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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.
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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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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 |-
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T E
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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.

;-—-—-
‘\_\

Copyright © 2017 Pearson Education, Inc.



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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100 — 0.0
90 M{Mb\ i M VV-\\“ - 0.05
v .
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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
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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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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
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- 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.
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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
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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.
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B. 100
()]
g
S
E 504
g
=
o+
4000 3000 2000 1500 1000 500
all, I]L
1 l 1 l ] I )
4 3 2 1 0

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

Copyright © 2017 Pearson Education, Inc.



24.

25.

Spectroscopy Problems 53

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 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>