-3-heptanamine d. 2,3-dimethylpentane
b. 3-ethyl-2,5-dimethylheptane e. 5-butyl-3,4-dimethylnonane
¢. 1,2-dichloro-3-methylpentane f. 5-butyl-3,3,9-trimethylundecane (undecane

is an 11 carbon straight-chain hydrocarbon;
Table 3.1 on page 89 of the text).
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One chair conformer of trans-1,2-dimethylcyclohexane has both substituents in equatorial positions, so
it does not have any 1,3-diaxial interactions. However, the figure on the right on the middle of page 130
of the text shows that the two methyl substituents are gauche to each other (as they would be in gauche
butane; see Figure 3.15 on page 128), giving it a strain energy of 0.87 kcal /mol.

a gauche
m{g}h interaction

The other chair conformer of trans-1,2-dimethylcyclohexane has both substituents in axial positions.
When a substituent is in an axial position, it experiences two 1,3-diaxial interactions. This chair conformer,
therefore, has a total of four 1,3-diaxial interactions. Each diaxial interaction is between a CH; and an H,
so each results in a strain energy of 0.87 kcal /mol. Therefore, this chair conformer has a strain energy of
3.48 kcal/mol (4 X 0.87 = 3.48).

a 1,3-diaxial
interaction

Therefore, one conformer is 2.61 kcal /mol (3.48 — 0.87) more stable than the other.

CH,OH
HO O
HO OH

OH

a. 5-methyl-3-hexanol f. 6-bromo-2-hexanol
b. 1-bromo-2-propylcyclopentane g. 4-ethyl-3-methylcyclohexanol
¢. 2-methyl-3-pentanol h. 4-bromo-1-ethyl-2-methylcyclohexane
d. 5-bromo-2-methyloctane i. 3-butyl-4-methylcyclopentanamine

e. 1,5-hexanediol

a. 1-Hexanol has a higher boiling point than 3-hexanol because the alkyl group in 1-hexanol has stronger
London dispersion forces, because the OH group of 3-hexanol makes it more difficult for its six
carbons to lie close to the six carbons of another molecule of 3-hexanol.

b. The floppy ethyl groups in diethyl ether make it difficult for the water molecules to approach the oxygen
in order to engage in hydrogen bonding. Therefore, it is less soluble in water than is tetrahydrofuran, in
which the alkyl groups are pinned back in a ring.

One of the chair conformers of cis-1,3-dimethylcyclohexane has both substituents in equatorial positions,
so there are no unfavorable 1,3-diaxial interactions. The other chair conformer has three 1,3-diaxial
interactions, two between a CH; and an H and one between two CH; groups.

We know that a 1,3-diaxial interaction between a CH; and an H is 0.87 kcal /mol. Subtracting 1.7, for
the two interactions between a CH; and an H, from 5.4 (the energy difference between the two conformers)
results in a value of 3.7 kcal /mol for the 1,3-diaxial interaction between the two CH; groups.

CH;,
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Because bromine has a larger diameter than chlorine, one would expect bromine to have a greater preference
for the equatorial position that would be indicated by a larger AG°. However, Table 3.9 on page 128 of the text
shows that it has a smaller AG®, indicating that it has less preference for the equatorial position than chlorine has.

The C—Br bond is longer than the C—Cl bond, which causes bromine to be farther away than chlorine
from the other axial substituents. Apparently, the longer bond more than offsets the larger diameter.

a. 7-bromo-6-ethyl-5-decanol
b. 5-chloro-3-ethyl-2,7-dimethylnonane
¢. 7,7-dimethyl-3-nonanol

Problem 81 shows that the energy difference between the two chair conformers is 2.61 kcal /mol.
To calculate the equilibrium constant needed to answer the question, see Problem 19 on page 204
of the textbook.

AG°® = —2.61 kcal /mol

AG° = —RTIn K.,
—2.61 kcal/mol = —1.986 X 10 > kcal/mol K X 298K X In K.,
—2.61 kcal/mol = —0.5918 kcal /mol In K,

In K, = 4.41
both equatorial _ 82.3
Keq =823 = bothaxial 1
percentage of molecule both e i
; . quatorial 82.3
with both groups in both equatorial + both axial 823 + 1 o

equatorial positions

The conformer on the left has two 1,3-diaxial interactions between a CH; and an H (2 X 0.87 kcal/mol )
for a total strain energy of 1.7 kcal /mol.

H"""_"_::CH3
H™
CH; CH;
CH3 "H~‘~~‘~

The conformer on the right has three 1,3-diaxial interactions, two between a CH; and an H (1.7 kcal /mol)
and one between two CH; groups (3.7 kcal /mol; see Problem 85) for a total strain energy of 5.4 kcal /mol.
Therefore, the conformer on the left predominates at equilibrium.

CH3
CH,CH
CHj CH,CH;,
Because the ethyl and methyl substituents There are two 1,3-diaxial interactions between
are on adjacent carbons, they experience a a CH, and an H and two 1,3-diaxial interactions
gauche interaction. between a CH,CH, and an H.

There are two 1,3-diaxial interactions
between a CH, and an H.

0.96 +0.87 + 0.87 = 2.7 kcal /mol

0.87 4+ 0.87 + 1.00 + 1.00 = 3.7 kcal /mol
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Chapter 3 Practice Test

Name the following compounds:
a. /\/\)\/
b. /\/\)\/ OH

OH
c. /\/\/k/

Using Newman projections, draw the following conformers of hexane considering rotation about the
C;—C,4 bond:

a. the most stable of all the conformers

b. the least stable of all the conformers

¢. agauche conformer

What are the common and systematic names of the following compounds?
a. CH3CH2$HCH3 b. CH3(|:HCH2CH2CH20H C. O\
Cl CH; Br

Rank the three compounds in each set from highest boiling to lowest boiling.

a. CH3CH,CH,CH,CH,Br CH;CH,CH,Br CH;CH,CH,CH,Br
b. CH;CH,CH,CH,CH, CH;CH,CH,CH,0H CH3CH,CH,CH,Cl

(Ist (|3H3
C. CH3C|:_(|:CH3_ CH3CH2CH2CH2CH2CH2CH2CH3 CH3$HCH2CH2CH2CH2CH3
CH; CHj CH,

Name the following compounds:

a. CH3C|:HCH2CH2(|:HCH2CH3 C. /Q\
CH; OH Br CH;

Cl
|
b. CH;CH,CHOCH,CHj; d. CH3?HCHCH2CH2CH2C1
CH,CH,CH,CH3; : CH,CH;
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Draw the other chair conformer for the following compound:
H

Br H

CHj;
Which is more stable, cis-1-isopropyl-3-methylcyclohexane or trans-1-isopropyl-3-methylcyclohexane?

Which of the following has:

a. the higher boiling point: diethyl ether or butyl alcohol?

b. the greater solubility in water: 1-butanol or 1-pentanol?

¢. the higher boiling point: hexane or isohexane?

d. the higher boiling point: pentylamine or ethylmethylamine?

e. the greater solubility in water: ethyl alcohol or ethyl chloride?

What are the common and systematic names of the following compounds?

a. CH3(|3HCH2CHzBr b. CH3(|3HCH2CH20H C. CH3(|3HCH2CH2NH2
CH; CH; CH;

Draw the more stable conformer of:

a. cis-1-sec-butyl-4-isopropylcyclohexane

b. trans-1-sec-butyl-4-isopropylcyclohexane

¢. trans-1-sec-butyl-3-isopropylcyclohexane

Draw the structure for each of the following:

a. asecondary alkyl bromide that has three carbons
b. asecondary amine that has three carbons

¢. an alkane with no secondary hydrogens

d. aconstitutional isomer of butane

e. three compounds with molecular formula C;H;O

Name the following compounds:

a. CH3(|IHCH2CH2(|ZHCH3 d. Br cl
CH; CH,CH;, \O:
CH,

OH
b. CH;CHCH,CH,CH,CH,CH,Br e. CH;CH,CH,CHCH,0CH,CH,CH,CH;
b,
¢. CH;CHCH,CHCH,CH,CH; f. CH;CH,CH,NHCH,CH,CHCH,CHj
& u &,
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CHAPTER 4

Isomers: The Arrangement of Atoms in Space

Important Terms

achiral

amine inversion

asymmetric center
chiral
chiral probe

chromatography

" cis isomer

cis-trans isomers
(E,Z isomers)

configuration

configurational isomers

constitutional isomers

dextrorotatory

diastereomers
E isomer
enantiomerically pure

enantiomeric excess
(optical purity)

enantiomers

does not rotate the plane of polarization of plane-polarized light.

a process in which the lone pair of an sp3 nitrogen of an amine migrates from one
face of the atom to the other face. This causes the nitrogen’s substituents to move
like an umbrella inverting in a windstorm.

an atom that is bonded to four different substituents.

rotates the plane of polarization of plane-polarized light.

something capable of distinguishing between enantiomers.

a separation technique in which the mixture to be separated is dissolved in a sol-
vent and the solution is passed through a column packed with an adsorbent station-

ary phase.

the isomer with substituents on the same side of a cyclic structure, or the isomer
with the hydrogens on the same side of a double bond.

isomers that result from not being able to rotate about a carbon—carbon double
bond.

the three-dimensional structure of a chiral compound. The configuration at a spe-
cific atom is designated by R or S.

stereoisomers that cannot interconvert unless a covalent bond is broken. Cis—trans
isomers and isomers with asymmetric centers are configurational isomers.

molecules that have the same molecular formula but differ in the way the atoms
are connected.

the enantiomer that rotates the plane of polarization of plane-polarized light in a
clockwise direction (+). '

stereoisomers that are not enantiomers.
the isomer with the high-priority groups on opposite sides of the double bond.
only one enantiomer is present in an enantiomerically pure sample.

how much excess of one enantiomer is present in a mixture of a pair of enantiomers,
expressed as a percentage.

nonsuperimposable mirror-image molecules.

158
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erythro enantiomers
EZ isomers
(cis-trans isomers)

Fischer projection

isomers

levorotatory

meso compound

observed rotation
optically active
optically inactive

optical purity
(enantiomeric excess)

perspective formula

plane-polarized light

plane of symmetry

polarimeter

racemic mixture (racemic)

R configuration

Chapter 4 159

the pair of enantiomers with similar groups on two asymmetric centers on the same
side when drawn in a Fischer projection.

isomers that result from not being able to rotate about a carbon—carbon double
bond.

a method of representing the spatial arrangement of groups bonded to an asymmet-
ric center. The asymmetric center is the point of intersection of two perpendicular
lines; the horizontal lines represent bonds that project out of the plane of the paper
toward the viewer, and the vertical lines represent bonds that project back from the
plane of the paper away from the viewer.

nonidentical compounds with the same molecular formula.

the enantiomer that rotates the plane of polarization of plane-polarized light in a
counterclockwise direction (—).

a compound that possesses asymmetric centers and a plane of symmetry; it is achi-
ral, because it has a plane of symmetry.

the amount of rotation observed in a polarimeter.
rotates the plane of polarization of plane-polarized light.
does not rotate the plane of polarization of plane-polarized light.

the amount of excess of one enantiomer present in a mixture of a pair of
enantiomers.

a method of representing the spatial arrangement of groups bonded to an asym-
metric center. Two adjacent bonds are drawn in the plane of the paper; a solid
wedge depicts a bond that projects out of the plane of the paper toward the viewer,
and a hatched wedge depicts a bond that projects back from the paper away from
the viewer.

light that oscillates in a single plane.

an imaginary plane that bisects a molecule so that the two halves are a pair of mir-
ror images.

an instrument that measures the rotation of the plane of polarization of plane-
polarized light.

a mixture of equal amounts of a pair of enantiomers.

after assigning relative priorities to the four groups bonded to an asymmetric cen-
ter, if the lowest priority group is on a vertical axis in a Fischer projection (or
pointing away from the viewer in a perspective formula), the arrow drawn from the
highest priority group to the next highest priority group and then to the next high-
est priority group is clockwise.
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receptor

resolution of a racemic
mixture

S configuration

specific rotation

stereccenter
(stereogenic center)

stereoisomers

threo enantiomers

trans isomer

Z isomer

a protein that binds a particular molecule.

separation of a racemic mixture into the individual enantiomers.

after assigning relative priorities to the four groups bonded to an asymmetric cen-
ter, if the lowest priority group is on a vertical axis in a Fischer projection (or
pointing away from the viewer in a perspective formula), the arrow drawn from the
highest priority group to the next highest priority group and then to the next high-
est priority group is counterclockwise.

the amount of rotation that will be observed for a compound with a concentration
given in grams per 100 mL of solution (or g/mL if it is a pure liquid) in a sample

tube 1.0 dm long.

an atom at which the interchange of two groups produces a stereoisomer.

isomers that differ in the way the atoms are arranged in space.

the pair of enantiomers with similar groups on two asymmetric centers on opposite
sides when drawn in a Fischer projection.

the isomer with substituents on the opposite sides of a cyclic structure, or the iso-
mer with the hydrogens on the opposite sides of a double bond.

the isomer with the high-priority groups on the same side of the double bond.
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Solutions to Problems

1.

a. CH,CH,CH,0H CH3?HOH CH;CH,0CH,
CH;

b. There are seven constitutional isomers with molecular formula C,H;(O.
CH;

CH;CH,CH,CH,0H CH3CIHCH20H CH3(|ZOH CH3(|3HCH2CH3
CH;, CH; OH
CH3;CH,0CH,CH;  CH;0CH,CH,CHj CH30(|3HCH3

CH;,3
CH3 H
CH3CH2 CH3CH2
a. land3
b. 1. HsC CH,CH,CH; HsC H 3. HC CH; HsC H
3 \ / 2CRyCH; 3 \ J 3 \ / 3 Hj \ y
C=C Cc=C C=C Cc=cC
/ \ / \ / \ / \
H H H CH,CH,CHj; H H H CH;
cis trans cis trans
| R S - 3. X TN\
trans trans cis
cis
2. /\E\ 4, 7 N\F
CH; CHj; CH;

CH;CH,CH,CH=—CH, CH;C=—CHCHj; CH;CH,C=CH, CH;CHCH=—CH,

161

Only C has a dipole moment of zero, because the bond dipoles cancel since they are in opposite directions.

H a
N
c=cC o
/ \

Cl/ H
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Chapter 4
CH;CH CH; CH;CH H
3 X 2 / 3 3 X 2 /
c=cC c=cC
/ \ / \
H H H CH;
Z E
CH;CH, CH,CH3 CH,CH, H
\ / \ /
C=C c=cC
\ / \
Cl H Cl CH,CH;
E Z
e
CH3CH2CH2C{12 /CH2C1 CH,CH,CH,CH, /CHCH3
ST SN
CH3CH; (IZHCH3 CH3CH, CH,Cl
CH,
V4 E
///CH
HOCH2C{12 _C(CHy)3 HOCH2C{12 C
L= =0
o= c\ C Q 0=C\ C(CHa)3
H Ncu H
Z E

a.
b.

-1> —Br > —OH > —CH,
—~OH > —CH,Cl > —~CH=CH, > —CH,CH,0H

The high-priority groups are on same side of the double bond, so tamoxifen has the Z configuration.

/

N
o/ \

high priority Q Q high priority
C=C
@
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11.

12,

13.

14.
15.

16.

17.
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cl e
A& NN . Nj/J%/

=z
/\/‘
. cl
b. w d. HO 2
Cl
0~ H
Z
Cl HO
7z N
07 H

a. (E)-2-heptene b. (Z)-3,4-dimethyl-2-pentene ¢. (Z)-1-chloro-3-ethyl-4-methyl-3-hexene

CH3

l
HsC CHCH,
\ /
c=cC
/ \
H CH,CH,CH,CH,

a, b, ¢, f, and h are chiral.
d, e, and g are each superimposable on its mirror image. These, therefore, are achiral.

a, ¢, and f have asymmetric centers.
Solved in the text.

a, ¢, and f, because to be able to exist as a pair of enantiomers, the compound must have an asymmetric
center (except in the case of certain compounds with unusual structures; see Problem 103).

a. It has one asymmetric center.
b. It has three stereocenters.
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18. Draw the first enantiomer with the groups in any order you want. Then draw the second enantiomer by
drawing the mirror image of the first enantiomer. Your answer might not look like the ones shown below
because the first enantiomer can be drawn with the four groups on any of the four bonds. The next one is
the mirror image of the first one.

a. 1 (|:H3 (|3H3 3. (l)H (l)H
C. .C C., e
Br” \“CH,OH HOCH;/ Br (CHy,CH  \'CH;  CH;/ “CH(CHy)
H H H H
2. (|3H2CH2C1 (|3H2CH2CI
C.. .C
CH,CH; \ “CHy CH;/ “CH,CHs
H H
b 1 CH; CH, 3. CH; CHj,
Br + H H Br HO —"— H H ‘—‘7 OH
CH,OH CH,OH CH(CH3), CH(CH3),
2. CH,CH,Cl ’ CH,CH,Cl
H CH3 CH3 + H
CH,CH, CH,CH;
19. Solved in the text.
20 a. —CHOH —CH; —H — CH,CH,0H
b. — CH,Br —OH —CH;  —CH,0H
¢. —CH(CHj), — CH,CH,Br —Cl - CH2CH2CH2BI’

O,
Le s T

forms 2 bonds to  attached to @ attached only
C, so considered 1C forms 3 bonds to to Hs
to be attached C, so considered
to 2 Cs to be attached
to3Cs

21. Solved in the text.
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23.

24.

25.

26.

27.

28.
29.
30.
31.

32.

33.

34.

3s.
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a. R
b. To determine the configuration, first add the fourth bond to the asymmetric center. Remember that it
cannot be drawn between the two solid bonds. (It can be drawn on either side of the solid wedge.)

The easiest way to determine whether two compounds are identical or enantiomers is to determine
their configurations: if both are R (or both are S), they are identical, one is R and the other is S, they are
enantiomers.

a. identical b. enantiomers €. enantiomers d. enantiomers
a. (ljl b. ]|3r
C-., C-.,
CHyCH;~ \ 'H CH;CH;~ \ H
CH; CH,Br

Solved in the text.

CoO~ ?OO‘
H CH; C..,
I cH;y” \'H
CHzCH3 CH,CH3
a. levorotatory b. dextrorotatory

Solved in the text.
a. R b. R c. S

Solved in the text.

We see that the (R)-alkyl halide reacts with HO™ to form the (R)-alcohol. We are told that the product (the
(R)-alcohol) is (—). We can, therefore, conclude that the (+)-alcohol has the S configuration.

observed rotation (degrees)
concentration (g in 160 mL) X length (dm)

specific rotation =

There are 4 g in 100 mL, so

+13.4° _ +134°
4x2

= +1.68

[a] =

a. —24 b. 0

a. 0 (Itis a racemic mixture.)
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b. 50% of the mixture is excess (+)-mandelic acid.
observed specific rotation
specific rotation of the pure enantiomer

optical purity = 0.50 =

observed specific rotation
+158

0.50 =

observed specific rotation = +79

c. 50% of the mixture is excess (— )-mandelic acid.
observed specific rotation = —79 (For the calculation, see part b.)

36. a. From the data given, you cannot determine the configuration of naproxen.
b. 97% of the commercial preparation is (+)-naproxen; 3% is a racemic mixture. Therefore, the
commercial preparation forms 98.5% (+)-naproxen and 1.5% (—)-naproxen.

37. Solved in the text.

38. As a result of the double bond, the compound has a cis isomer and a trans isomer. Because the compound
also has an asymmetric center, the cis isomer can exist as a pair of enantiomers and the trans isomer can
exist as a pair of enantiomers.

fH2CH3 CH,CH;
I
v \'""l, H “-'C\
Br CH, CH; H3C CH, / Br
H \c—c/ \c—c/ %
VAN ot
H H H H

CHCH, CH,CH;,
/C ey N (lj
Br \H CHZ\ H H\ /CHZI Br
= = H
/C—C\ /C C\
H CH; CH; H

trans enantiomers

39. a. enantiomers
b. identical compounds (Therefore, they are not stereoisomers.)
c. diastereomers

40. a. Find the sp® carbons that are bonded to four different substituents; these are the asymmetric centers.
Cholesterol has eight asymmetric centers. They are indicated by arrows.

Copyright © 2017 Pearson Education, Inc.



41.

42.

43.
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b. 2% =256 .
Only the stereoisomer shown above is found in nature.

Your perspective formulas may not look exactly like the ones drawn here because you can draw the first
one with the groups attached to any bonds you want. Just make certain that the second one is a mirror
image of the first one.

a. Leucine has one asymmetric center, so it has two stereoisomers.

CoOo~ (lfOO‘ Co0o~ CO0O~

+ +
/C""'H H“"'C\ or H+NH3 H3N-’—H
CHj),CHCH / “CH,CH(CH
(CHa),CHCH, }NH3 g 2CH(CH:): CH,CH(CHs), CH,CH(CHs),
s R R s

b. Isoleucine has two asymmetric centers, so it has four stereoisomers. Again, your perspective formulas
may not look like the ones drawn here. To make sure you have all four, determine the configuration
of each of the asymmetric centers. You should have R,R, S.S, R,S, and S,R. Notice that the asymmetric
centers in mirror images have the opposite configurations.

-00c_ JH H, _coo- Coo- Coo-
s o C—CCHs BC~c—c,+ H——NH; R HN——H §
HBN'Y  “ewcn, cmcen] W NHsooor ’ ’
H Z-s 2 H H——CH; R CH;——H S
s s R R
CH,CH; CH,CHs
-00C,_ H H, _coo- Coo- Coo-
wC—CZCHs HC~c—c., H——NH; R HN——H s
H'Y/  “cuen, cHcny — MH ’ }
H3;N* 2 R *NH; CH;——H § H——CHs R
RS RS CH,CH; CH,CH;

CH, Br Br bH3 CH, Br CH; Br

B and D have no symmetric centers.

A and C each has one asymmetric center. E has two asymmetric centers.

ST

C
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CH; CH;
H H CH
“. a H3C\C_C.-,0H HO (o ' Oa—f—HR H—C §
o L N \ 'Cl i —_
H CH,CH,CH; CH;CH,CH, H HO HS H OH R
R S R S CH,CH,CH; CH,CH,CH3
or
CH; CH;
H H CH
H3C\§C_C",OH HO(o o/ 3 H——CS Cl——H R
H"/" ™\ /7 \'H 1 1
ol CH,CH,CH; CH;CH,CH, Cl HO HS H OH R
s S R R CH,CH,CHj3 CH,CH,CHjs
b. CH; CH;
H—1—Br § Br——H R
Br Cl Br Cl H——H H——H
P e H——C R Cl——H §
s R R § o CH,CH; CH,CH;
Br Cl Br Cl CHj CHs
/\/'\/ M H——BrS  Br—{—H R
S S R R H——H H——H
Cl——H § H Cl R
CH2CH3 CHZCH3
CH; CH;
c H,C H H, CH Cl——HR H——C'S
TNo_g=al R
av;T adie e Cl——HS H——CR
H CH,CH; CH3CH; H
R S R S CH,CH; CH,CH;
or
CH; CH;
H H H
HC S cl Cl. /s H——Cl'S Cl——H R
Hu“'c_ /C_C"uH
o cmen, CHCH Yy C——H S H——CR
s S R R CH,CHj3 CH,CH3
d. ?HZCHZBr (IZHZCHzBr
C"', \\-"C
CH;CH;” \"H H" /" >cn,cH,
Br Br
S R
or
CH2CH2BI' CH2CH2B1'
Br H H Br
CH,CH, CH,CH,
S R
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48.

49.

50.
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R S R S
OH HO OH HO
S
R

S R~
CH, CH3 CH, CH;3
cis-2-methylcyclohexanol trans-2-methylcyclohexanol
Cl CHj; CHj;

Cl ca

1-chloro-1-methylcyclooctane  cis-1-chloro-5-methylcyclooctane  trans-1-chloro-5-methylcyclooctane
There is more than one diastereomer for a, b, and d; ¢ has only one diastereomer.
To draw a diastereomer, switch any one pair of substituents bonded to one of the asymmetric centers.

Because any one pair can be switched, your diastereomer may not be the one drawn here, unless you hap-
pened to switch the same pair that was switched here.

a. CH, ¢ HC H
T TNe=c{
HO——H H CHs
CH;
b. cl H

\u'\'C - C'; Cl d. Ho .‘\\\CHs
/ \
CH;3CH; CH;

A = identical B = enantiomer C = diastereomer D = identical

B, D, and F because each has two asymmetric centers and the same four groups bonded to each of the
asymmetric centers.

A has two asymmetric centers, but it does not have a stereoisomer that is a meso compound, because it
does not have the same four groups bonded to each of the asymmetric centers.

C and E do not have a stereoisomer that is a meso compound, because they do not have asymmetric
centers.

Solved in the text.
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51. a. C|?H2CH3 ?Hzcm ’ CH,CH,Cl CH,CH,CI
G \,.C\ or H CH; CH3+H
\ “H H'/ ~CH,CH,Cl
CICHCH fy CH, CH,CHj CH,CH,
bo CH3

CH3CHCH,0H No stereoisomers, because the compound does not have an asymmetric center.

c. ?HzCH:; (|.2H2CH3 CHZOH CH20H
L. ~C or H Br Br H
\ “‘H H" CH,OH
HOCH; }_ B,/ 2 CH,CHs CH,CHj
CH, CH;
d. HC H H, CHy HO——H H——OH
c—CcBr Br\/'C—CQ,OH Br——H H——Br
HO/  “cm, CHj H
CH; CH;
or
CH CH
HiC HoQH o ’ ?
~c—c—=Br Bre~~-_ 7 H——OH HO——H
HO CH; 3 OH Br——H H— B,
CH; CH;
CH,CH;
H——Cl
e. CH3CH, Cl
Sc—c=H H——Cl
H" / \ or
cl CH,CH; CH,CH;
a meso compound a meso compound
CH,CH; CH,CH;
CH;CH, H H, CHCH; H——Cl Cl——H
Ne—c>=cl Cl~Ze_ o
‘ \ /. NH Cl——H H——Cl
Cl/ CH,CH; CH;CH, Cl
CH,CH; CH,CH;
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Cl Br Br Cl
Br Br
cl cl

Cl c cl
el

Chapter 4

The cis stereoisomer is
a meso compound.

', K
‘ \

The cis stereoisomer is
a meso compound.

a

This compound does not have any asymmetric centers,
so it has only cis—trans isomers.

\J
)

cl “Br  Br' cl

This compound does not have any asymmetric
centers, so it has only cis—trans isomers.

171

52. and 53. How to draw perspective formulas for compounds that have two asymmetric centers is described on
page 175 of the text.

a.

CH,Cl
H——OH
H——Cl

CH,CH;

(25,3R)-1,3-dichloro-2-pentanol

CH,CI

H—r—OH
Cl——H

CH,CH,4

(25,385)-1,3-dichloro-2-pentanol
CICH, Ll
c— C-‘) H
HO CH2CH3

(28,3R)-1,3-dichloro-2-pentanol

CICH, H
—=Cl

H N;C C

HO CH,CH,

(25,35)-1,3-dichloro-2-pentanol

CH,Cl
HO—1—H
Cl——H

CH,CH;

(2R,35)-1,3-dichloro-2-pentanol

CH,Cl
HO—f—H
H——C
CH,CH;
(2R,3R)-1,3-dichloro-2-pentanol
Cl,’ CH,C1
Hola
cC—C..,
/ \ H
CH;CH; OH

(2R,35)-1,3-dichloro-2-pentanol

H, CH,CI
Clas, L
NG
CH;CH; OH

(2R,3R)-1,3-dichloro-2-pentanol
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54.

58S.

56.

57.

58.
59.

60.

61.

Chapter 4

R R
Two ) (B
N\

.c—c’:‘ CH,OH
H \
NHﬁCHch
o)
NO,

Your answer might be correct yet not look like the answers shown here. If you can get the answer shown
here by interchanging two pairs of groups bonded to an asymmetric center on the structure you drew, then
your answer is correct. If you get the answer shown here by interchanging one pair of groups bonded to an
asymmetric center, then your answer is not correct.

a. ol ¢. HyC H
I . ..--~C—C"’CH2CH3
HocHcuy N H i ow
272 CHCH, 3
b. Br H d. (|3H2Br
-~ CH,CH
~C—C=HH2-
Hm ~CSH
B
CH; Br " CH)CH;
a. (3R.4S5)-3-chloro-4-methylhexane ¢.  (1R,3S)-3-bromocyclopentanol
b. (28,35)-2-bromo-3-chloropentane d. (2R,3R)-2,3-dichloropentane

The first structure is 2R,3S. Therefore, naturally occurring threonine, with a configuration of 25,3R, is the
mirror image of the first structure. Thus, the second structure is naturally occurring threonine.

Solved in the text.

CH;
_R| HO H
HO H \C— ~—aBr
S H™
Br——H R S\
CH3/ CH;
CH;
Solved in the text.
Cl H Cl
~»OH :
wC—C™ :
CHy; S S\ IS
CH,CH,
OH
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Start by naming the first stereosiomer. Finding that A is 2R,3R allows you to answer both questions.

a. A is p-erythrose. b. D-Threose has the opposite configuration at C-2 and the same
-0 0 configuration at C-3. Therefore, C is D-threose.
yZ
N~
C
H—&on
H—%—oH
CH,0H

Compound A has two stereoisomers, because it has an asymmetric center (at N).
Compound B does not have stereoisomers, because it does not have an asymmetric center.

Compound C has an asymmetric center at N but, because of the lone pair, the two enantiomers rapidly
interconvert, so it exists as a single compound.

(+)-Limonene has the R configuration, so it is the stereoisomer found in oranges and lemons.

(|JH3 CH;
CH3CH=—CHCH,CH; CH,=CHCH,CH,CHj; CH3;C—CHCH; CH;CHCH==CH,
2 stereoisomers no stereoisomers no stereoisomers no stereoisomers
[cis and trans]
CH3 CH3
|
CH3CH2C =CH, CH; CH,CHj3; CH; CH,
no stereoisomers no stereoisomers no stereoisomers 3 stereoisomers
[Cis is a meso compound.]
CHj; [Trans is a pair of enantiomers.]
no stereoisomers no stereoisomers
a.
Br Cl Cl Br cr Br
?I‘ ?I‘ CH; CH;
C.., wC H Br Br H
b cHicHCH; \H * HY/ CH,CHCH, °F +
| CH; CH; I CH,CHCH; CH,CHCHj3
CH3 CH3 | |
CH; CH;

C.

&

d a «d a d «a
a meso compound
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67.

68.

Chapter 4
d. CH; CH; CH; CH;
H—1—Br Br——H H—F—Br Br—T—H
H—r—H H—r—H H——H H—m—H
H——Cl Cl—1—H Cl—5—H H—Cl
CH; CH; CH; CH;
e. Br—<:>—C] Br -—<:> al
cis and trans
f. CHf N CH, CHS "CH;  CHj “CH,
?Hs (I3H3 (I3H3 (|3H3
R S R S
g CH C.. -.C CH, H C.. e H
/ N'H  HY, / /' N'H HY, /
\C=C Br Bl'/ \C=C \C=C Br Br/ \C=C
\ / \ / \ / \
H H H H CH; H H CH;
cis trans
CH;

h. CH3CH,CCH,CHj; No isomers are possible for this compound, because it does not have an
| asymmetric center.

CH,
i.
cl Br Br o) cl “Br  Br cl
Br Br
J '
Cl Cl

cis and trans only (no asymmetric centers)

Only the fourth one (CHFBrCI) has an atom with four different atoms attached to a carbon, so it is the
only one that has an asymmetric center.

a. (2R,3R)-3-chloro-2-pentanol

b. (S)-2-methyl-1,2,5-pentanetriol
c. (25,35)-1,2-dibromo-2-methyl-3-pentanol
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70.

71.

72.

73.

74.

75.
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Mevacor has eight asymmetric centers, which are indicated by stars.

a.

a.

o

o
.

= ga

®

C.

Z b. E c. E d. Z e. E f. E

diastereomers (one asymmetric center has the same configuration in both compounds, and the other
has the opposite configuration in both compounds)

enantiomers (they are mirror images)

constitutional isomers

diastereomers (the configuration of two asymmetric centers is the same, and the configuration of one
asymmetric center is different)

diastereomers

identical

diastereomers

indetical

—CH=CH, > —CH(CH;3), > —CHCH,CH; > —CH;
—OH > —NH, > —CHOH > —CH;NH;

— > —C(=0)CH; > —C=N > —CH=CH;

Only the compound on the far right is optically active, because it is the only one that has one or more
asymmetric centers. ’

a.
b.

Because there are two asymmetric centers, there are four stereoisomers.

H
__ . .NHCH,
HO"".IC C\
H CH;3
'R S
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76.

77.

78.

79.

80.

81.

82.

Chapter 4

a. (R)-3-bromo-2,5-dimethylhexane c.  (2R,4S,65)-4-chloro-6-methyl-2-octanol
b. (2R,4R)-4-methyl-2-hexanol

Compounds A, D, E, F, I, and J have a stereoisomer that is achiral.

Compounds A, D, F, I, and J have two asymmetric centers bonded to identical substituents.
Therefore, there are three stereoisomers, one of which is an achiral meso compound.
Compounds E and H do not have any asymmetric centers; they have cis and trans stereosiomers,
so each is achiral and, therefore, each has an achiral stereoisomer.

Compounds B and G each have two asymmetric centers bonded to different substituents.

T herefore, there are four stereoisomers, all of which are chiral.

Compound C does not have any asymmetric centers.

Therefore, it is achiral and does not have any stereoisomers.

ca o« c a o« ca a

a. One asymmetric center has the same configuration in both compounds; the other asymmetric center
has the opposite configuration in both. Therefore, the compounds are diastereomers.

b. Both asymmetric centers in one compound have the opposite configuration in the other, so the com-
pounds are enantiomers.

c. They are identical because if one is flipped over, it will superimpose on the other.

d. They are constitutional isomers because the atoms are hooked up differently; one compound is
1-chloro-2-methylcyclopentane, and the other is 1-chloro-3-methylcyclopentane.

14
a. 2(|3H2COOH
C.3
HO~ \“COOH
1 EHZCOOH
(S)-citric acid
b. The reaction is catalyzed by an enzyme. Only one stereoisomer is typically formed in an enzyme-
catalyzed reaction because an enzyme has a chiral binding site that allows reagents to be delivered to
only one side of the functional group of the reactant.

c. The product of the reaction is achiral, because if it does not have a '*C label, the two CH;COOH
groups are identical, so it does not have an asymmetric center.

o -18°

al = = - = _6.0
La] IXc¢c [20dm][1.5gin100mL]
a. identical e. constitutional isomers
b. identical f. diastereomers
¢. enantiomers g. constitutional isomers
d. constitutional isomers h. enantiomers
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. . +1. .
optical purity = 187 0.16 = 16% excess R enantiomer

100% — 16% = 84% is a racemic mixture
R enantiomer = 1/2 (84%) + 16% = 42% + 16% = 58%

a. R ¢ ~_C /\(Cl e Cl

- - H CHs
R CH,CHs
R
b s ¢ H Q
X d. : - >\/ f. CH;
/\/
H Cl
S
CH,CH,
S

Fisher projections show the molecule with eclipsed bonds.
Therefore, to answer parts e and f, first rotate the Newman
projection so it is eclipsed. Then turn the Newman projection
into a Fisher projection. (See page 188 in the text.)

Butaclamol has four asymmetric centers; three of them are carbons, and one is a nitrogen.

The only way that R and S are related to (+) and (—) is that if the configuration of one enantiomer (for
example, the R enantiomer) is (— ), the the configuration of the other enantiomer is (+).

Because some compounds with the R configuration are (+) and some are (—), there is no way to determine
whether a particular R enantiomer is (+) or (—) without putting the compound in a polarimeter or finding
out whether someone else has previously determined how the compound rotates the plane of polarization
of plane-polarized light.
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87. First convert the staggered Newman projection to an eclipsed Newman projection, which can then be -
converted to a Fischer projection because that too is eclipsed (see page 188 of the text). Then name the ‘
Fischer projection.

a. Because one is R and the other is S, they are enantiomers

OH
H,C OH
H H OH
. H—&—cH,
H CH; gy CH, CH,CH;
CHs H
CH;
H,C CHj
H CH, CH,
H AS‘— OH
H OH H
H OH CH,CH;
H H
b. Because one is R,R and the other is S,S, they are enantiomers.
H Br H—Rl— cH,cH,
H Br - H
cl Br cl =
CH,CH; Cl CH,CH; CH,CH,
H cl | Q H—3—ccH,
S
H CH, H &, H Br
Br H Cl
88. a. The compound has four stereoisomers.

CH,0H CH,OH CH,OH CH,OH
H—r—OH H—1—OH H——OH HO——H
H——OH HO—1—H H—r—OH HO—r—H
H——OH H—1—OH HO—1—H H—1—OH

CH,0H CH,OH CH,0H CH,OH

b. The first two stereoisomers are optically inactive because they are meso compounds.
(Each has a plane of symmetry.)

89. a. CH,CH,Br b. BrCH, .OH ¢. H;C CH,CH;3
(I: u Na__~iaH B Ne(=H
N r \ .
Br~ \‘H v CH=0 u’ Br )
CH,CH,CH;
R R R R S
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a. and b.

c. 1.

CH,CH,

ethylcyclobutane

CHj CH,

cis-1,2-dimethylcyclobutane
CH;

CH;

cis-1,3-dimethylcyclobutane

ethylcyclobutane

1,1-dimethylcyclobutane
1,2-dimethylcyclobutane
1,3-dimethylcyclobutane

Chapter 4

CH;

CH,

1,1-dimethylcyclobutane

CH;  “CH; CH, CH,

trans-1,2-dimethylcyclobutane

CH;

CH;

trans-1,3-dimethylcyclobutane

the three isomers of 1,2-dimethylcyclobutane
the two isomers of 1,3-dimethylcyclobutane

cis- and trans-1,2-dimethylcyclobutane
cis- and trans-1,3-dimethylcyclobutane

the two stereoisomers of trans-1,2-dimethylcyclobutane

all the isomers except the two stereoisomers of frans-1,2-dimethylcyclobutane

cis-1,2-dimethylcyclobutane

(Note: cis-1,3-dimethylcyclobutane is not a meso compound because it does not have any

asymmetric centers.)

the two stereoisomers of trans-1,2-dimethylcyclobutane

cis-1,3-dimethylcyclobutane and trans-1,3-dimethylcyclobutane

cis-1,2-dimethylcyclobutane and either of the enantiomers of trans-1,2-dimethylcyclobutane

Copyright © 2017 Pearson Education, Inc.
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91. observed specific rotation =

observed rotation
concentration X length

~6.52 =-349

0.187 gin100 mL x 1 dm

92, a.

93. a.

c.

observed specific rotation
specific rotation of the pure enantiomer

=__34_9.x100

-39.0
=89.5%

% of the (+)-isomer = &0_28—9—:5- =5.25%

x 100

% optical purity =

% of the (—)-isomer =89.5+5.25=94.75%

diastereomers [The configuration of all the symmetric centers is not the same in both (then the two
would be the same) and not opposite in both (then the two would be enantiomers.)] Recall that diaste-

reomers are stereoisomers that are not enantiomers.

identical (by rotating the first compound clockwise, you can see that it is superimposable on the other)

constitutional isomers

diastereomers (the configuration of all the stereoisomers is not the same in both and not opposite in

both)
]|3r Br d
C ‘v, or H C] "",
Cl / \ H Bl' Br
CH,CH,CH; CH,CH,CH;
CHj e CH,CH;
g CH, I
Cla: cl H H CH;
/C_C""’H o H——a
CH3CH, \Cl H——CH;
CH,CHj H——cH,
CH,CH;
CH3 CH3;
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94, a. CH2CH2CH3
CH;

CH;CH,CH CH(CH3),

CH;CH,CH,
b. OH OH
H H
cooy  HOOC
CH; CH;

These represent the most stable
conformer of each enantiomer.

95. In the transition state for amine inversion, the nitrogen atom is sp2 hybridized, which means that it has bond
angles of 120°. A nitrogen atom in a three-membered ring cannot achieve a 120° bond angle, so the amine
inversion that would interconvert the enantiomers cannot occur. Therefore, the enantiomers can be separated.

96. The fact that the optical purity is 72% means that there is 72% enantiomeric excess of the S isomer and 28 %
racemic mixture. Therefore, the actual amount of the S isomer in the sample is 72% + 1/2(28%) = 86%.
The amount of the R isomer in the sample is 1/2(28%) = 14% (or 100% — 86% = 14%).

97. A = adiastereomer C = adiastereomer E = adiastereomer
B = adiastereomer D = adiastereomer

98. a cl Cl cl Cl cl Cl
cl a a ~Cl o Cl a
al cl cl cl c1°:: c1
Cl a cl
wonCl Clowe e
cl cl cl
cl
wnCl
CI a T«

This is a pair of enantiomers
because they are
nonsuperimposable

mirror images.

a T« a T«
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C. ClL Cl This is the most stable stereoisomer. Because the
Cl chloro substituents are all trans to each other, they
- Cl cl can all be in the more stable equatorial position.
Cl Cl (Recall that there is less steric strain when a sub-
Cl stituent is in the equatorial position.)
Cl Cl
99 a R b. S c. OH

100.

R\HN/—Q_( "\

H,;N S

101.  Yes, as long as the Fischer projection is drawn with the #1 carbon at the top of the chain of carbons.

102.  The trans compound exits as a pair of enantiomers.

~mC(CHz), (CH3)3Creee

CH; CH,

As a result of ring flip, each enantiomer has two chair conformers. In each case, the more stable conformer
is the one with the larger group (the fers-butyl group) in the equatorial position.

H H
CH; CH;
HsC H H CH
C(CHy); 3 (CH3)3C

H H C(CH3); (CH3)3C H H

more stable more stable

Copyright © 2017 Pearson Education, Irc.
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104.
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a. The compounds do not have any asymmetric centers.

b. 1. Itis not chiral.

2. It is chiral. Because of its unusual geometry, it is a chiral molecule, even though it does not have
any asymmetric centers, because it cannot be superimposed on its mirror image. This will be eas-
ier to understand if you build models.

H\ H : H, H
/C=C=C\ /C=C=C\
H H ! H H
mirror
images are superimposable
H H ; H, H
Ne=c=c~ : “c=c=c
/77N E / N\
CH3 CH3 H CH3 CH3
mirror

images are not superimposable

The compound is not optically active because it has a point of symmetry.

A point of symmetry is a point, and if a line is drawn to this point from an atom or a group and then
extended an equal distance beyond the point, the line will touch an identical atom or group.

a Br C.
(l: R
HO”™ \\CH3
H
b. C1 d.
H+CH3
R CH,C1

point of symmetry
Br

a

Br Cl

H e. Br
CH;CH +B R
3 2 T
CH; H
R CH=cH, ‘b
H S Br
HO——H § ci H
R
H—t+—OH R CH,
CH,OH
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5.

Chapter 4

Chapter 4 Practice Test

Are the following pairs of compounds identical or a pair of enantiomers?

H CH; C|«'H2CH3 (|3H3
a. CH3CH24’7 CH,OH and H+CHZCH3 b. C., and o C
CH3/ \'H Cl'/ \CH2CH3
CH, CH,0H Cl H

Label the following substituents in order from highest priority to lowest priority in the E,Z system of
nomenclature.

i
—CCH; —CH=CH, —Cl —C=N

100 mL of a solution containing 0.80 g of a compound rotates the plane of polarization of plane-polarized
light —4.8° in a polarimeter with a 2 dm sample tube. What is the specific rotation of the compound?

Which are meso compounds?

CH;3 CH; CH;3 CH; CH3

H——Cl H——Cl Br——C H——C <« H

H——l Cl——H Br——C  H—1—Cl H——Cl
CH,CH3 CH,CH; CH,CI CH; CH;

Draw all the constitutional isomers with molecular formula C4HyCl.

Do the following compounds have the E or the Z configuration?

T Lo
a. CH;CHCH, CH,;CH,CH,Br b. CH;CH C
\ / \ /\
C=C C=C CH;
/ / \
CH3(|3H CH,0H CH3(|3H CH,O0H
CH3 CH3

Draw all the possible stereoisomers for each compound that has them.

a. /O\ d. CH;CH,CHCH,CH,CI
HO OH |

Cl
b. CH3;CHCHCH,CHj; e.
Br Br
Br OH
¢. CH3;CH,CHCH,CH; f. HO—QCI—Q
&
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8. Which of the following three perspective formulas are the same as the Fischer projection shown here?
COOH
HO— —H
H—r—OH
CH;
HO H H\ JOH HO, JOH
H.--)C—C..‘OH HO“‘}C_C.‘H H"‘}C_C.‘H
HooC CH;  HOOC CH;  HOOC CH;

9. (R)-(—)-2-methyl-1-butanol can be oxidized to (+)-2-methylbutanoic acid without breaking any of the
bonds to the asymmetric center. What is the configuration of (— )-2-methylbutanoic acid?

CH,OH COOH
C|: oxidation (!_:
CHy \'H CH; \'H
CH,CH; CH,CH;
(R)-(—)-2-methyl-1-butanol (+)-2-methylbutanoic acid

10. (—)-Cholesterol has a specific rotation of —32. What would be the observed specific rotation of a solution
that contains 25% (+)-cholesterol and 75% (— )-cholesterol?

11. Draw and label the E and Z stereoisomers of:

a. 1-bromo-2,3-dimethyl-2-pentene b. 2,3,4-trimethyl-3-hexene

12, Which of the following have the R configuration?

H CH; CH,CH,Br ) OH
CH3CH2 + CH3 CH3CH2 + H CH3CH2 + CH3 CH3CH2 ‘+ CH3
Br OH Br H

(I:HzBI‘ C|:H3 (l:H3 (|:H2CH2CH3

C. .C .C .Co .
CHy \™ H'/ “CH,CH CH;0°/ “CH,CH ClI'/  >SCH=CH
3 BrH HO CHgC 3 3 o 2 3 H 2

13. Answer the following:

a. Are the following compounds identical or a pair of enantiomers?

H CH,OH
CH;CH, “7 CH,0OH H CH,CHj3
CH; CH;
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186 Chapter 4

b. Put the remaining groups on the structure so it represents (R)-2-butanol.

(I)H
C.
7 \ ’IH

c. Put the remaining groups on the Fischer projection so it represents the Newman projection shown.

CH3 CH;

HO H I

H Cl 1
CH,CH; CH,CH;

d. Draw a diastereomer for each of the following:
1. 2. CH;
H——OH

—! B
ad H f

CH;

14. Indicate whether each of the following statements is true or false:

a. Diastereomers have the same melting points. T F
b. 3-Chloro-2,3-dimethylpentane has two asymmetric centers. T
¢. Meso compounds do not rotate the plane of polarization of

plane-polarized light. T
d. 2,3-Dichloropentane has a stereoisomer that is a meso compound. T F
e. All chiral compounds with the R configuration are dextrorotatory. T

f. A compound with three asymmetric centers can have a maximum
of nine stereoisomers. T F

15. Which of the following have cis—trans isomers?
CH3CH,CH,CH=CH, CH3CH2(|3HCH —=CHCH; CH3CH2CH=CH(|:HCH3 CH3CH2CH2CH=(]3CH3

CH3 Br CH3
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CHAPTER 5

Alkenes: Structure, Nomenclature, and an Introduction to Reactivity * Thermodynamics and Kinetics

Important Terms

active site

acyclic

addition reaction
alkene

allyl group
allylic carbon
allylic hydrogen

Arrhenius equation

catalyst

catalytic hydrogenation

coupled reactions
degree of unsaturation
electrophile

electrophilic addition
reaction

endergonic reaction
endothermic reaction

enthalpy

entropy

enzyme

exergonic reaction

the pocket of an enzyme where all the bond-making and bond-breaking steps of an
enzyme-catalyzed reaction occur.

noncyclic.

a reaction in which atoms or groups are added to the reactant.
a hydrocarbon that contains a double bond.

CH,= CHCH,—

an sp° carbon adjacent to a vinyl carbon.

a hydrogen bonded to an allylic carbon.

an equation that relates the rate constant of a reaction to the energy of activation
and the temperature at which the reaction is carried out (k = Ae 5/RT), '

a species that increases the rate at which a reaction occurs without being consumed
or changed in the reaction.

the addition of hydrogen to a double or a triple bond with the aid of a metal
catalyst.

an endergonic reaction followed by an exergonic reaction.
the sum of the number of 7 bonds and rings in a hydrocarbon.
an electron-deficient atom or molecule.

an addition reaction in which the first species that adds to the reactant is an
electrophile.

a reaction with a positive AG®; it consumes more energy than it releases.
a reaction with a positive AH°.

the heat given off (if AH® < 0) or the heat absorbed (if AH° > 0) during the
course of a reaction.

a measure of the freedom of motion in a system.
a protein that is a biological catalyst.

a reaction with a negative AG°®; it releases more energy than it consumes.

187
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exothermic reaction
experimental energy of
activation

(E. = AH* + RT)

free energy of activation
(AGY)

functional group

Gibbs free-
energy change (AG°®)

heat of hydrogenation
hydrogenation
intermediate

kinetics

kinetic stability

Le Chatelier’s principle

mechanism of the reaction

metabolic pathway

molecular recognition

nucleophile
pheromone

rate constant

rate of a reaction
rate-determining step

or
rate-limiting step

a reaction with a negative AH°.
a measure of the approximate energy barrier to a reaction.
(It is approximate because it does not contain an entropy component.)

the energy barrier to a reaction.

the center of reactivity of a molecule.

the difference between the free energy of the products and the free energy
of the reactants at equilibrium under standard conditions (1M, 25 °C, 1 atm).

the heat (AH°) released in a hydrogenation reaction.

addition of hydrogen.

a species formed during a reaction that is not the final product of the reaction.
the field of chemistry that deals with the rates of chemical reactions.

indicated by AGE If AG? is large, the compound is kinetically stable (is not very
reactive). If AG* is small, the compound is kinetically unstable (is very reactive).

a principle that states that if an equilibrium is disturbed, the components of the
equilibrium will adjust to offset the disturbance.

a description of the step-by-step process by which reactants are changed into
products.

a series of reactions that convert complex nutrient molecules to simple molecules.

the ability of one molecule to recognize another as a result of intermolecular
interactions.

an electron-rich atom or molecule.

a chemical substance used for the purpose of communication.
the proportionality constant in the rate law.

the speed at which the reactants are converted to products.

the step in a reaction that has the transition state with the highest energy.

Copyright © 2017 Pearson Education, Inc.



rate law
reaction coordinate
diagram

saturated hydrocarbon

solvation

steric strain

substrate

thermodynamic stability

thermodynamics

transition state

unsaturated hydrocarbon
vinyl group
vinylic carbon

vinylic hydrogen

Chapter 5 189

the relationship between the rate of a reaction and the concentration of the
reactants.

a diagram that describes the energy changes that take place during the course of a
reaction.

a hydrocarbon that is completely saturated with hydrogen (contains no double or
triple bonds).

the interaction between a solvent and another molecule (or ion).

the repulsion between the electron cloud of an atom or a group of atoms and the
electron cloud of another atom or group of atoms.

the reactant of an enzyme-catalyzed reaction.

thermodynamic stability is indicated by AG®. If AG® is negative, the product is
thermodynamically stable compared to the reactant. If AG® is positive, the reactant
is thermodynamically stable compared to the product.

the field of chemistry that describes the properties of a system at equilibrium.

the energy maximum of a reaction step on a reaction coordinate diagram. In the
transition state, bonds in the reactant that will break are partially broken and bonds
in the product that will form are partially formed.

a hydrocarbon that contains one or more double or triple bonds.

CHZ =CH—

a carbon that is doubly bonded to another carbon.

a hydrogen bonded to a vinylic carbon.
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Solutions to Problems

1. Solved in the text.

2. a. C4H6 b. C10H|6

3. Solved in the text.

4. a. 4 b. 1 c. 3 d. 13

5. a. degreeofunsaturation = 1 b. degree of unsaturation = 2 ¢ degree of unsaturation = 2

HC=CCH,CH
CH;CH=CH, CH,C=CH C=CCH,CH;
CH3C=CCH;
CH,=C=CH, CH,=CHCH=CH,
CH,=C=—CHCHj;

6. A hydrocarbon with no rings and no double bonds would have a molecular formula of C4yHg,. C40Hsg has
26 fewer hydrogens. Therefore, B-carotene has a total of 13 rings and double bonds. Because we know it
has two rings, it has 11 double bonds.

7. a. 4-methyl-2-pentene e. 1,5-dimethylcyclohexene
b. 2-chloro-3,4-dimethyl-3-hexene f. 1-butoxy-2-butene
¢. 1-bromocyclopentene g. (E1,E3)-1-bromo-2-methyl-1,3-pentadiene
d. 1-bromo-4-methyl-3-hexene h. 8,8-dimethyl-1-nonene

8. a. It has two vinylic hydrogens.

b. It has four allylic hydrogens.

)
@
e

CH3CH20CH=CH2
CH;
CHs

iy
b. CH3;C=CCH,CH,CH,Br d. CH,=CHCH,0H
CH,

10. Solved in the text.

11. a. 4 b. 4 c. 6
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14.

15.
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N 3\C <
= H =
\ / /s
CH; cC=C CH; C=C
\ \
H CHj; H H

(E)-2-methyl-2,4-hexadiene (Z)-2-methyl-2,4-hexadiene

b. CHj H CH; /H
C=C H C=C
N N
H C=C H C=C
/ \ / \
H CH,CH; H H
(2E.AE)-2,4-heptadiene (2E,4Z)-2 4-heptadiene
H H H H
Cc=C C= C/
N A /N, CHCHs
CH3 CcC=C CH3 C= C
/ \ / \
H CH,CHj; H H
(2Z,4E)-2,4-heptadiene (2Z,4Z)-2,4-heptadiene
(v H H H H
C=C \C C/
= H =
Y / \ /CH3
H C=C H Cc=C
/ \ / \
H - CHj H H
(E)-1,3-pentadiene (Z)-1,3-pentadiene

b has four stereoisomers because each double bond can have either the E or the Z configuration.

a and c have only two stereoisomers because, in each case, there are two identical substituents bonded to
one of the sp? carbons, so only one of the double bonds can have either the E or the Z configuration.

nucleophiles: H™ CH;0© CH;C=CH NH;
+
electrophiles: CH;CHCH;3

a. AICl; is the electrophile, and NH; is the nucleophile.
b. The H3* of HBr is the electrophile, and HO™ is the nucleophile.

Or———— +OH
a 2 + H [y H ! + H0
" CcHy” OH | CH,” OH 2
H
nucleophile electrophile
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b.

C.

Br
+ Br+ —_
+

nucleophile electrophile

i I

C + HOE —— C + H0
cHy NOLH cHy” Yo 2
electrophile nucleophile

CH; CH;

| . |
CH;—Ct + (T —— CH;—C—Cl

| N— |

CH; CH,

electrophile  nucleophile

16. The labels are under the structures in Problem 15.

17. 1.

e Ny
:0: HOH
l

CH—C ¥ Br
CH3 CH3

Drawing the arrows incorrectly leads to a bromine with an incomplete octet and a positive
charge as well as an oxygen with 10 valence electrons and 2— charge.

+oe 2, —

CH3—c|)—H CH;—O—H + H:
H

Drawing the arrows incorrectly leads to an oxygen with an incomplete octet and a 2+ charge.

This one cannot be drawn because the arrow is supposed to show where the electrons move to, but
there are no electrons on the H to go anywhere.

0

CH,COCH; +  HO:

The product cannot be drawn because the destination of the electrons in the breaking 7 bond is
not clear.

This one cannot be drawn because the arrow is supposed to show where the electrons move to, but
there are no electrons on the C to go anywhere.
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Because the equilibrium constants for all the monosubstituted cyclohexanes in Table 3.9 on page 128
of the text are greater than 1, all of the equilibria have negative AG® values.

(Recall that AG® = —RTInK.q.)
tert-butylcyclohexane
tert-butylcyclohexane, because it is the largest substituent

AG®° = —-RThnk,,
=18
AG® = -1.986 X 10 kcal/mol K X 298 K X In 18 (recall that T = °C + 273)
AG® = -0.59 X In 18 kcal /mol
AG® = —0.59 X 2.89 kcal /mol
AG® = —1.7 kcal /mol

Solved in the text.

AG® = -RThn K,
—2.1 = —1.986 X 107 X 298 X In K,
InK,, = 3.56
Ky =35
[ isopropylcyclohexane ] equatoriai _ 35
Kea = [ isopropylcyclohexane ] oy 1
% of equatorial _ [isopropylcyclohexane] equatorial « 100
isopropylcyclohexane  [isopropylcyclohexane] equaoriat + [isOpropylcyclohexane] uia
35
= X 100
35+ 1
35
= — X 100
36
= 97%
Isopropylcyclohexane has a greater percentage of the conformer with the substituent in the equatorial

position because the isopropyl substituent is larger than the fluoro substituent. The larger the sub-
stituent, the less stable is the conformer in which the substituent is in the axial position because of the
1,3-diaxial interactions.

AS® is more significant in reactions in which the number of reactant molecules and the number of product
molecules are not the same.

a.

b.

1. A+ B C
2. A == B + C

Reaction 2. has a positive AS°.
In order to have a positive AS°, the products must have greater freedom of motion than the reactants.
(In other words, there must be more molecules of products than molecules of reactant.) ‘
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a. 1. AG° = AH° — TAS° AG® = —RTInK,,
(recall that T = °C + 273) AG® = —(1.986 X 107%)(303) InK,,
AG® = —12 — (273 + 30)(.01) —15 = —0.60In K.,
AG®° = =12 — 3 = —15kcal/mol InK,q = 25
Kq = 72 %10
2. AG° = AH° - TAS AG® = —(1.986 X 107%)(423) InK,,
AG® = —12 — (273 + 150)(.01) -16 = —0.84In K,
AG® = —12 — 4 = —16 kcal/mol InKg = 19
Kq = 1.8 X 10°

b. For this reaction: the calculations show that increasing the temperature causes AG® to be more negative.
c. For this reaction: the calculations show that increasing the temperature causes K4 to be smaller,
because In K,; = —AG°/RT.

The value for the 7 bond of ethene (62 kcal/mol) is given in the text on page 43.

a.
bonds broken bonds formed
7r bond of ethene 62 CH,CH,—H 101
H—Cl 103 CH;CH,—C1 85
165 kcal /mol 186 kcal/mol AH° = 165 — 186 = —21 kcal/mol
b.
bonds broken bonds formed
7 bond of ethene 62 CH;CH,—H 101
H—H 104 CH;CH,—H 101
166 kcal /mol 202 kcal/mol AH° = 166 — 202 = —36 kcal /mol

c. Both are exothermic, because they both have a negative AH® value.
d. The AH° values of both reactions are sufficiently negative to allow you to expect that they will be
exergonic as well.

a. CH,=CHCH,CH,CH; or CH;CH=CHCH,CH,

b. CH,CH;,4 CH,CH;, CH,CH,4
or or
CH=CH, CHCH,
or or

three alkenes: 1-butene, cis-2-butene, trans-2-butene
four alkenes: 3-methyl-1-pentene, (E)-3-methyl-2-pentene, (Z)-3-methyl-2-pentene, 2-ethyl-1-butene
c. five alkenes: 1-hexene, cis-2-hexene, frans-2-hexene, cis-3-hexene, trans-3-hexene

Fe
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Because alkene A has the smaller heat of hydrogenation, it is more stable.

a CH,CH;
This alkene is the most stable because it has the greatest
CH,CH; number of alkyl substituents bonded to the sp? carbons.
b, CH,CHj;
This alkene is the least stable because it has the fewest
CH,CH, number of alkyl substituents bonded to the sp? carbons.
¢ CH,CH3;
) This alkene has the smallest heat of hydrogenation
because it is the most stable of the three alkenes.
CH,CHj;
CH;, CH;,
CHj; CHj; H CH,CH; CH;CH, CH,CH; CH;—CH CH—CH;
\ / \ / \ / \ /
C=C > C—C > C=—=C > C==
/ \ / \ / \
CH;CH, CH,CH; CH;CH, H H H H H
4 alkyl substituents 2 trans alkyl substituents 2 cis alkyl substituents 2 cis alkyl substituents

that cause greater steric strain
than those in cis-3-hexene

a. aand b, because the product is more stable than the reactant.
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