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PREFACE

This book is the Instructor’s Guide and Solutions Manual to the problems
contained in the text Organic Structures from 2D NMR Spectra.

The aim of this book is to teach students to solve structural problems in organic
chemistry using NMR spectroscopy and in particular 2D NMR spectroscopy. The
basic philosophy of the book is that learning to identify organic structures using
spectroscopy is best done by working through examples. This book contains a
series of about 60 graded examples ranging from very elementary problems
through to very challenging problems at the end of the collection.

We have assumed a working knowledge of basic structural organic chemistry and
common functional groups. We also assume a working knowledge of the
rudimentary spectroscopic methods which would be applied routinely in
characterising and identifying organic compounds including infrared spectroscopy
and basic 1D ¥C and '"H NMR spectroscopy.

The Instructor’s Guide contains a worked solution to each of the problems
contained in Organic Structures from 2D NMR Spectra. At the outset, it should be
emphasised that there are always many paths to the correct answer — there is no
single process to arrive at the correct solution to any of the problems. We do not
recommend a mechanical attitude to problem solving — intuition, which comes
with experience, has a very important place in solving structures from spectra;
however, students often find the following approach useful:

(i) Extract as much information as possible from the basic characterisation data

which is provided:

(a) Note the molecular formula and any restrictions this places on the
functional groups that may be contained in the molecule.

(b) From the molecular formula, determine the degree of unsaturation.
The degree of unsaturation can be calculated from the molecular
formula for all compounds containing C, H, N, O, S and the
halogens using the following three basic steps:

1. Take the molecular formula and replace all halogens by
hydrogens.

X
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(ii)

(¢)

(d)

(e)

2. Omit all of the sulfur and/or oxygen atoms.
3. For each nitrogen, omit the nitrogen and omit one hydrogen.

After these three steps, the molecular formula is reduced to C,H,,,,

and the degree of unsaturation is given by:
Degree of Unsaturation =n—", +1

The degree of unsaturation indicates the number of z bonds and/or
rings that the compound contains. For example, if the degree of
unsaturation is 1, the molecule can only contain one double bond or
one ring. If the degree of unsaturation is 4, the molecule must
contain four rings or multiple bonds. An aromatic ring accounts for
four degrees of unsaturation (the equivalent of three double bonds
and a ring). An alkyne or a C=N accounts for two degrees of

unsaturation (the equivalent of two 7 bonds).

Analyse the 1D "H NMR spectrum if one is provided and note the
relative numbers of protons in different environments and any
obvious information contained in the coupling patterns. Note the
presence of aromatic protons, exchangeable protons, and/or vinylic
protons, all of which provide valuable information on the functional

groups which may be present.

Analyse the 1D *C NMR spectrum if one is provided and note the
number of carbons in different environments. Note also any
resonances that would be characteristic of specific functional groups,
e.g the presence or absence of a ketone, aldehyde, ester or carboxylic
acid carbonyl resonance.

Analyse any infrared data and note whether there are absorptions

characteristic of specific functional groups, e.g. C=0 or —OH groups.

Extract basic information from the 2D COSY, TOCSY and/or C—H

correlation spectra.

(a)

The COSY will provide obvious coupling partners. If there is one
identifiable starting point in a spin system, the COSY will allow the
successive identification (i.e. the sequence) of all nuclei in the spin
system. The COSY cannot jump across breaks in the spin system
(such as where there is a heteroatom or a carbonyl group that isolates
one spin system from another).



(iii)

(iv)

(v)

(vi)

(vii)
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(b) The TOCSY identifies all groups of protons that are in the same spin
system.

(c¢) The C—H correlation links the carbon signals with their attached
protons and also identifies how many -CH—, -CH,—, —CH, and
quaternary carbons are in the molecule.

Analyse the INADEQUATE spectrum if one is provided, because this can
sequentially provide the whole carbon skeleton of the molecule. Choose one
signal as a starting point and sequentially work through the
INADEQUATE spectrum to determine which carbons are connected to
which.

Analyse the HMBC spectrum. This is perhaps the most useful technique to
pull together all of the fragments of a molecule because it gives long-range

connectivity.

Analyse the NOESY spectrum to assign any stereochemistry in the

structure.

Continually update the list of structural elements or fragments that have been
conclusively identified at each step and start to pull together reasonable
possible structures. Be careful not to jump to possible solutions before the
evidence is conclusive. Keep assessing and re-assessing all of the options.

When you have a final solution which you believe is correct, go back and
confirm that all of the spectroscopic data are consistent with the final
structure and that every peak in every spectrum can be properly rationalised

in terms of the structure that you have proposed.

L. D. Field
H. L. Li

A. M. Magill
January 2015
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Problem 1

Question:

The 'H and *C{'H} NMR spectra of 1-iodopropane (C3H7I) recorded in CDCl; solution at
298 K and 400 MHz are given below.

The 'H NMR spectrum has signals at 6 0.99 (Hs), 1.84 (Hz) and 3.18 (H;) ppm.
The *C{'H} NMR spectrum has signals at 6 9.6 (C1), 15.3 (C3) and 26.9 (C2) ppm.

Also given on the following pages are the 'H-'H COSY, 'H-"3C me-HSQC, 'H-*C HMBC
and INADEQUATE spectra. For each 2D spectrum, indicate which correlation gives rise to
each cross-peak by placing an appropriate label in the box provided (e.g. Hi — Ho,

Hi— ).

Solution:

1 2 3

1-lodopropane I—CH,—CHy—CHs

1. 'H-'H COSY spectra show which pairs of protons are coupled to each other. The COSY
spectrum is always symmetrical about a diagonal. In the COSY spectrum, there are two
3Ju-n correlations above the diagonal (H; — Hz and H, — Hs). There are no long-range
correlations.

TH-'"H COSY spectrum of 1-iodopropane (CDCl3, 400 MHz)

H;, Hs
m h
l ppm
~0.5
H 1
% % ‘ 1.0
|
Hy—hs 1.5
|
H, 4 % ¢
| 2.0
Hi—H,
-2.5
| 3.0
H1 S—, ‘ - ]
-3.5
1 2 3
|_'CH2‘_‘CH2""CH3
T T T T T T T

35 30 25 20 15 10 05 ppm
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2. The 'H-"3C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H; and Ci, H> and C and also
between H3 and C3. As the spectrum is multiplicity edited, the cross-peaks corresponding
to CH> groups are shown in red and are of opposite phase to those for CH3 groups.

TH-13C me-HSQC spectrum of 1-iodopropane (CDCIl3, 400 MHz)

H, Hs

m 12 ' ppm

1 2 3
|—CH2_CH2_CH3
- 5
Cy ' —-10
H,—=C
1 1 0 15
Cs
- 25
G, 6 |
—-30
Hz_"Cz I
—35
R R R R P I I ML
3.5 3.0 25 2.0 1.5 1.0 0.5 ppm
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3. In HMBC spectra, remember that, for alkyl systems, both two- and three-bond C-H
coupling can give rise to strong cross-peaks.

4. H; correlates to Cz and Cs. Hj correlates to C; and Cs. Hjs correlates to C1 and Ca.

TH-13C HMBC spectrum of 1-iodopropane (CDCls, 400 MHz)

C1—_

C.

H‘i HS
H,
A ' ppm
[ H—c [[ H—c, | [

] 0 5—10

(] 15

| H—cC; | | H,—c, | 20
- 25
30

Hi—C; H;—C, [
35

1 2 3 [

]_CHg_CHg_CHs
e s

35 30 25 20 15 10 05 ppm
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INADEQUATE spectrum of 1-iodopropane (CDCl3, 150 MHz)

Ca C'I

1
|_CH2

e o S
25 20 15 10

5. The INADEQUATE spectrum shows one-bond '*C—"*C connectivity. There are
correlations between C; and Cz, and C, and Cs.

ppm

10

ppm
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Problem 2

Question:

The 'H and *C{'H} NMR spectra of 2-butanone (C4HsO) recorded in CDCl5 solution at
298 K and 400 MHz are given below.

The 'H NMR spectrum has signals at 6 1.05 (Hs), 2.14 (Hi) and 2.47 (H3) ppm.

The *C{'H} NMR spectrum has signals at 6 7.2 (Ca), 28.8 (C1), 36.2 (C3) and
208.8 (C2) ppm.

Also given on the following pages are the 'H-'H COSY, 'H-"3C me-HSQC, 'H-!*C HMBC
and INADEQUATE spectra. For each 2D spectrum, indicate which correlation gives rise to
each cross-peak by placing an appropriate label in the box provided (e.g. Hi — Ho,

Hi— Cy).

Solution:
1 2 3 4
2-Butanone CHs—(—CHo—CHs
O

1. 'H-'H COSY spectra show which pairs of protons are coupled to each other. The COSY
spectrum is always symmetrical about a diagonal. In the COSY spectrum, there is only
one >Ju_n correlation above the diagonal (Hs — Ha). There are no long-range
correlations.

TH-TH COSY spectrum of 2-butanone (CDCls, 400 MHz)

H
1 m H4
ppm

-1.5

1 2 3 4
CHg—ﬁ—CHz—CHa

20

3.0 25 2.0 15 1.0 ppm

11
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2. The 'H-"3C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H; and Ci, H3 and also between
Cs and H4 and Cs. As the spectrum is multiplicity edited, the cross-peaks corresponding
to CH> groups are shown in red and are of opposite phase to those for CH3 groups.

TH-13C me-HSQC spectrum of 2-butanone (CDCls, 400 MHz)

H,

H,
H,
l ppm
- 5
C4 a
[ —-10
1 s 3 4 Hy —~C,
CH3—(I%-—CH2—CH3 -15
o :
—20
—25
C, [
? -30
H,—C I
0 1 1 35
Cs ‘ i
—40
H3_’Cs _
—45
e L e e B A
3.0 25 2.0 1.5 1.0 ppm

12
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In HMBC spectra, remember that, for alkyl systems, both two- and three-bond coupling
can give rise to strong cross-peaks. There are no one-bond C—H correlations.

Hi correlates to C; and Cs. Hs correlates to Ci, C; and C4. Hy correlates to C, and Cs.

TH-13C HMBC spectrum of 2-butanone (CDCIl3, 400 MHz)

H,
H m
1 2 3 4 _ 0
CHg—C—CH,—CH
C. L 3 (") 2 3 :
- 10
H; — C,
- 20
C :
: " 30
& — .
Cs H; — C4 | — 40
H, —~ Cs Hy —Cs
- 50
~200
C,— ? T < 210
H; —~C, Hi—~C, H,— C, 5_220
L L e ;
3.0 25 2.0 15 1.0 ppm

13



Organic Structures from 2D NMR Spectra

5. The INADEQUATE spectrum shows one-bond '*C—'3C connectivity. There are
correlations between C; and Cz, C2 and C3 and Cs and Ca.

INADEQUATE spectrum of 2-butanone (CDCl3, 150 MHz)

C
C, 3 C, C.
ppm
—-80
1 2 & & || v Vg M 0 1 3
CHag—G—CHp—CHg ' | ' ~70
[
O C;~—C,
—-60
=110
C1 et Cz X
~120
RSl Sl & et b ) i
fromenedeas | """""" I 2—130
C,—GC;
- 140

220 210 200 50 40 30 20 10 0 ppm

14
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Problem 3

Question:

Identify the following compound.
Molecular Formula: CsH120

IR: 1718 cm™

Solution:

1 2 3 4 5

6
2_Hexanone CH3_ﬁ_CH2 —CHZ"CHQ_CH3
(0]

1. The molecular formula is CsH120. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of CsHi2
(C.Hn) which gives the degree of unsaturation as (n —m/2+1)=6—-6+1=1. The
compound contains one ring or one functional group containing a double bond.

2. The "*C{'H} spectrum establishes that the compound contains a ketone (*C resonance at
209.3 ppm). There can be no other double bonds or rings in the molecule because the
C=0 accounts for the single degree of unsaturation.

3. 1D NMR spectra establish the presence of three CH» groups and two CHj3 groups. The
multiplicities of the signals can be verified using the me-HSQC spectrum.

'H NMR spectrum of 2-hexanone (CDCls, 600 MHz)
H;

H e He
}jl Nl e

‘ N B | I
28 26 24 22 20 18 16 14 12 1.0 08 ppm

15
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I3C{H} NMR spectrum of 2-hexanone (CDCls, 150 MHz)

Solvent C
r!_‘ 1
C,

T T T T T T I T I T I T T T T T I T T ' 1
200 180 160 140 120 100 80 60 40 20 ppm

4. The COSY spectrum shows a single spin system — H; — Ha, H4 — Hs and Hs — Hg for a
—CH>CH>CH>CH3 fragment.

5. Hi does not couple to any of the other protons in the molecule and therefore does not
show any correlations in the COSY spectrum.

TH-"H COSY spectrum of 2-hexanone (CDCl3, 600 MHz)

H1 HS
Hs Hs  Hs m
Lh M Al ppm
He —= Hs — He % s I 10
® 0 3
Hs = Hi—Hs 0 oo 8 _
H, < B $ 33 _—1.5
Hy —H, I
—2.0
Hy ei i
Hy = ( % Lo
1 23 4 5 6 |
CHg_(I_I:_CHg _CH2_0H2_0H3 |
———— 3.0
3.0 2.5 2.0 1.5 1.0 ppm
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5. The '"H-'3C me-HSQC spectrum easily identifies the protonated carbon resonances: Cs at
13.9, Cs at 22.4, C4 at 26.0, C; at 29.9 and C3 at 43.5 ppm.

TH-13C me-HSQC spectrum of 2-hexanone (CDCl3, 600 MHz)

H1 HE
H, Hy  Hs m
Jh Jh b, ppm
10
C [
s Ho—C 0 15
-20
CS H5 —“'Cse [
c i
Ci— Hi—C: @ -30
-35
- 40
2 [
2 OH,—c, 1 2 3 4 5 6 [
CHa—%I)v—CHg ~CH,—CHpy—CHs [ 45
I [
A L L L
3.0 25 2.0 1.5 1.0 ppm
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6. The HMBC spectrum confirms the structure with correlations from H; and H3 to C»
indicating that the ketone group is located between C; and Cs. All other correlations are
consistent with the structure.

TH-13C HMBC spectrum of 2-hexanone (CDCls, 600 MHz)

H1 HE
H,y H, Hs m
10
CG H4_“'Cs° an_‘Cs g
Cs H;—~Cs o H,—~Cs® 8H; —C, 5_20
e H;—~C, @ @ 0 Hg—~C, ¢
] H;—C, # Hs—C, -30
Cq :
- 40
H1 — C3 ‘ L] @ H5 s C3 -
o G 50
— 200
H4_"C2 ;
Cz2 Hy—~C; @ L = =210
Hi—~C, 1 2 3 4 5 6
CHS_C_CHQ _CH2_CH2_CH3
I - 220
L D e e -
3.0 2.5 2.0 15 1.0 ppm
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Problem 4

Question:

The 'H and 1*C{'H} NMR spectra of ethyl propionate (CsH100) recorded in CDCI5 solution
at 298 K and 300 MHz are given below.

The '"H NMR spectrum has signals at § 1.14 (H;), 1.26 (Hs), 2.31 (Hz) and 4.12 (H4) ppm.

The *C{'H} NMR spectrum has signals at 6 9.2 (C1), 14.3 (Cs), 27.7 (C2), 60.3 (C4) and
174.5 (Cs) ppm.

Use this information to produce schematic diagrams of the COSY, HSQC and HMBC

spectra, showing where all of the cross-peaks and diagonal peaks would be.
Solution:

1 2 3 4 5
CH3—CH2—ﬁ—O—CH2—CH3

Ethyl propionate

O

1. The molecule contains two independent spin systems — one for each CH2CHj3 fragment.
Each spin system is made up of two unique spins — one CHz and one CHs.

2. The COSY spectrum has peaks on the diagonal for each unique spin, so the spectrum will
contain four diagonal peaks.

3. COSY spectra show cross-peaks (off-diagonal peaks) at positions where a proton whose
resonance appears on the horizontal axis is directly coupled to another whose resonance
appears on the vertical axis.

4. For ethyl propionate, the CHz of each spin system will couple to the CHs of the same spin
system, so two cross-peaks would be expected — one between Hs and Hs, and another
between Hi and Ha.

5. Remember that a COSY spectrum is symmetrical about the diagonal, so the two peaks
above the diagonal must also be reflected below the diagonal.
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Predicted 'H-'"H COSY spectrum of ethyl propionate (CDCls, 300 MHz)

Hs| | H,
Ha H,
JL IJJI ppm
H, Hy — Hs @Hz — Hi r'{f{a. :_1-0
L= 52 ;

: 15
1 2 3 4 5 L
CHg_CHg_ﬁ_O_CHg_CH3

O __2.0

H,—= O @ :

'/v“'.‘ __‘2.5
3.0
-3.5
-4.0
Hi—= O @ [

-4.5

N e
45 40 35 30 25 20 15 1.0 ppm
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The HSQC spectrum contains cross-peaks at positions where a proton whose resonance
appears on the horizontal axis is directly bound to a carbon atom whose resonance
appears on the vertical axis. There are four cross-peaks in the HSQC spectrum.

Predicted "H-'*C HSQC spectrum of ethyl propionate (CDCls, 300 MHz)

Hs | | Hy
H, H,

H1—’C1E
Cy ® =10
Cs
1 2 3 4 5 Hs — Cs !
CH3_CH2_ﬁ_O_CH2_CH3 —20
H, —C ’
c, CB 2 2 »
—30
- 40
—50
H4—>C4 1
C4 & - 60
A L B I BRI B B B B
45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
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7. The HMBC spectrum contains cross-peaks at positions where a proton whose resonance
appears on the horizontal axis is separated by two or three bonds from a carbon atom
whose resonance appears on the vertical axis.

Predicted "H-'*C HMBC spectrum of ethyl propionate (CDCl3, 300 MHz)

Hs | | H
ppm
. H, - C
C1 2 1
Cs ®

H4—)C5 . 20

C, & I

Hi — C,
= 40

1 2 3 4 5

Cs GHg—CH,—G—0—CH,—CHg @ - 60

[l Hs — Cy4 I

— 0]
t — 80
Solvent

~100
~120
~140
~160

H4—’C3 Hz—)Ca H1—)C3_

Cs — & @ 3

’ © @ ¢ -180

e SN
45 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
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Problem 5

Question:

The 'H and *C{'H} NMR spectra of ethyl 3-ethoxypropionate (C7H1403) recorded in CDCl3
solution at 298 K and 600 MHz are given below.

The '"H NMR spectrum has signals at ¢ 1.18 (Hy), 1.26 (H7), 2.56 (Ha), 3.50 (Hz), 3.70 (H3)
and 4.15 (He) ppm.

The *C{'H} NMR spectrum has signals at 6 14.2 (C7), 15.1 (C1), 35.3 (C4), 60.4 (Cs), 65.9
(C3), 66.4 (C3) and 171.7 (Cs) ppm.

Also given on the following pages are the '"H-'H COSY, '"H-"*C me-HSQC and 'H-"*C
HMBC spectra. For each 2D spectrum, indicate which correlation gives rise to each cross-

peak by placing an appropriate label in the box provided (e.g. Hi > H,, H, > C)).
Solution:

1 2 3 4 5 6 7
Ethyl 3-ethoxypropionate s~ CH:— 0 CHomCHom(—O—CHo—CH,

0
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1. 'H-'H COSY spectra show which pairs of protons are coupled to each other. The COSY
spectrum is always symmetrical about a diagonal. In the COSY spectrum, there are three
3Ju-n correlations above the diagonal (H, — Hi, H3 — Ha4 and He — Hy7). There are no
long-range correlations.

TH-"H COSY spectrum of ethyl 3-ethoxypropionate (CDCl3, 600 MHz)

Hs H[TZ '-r H? H1
l ppm
H, * t _—1.0
H . ! 3
= _
~1.5
;
-2.0
He—= ' ; 2.5

-4.0
Ho —= 8 \ '

1 2 3 4 5 6 7 ‘_4 5
CHg_CHg_O_CHg_CHg_ﬁ_O_CHg_CH3 Fo

50 45 40 35 30 25 20 15 1.0 ppm
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The 'H-"2C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H; and Ci, H> and C,, H3 and C;3,
Hs4 and Cs4, Hs and Cs and H7 and C7. As the spectrum is multiplicity edited, the cross-
peaks corresponding to CH> groups are shown in red and are of opposite phase to those
for CH3 groups.

TH-13C me-HSQC spectrum of ethyl 3-ethoxypropionate (CDCl3, 600 MHz)

H,| [H
% ﬂ ﬂi ppm

= -10

¥ H? — C? — ae :

C; I
12 3 4 5 6 7 H.—c. |20
CH3—CH2—O—CHg—CHg—(ljl—O—CHg—CH3 ! LIy

O i

-30
C.q, [
0 :

| 40
H4 T C4 -

50
Hs— Cs [
| r

Ca 0 — 60
C, [
C, 0 0 H, —~ G i

| —70
H3 - Ca L

I e
4.5 4.0 3.5 3.0 25 2.0 1.5 ppm
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3. In HMBC spectra, remember that, for alkyl systems, both two- and three-bond couplings
can give rise to strong cross-peaks.

TH-13C HMBC spectrum of ethyl 3-ethoxypropionate (CDCl3, 600 MHz)

He HUZ H, H; || H4
o U .
1 1)
C, y — 20
C, i . f:
§ ! - 40
Ce E !
] Co — 60
= ' § s ; W
Cz R \
1 Expansion A - 80
Solvent |
—100
1 2 3 4 5 6 7
CH3_CH2_O_CHz_CHz_C_O_CHz_CHS I
| -120
0]
—140
He — Cs H; —Cs Hs— Cs
| | —160
Cs— * f i
| ] ] | T | | | |

50 45 40 35 30 25 20 15 1.0 ppm
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4. H correlates to C, only. H» correlates to Ci and C3. Hjs correlates to Co, C4 and Cs. Hy
correlates to C3 and Cs. Hg correlates to Cs and C7. H7 correlates to Ce only.

TH-13C HMBC spectrum of ethyl 3-ethoxypropionate — expansion A

Hg H, H, H;
1 ppm
10
[ ] Hz_"'C1 -
He — C; 20
-30
0 — Ha_"C4 -
- 40
1 2 3 4 5 6 7 [
CH3_CHQ_O_CHQ_CHg_ﬁ_O_CHg_CHS
-50
H;—Cs |}
| i
H, — Cy & 60
] i
¢ ° 0 ¢
I | L E70
H3 — Cz H4_.' C3 H1 _-CQ -
AR L A B B T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm
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Question:

Problem 6

The 'H and '*C{'H} NMR spectra of 4-acetylbutyric acid (C¢H1003) recorded in CDCl3
solution at 298 K and 600 MHz are given below.

The 'H NMR spectrum has signals at 6 1.81, 2.08, 2.31, 2.47 and 10.5 ppm.

The *C{'H} NMR spectrum has signals at 6§ 18.5, 29.8, 32.9, 42.2, 178.8 and 208.6 ppm.

The 2D me-'H-"*C HSQC and '"H-'*C HMBC spectra are given on the following pages. Use
these spectra to assign the 'H and '*C {'H} resonances for this compound.

Solution:

28

4-Acetylbutyric Acid

6 5 4

3 2 1

CHg—ﬁ—CHg—CHg—CHz—ﬁ—OH

0 o]
Proton | Chemical Shift (ppm) | Carbon [Chemical Shift (ppm)
Ci 178.8
H> 2.31 C2 329
H3 1.81 Cs 18.5
Hy 2.47 Cs 42.2
Cs 208.6
He 2.08 Ce 29.8
OH 10.5

The methyl group (He, singlet at 2.08 ppm) and the —OH proton (10.5 ppm,
exchangeable) may be easily identified from the '"H NMR spectrum. The triplet
resonances (at 2.31 and 2.47 ppm) correspond to H> and H4 but cannot be assigned by
inspection. The more complex resonance at 1.81 ppm must correspond to H3 since the
multiplet structure shows it has more than two neighbouring protons.
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'H NMR spectrum of 4-acetylbutyric acid (CDCls, 600 MHz)

Hs

Exchanges with D,0 (

|
—— Jﬁﬁ i jm;

""" I [ o HARR AR |

T T T
10.5 104 25 24 23 22 21 20 19 1.8 ppm

2. The signals corresponding to the ketone (Cs, 208.6 ppm) and the carboxylic acid (Ci,
178.8 ppm) in the 3C{'H} NMR spectrum can be assigned by inspection.

BC{'H} NMR spectrum of 4-acetylbutyric acid (CDCl3, 150 MHz)

C5 Cl

N

Caig, Cs

Cs

Solvent
th

| |

T T T N T T T T T T T ’ T N T T T ’ T T T

200 180 160 140 120 100 80 60 40 20 ppm
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3. The 'H-"*C me-HSQC spectrum easily identifies the protonated carbon resonances: C; at
18.5, and C¢ at 29.8 ppm. The proton resonance at 2.31 ppm correlates to the '3C
resonance at 32.9 ppm, and the 'H resonance at 2.47 ppm correlates to the '*C resonance
at 42.2 ppm.

TH-13C me-HSQC spectrum of 4-acetylbutyric acid (CDCls, 600 MHz)

Hs
111 if Al ppm
6 5 4 3 2 1 —15
CH3—C—CH>—CHy—CH,—C—0OH L
C I I @ H:—Cs |
3 0 0 (@ Rar 3 | 5
o5
Co — Hg — Ce -30
Cz f.) Hz -, Cz
—35
- 40
C4 —H ‘,/‘j/' H4 4 C4
- 45

27 26 25 24 23 22 21 20 19 18 1.7 ppm
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Remember that, in HMBC spectra, two- and three-bond correlations are generally
strongest in aliphatic systems.

In the '"H-'3C HMBC spectrum, He correlates to the ketone carbon (Cs, a two-bond
correlation), as well as the resonance at 42.2 ppm. This correlation must be the three-
bond correlation to Cs, and so we can assign the resonances at 2.47 and 42.2 ppm to Hy
and Cs, respectively. The newly assigned Hs shows a strong correlation to Cs, confirming
its assignment.

H> must therefore be the resonance at 2.31 ppm, and C; the resonance at 32.9 ppm.

In the HMBC spectrum, H» correlates strongly to Ci, confirming its assignment.

TH-3C HMBC spectrum of 4-acetylbutyric acid (CDCls, 600 MHz)

He
H, H, Ho

i i A ppm

H —>C3 H2—>C3 I
Cs S e o H, o C, - 20

C, —— o o '
Co— H, — C, © = s

H2—>C4 H6—>C4 H3—>C5 i
— 60
T — 80

Solvent L
—100

6 5 4 3 2 1 A
CHg_ﬁ_CHg_CHg_CHg_ﬁ_OH 1 20
- 140
—160

H, — C,4 H; — C; I
Ci [ ] [ o) —180
H4_>C5 HEHCE H3_’Cs _200

Cs o o .
—220

""""" [ A LA AL R AR AEAARAAL RARAREARY EARRARARY MR

" v I
27 26 25 24 23 22 21 20 19 1.8 17  ppm
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Problem 7

Question:
Identify the following compound.
Molecular Formula: CsHoClO»

Solution:

5 4 3 2 1
3-Ethoxypropionyl chloride CH3_CH2_°_CH2_CH2_§_C'

1. The molecular formula is CsHoClO,. Calculate the degree of unsaturation from the
molecular formula: replace the Cl with H and ignore the O atoms to give an effective
molecular formula of CsHio (C,H,,) which gives the degree of unsaturation as

(n—m/2+1)=5-5+1=1. The compound contains one ring or one functional group
containing a double bond.

2. The "*C{'H} spectrum establishes that the compound contains a carbonyl group
(13C resonance at 171.9 ppm). This accounts for all of the degrees of unsaturation, so the
compound contains no additional rings or multiple bonds.

'H NMR spectrum of 3-ethoxypropionyl chloride (CDCl3, 500 MHz)

Hs
Hs H,
H,

rr—rr—r-r—T1T 1T 1T 1T 71T T 1T T 1T T T T

38 36 34 32 30 28 26 24 22 20 18 16 1.4 ppm

I3C{TH} NMR spectrum of 3-ethoxypropionyl chloride (CDCl3, 125 MHz)

C4 C3 CE

Solvent

Cs

o
180 160 140 120 100 80 60 40 20 ppm
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The COSY spectrum shows two independent spin systems — Hs to Hs for a —CH>CH3
fragment and H> to Hz for a —-CH>CH>— fragment.

TH-TH COSY spectrum of 3-ethoxypropionyl chloride (CDCls, 500 MHz)

Hy He  H, Hs
U m ppm
~1.0
Hy — et ] '
Hs — Hs L1s
5 4 3 2 1 20
CHg—CHg_O_CHg—CHQ—(I.-l;—C|
2.5
H3 — H2 r 3 0
i s i ! o
| IZ, B
Hy ! )
~4.0

4.0 35 3.0 25 2.0 15 1.0 ppm
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4. In the me-HSQC spectrum, the downfield 'H and '*C chemical shifts of H3/C3 and Ha/C4
indicate that C3 and C4 are bound to either oxygen or chlorine.

TH-13C me-HSQC spectrum of 3-ethoxypropionyl chloride (CDCls, 500 MHz)

H, Hy  H, Hs
U m ppm
10
Cs ° »
H5 - Cs E
—20
- 30
5 4 3 2 1 -
CH3_CH2_O_CH2_CH2_ﬁ_C| 5
- 40
C, — B i
Hz — Cz E_ 50
- 60
H3 — C3 [
Cin -]
Gy ° i
Hs — Cy4 ~70

4.0 35 3.0 25 2.0 15 1.0 ppm

5. There are two possible isomers:
Cl_CHZ_CHZ_ﬁ_O_CHz_CH3 CH3—CH2—O—CH2—CH2—ﬁ—C|

O @)
A B
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In the HMBC spectrum, the correlations from H» and H3 to C; indicate that the
—CH>CH»— fragment is bound to the carbonyl group. The H3 — C4 and H4 — C3
correlations indicate an interaction between the two spin systems. These correlations
would be absent in Isomer A thus Isomer B is the correct answer.

TH-13C HMBC spectrum of 3-ethoxypropionyl chloride (CDCl3, 500 MHz)

H3 H4 HZ H5
u ‘ ppm
Hy— Cs
= ¢ - 20
H;=>C - 40
c, 3 2
Hy=t2 Cs - 60
gz.\ ] ¢ O $H.—Cs [
4 H; — C, Hs — C4
- 80
Solvent
-100
5 4 3 2 1
CH3—CH;—0—CH,—CH,—C—Cl
3 2 2—CHa i 120
O
—140
160
C1 —
Hy Gyl —Hp— Ly 180

4.0 3.5 3.0 25 2.0 15 1.0 ppm
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Problem 8

Question:
Identify the following compound.
Molecular Formula: CsHoClO»

Solution:

3 2 1 4 5
Ethyl 3-chloropropionate ¢~ MM mfm07CR.7CR;
0

1. The molecular formula is CsHoClO,. Calculate the degree of unsaturation from the
molecular formula: replace the Cl with H and ignore the O atoms to give an effective
molecular formula of CsHio (C,H,,) which gives the degree of unsaturation as
(n—m/2+1)=5-5+1=1. The compound contains one ring or one functional group
containing a double bond.

2. The "*C{'H} spectrum establishes the presence of a carbonyl group ('*C resonance at
170.3 ppm). This accounts for all of the degrees of unsaturation, so the compound
contains no additional rings or multiple bonds.

'H NMR spectrum of ethyl 3-chloropropionate (CDCls, 500 MHz)

Hs
H3 H2
H4 JJKL Jh
""" | Y A A A B L B B R R B R R
43 42 41 3.8 3.7 29 28 27 1.4 1.3 ppm

BC{TH} NMR spectrum of ethyl 3-chloropropionate (CDCls, 125 MHz)
Cs Co

Ca \ Cs

Solvent

I " I ! I " I ! I ) I i I ' I ! I

180 160 140 120 100 80 60 40 20 ppm
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The COSY spectrum shows two independent spin systems — Hs to Hs for a —CH>CH3

fragment and H» to Hs for a -CH>CH>— fragment.

TH-'"H COSY spectrum of ethyl 3-chloropropionate (CDCls, 500 MHz)

H, Hs H,
|| l -
H, — H 1.0
. . p 3 2 1 4 5
Hp ——m— v Cl—CH,—CHo,—C—0O—CH,—CHs
” j1.5
-2.0
H3 — H2 _25
Hy —= ) /
f3.0
35
H3—- = = |
-4.0
Hy —— =
_“4.5
R | L NGEEE Bl SRR IR
45 40 35 30 25 20 15 1.0 ppm
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4. In the me-HSQC spectrum, the 'H and '*C chemical shifts of Hs / C4 indicate that Cy is

bound to an oxygen atom.

TH-3C me-HSQC spectrum of ethyl 3-chloropropionate (CDCl3, 500 MHz)

e H, Hs
ﬁ ‘ ‘[ ppm
10
3 2 1 5 [
Cs Cl_CHg_CHg_ﬁ_O_CHg_CHa '
H;—Cs |
=20
~30
Hz - CZ )
Cz\ ' F
G : - 40
Hs — Cs ;
~50
H4 - C4 E
Cs ] :—60
SEan EE = BN E E E EE EE| | FREGES R B | B T e PR
45 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
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The HMBC spectrum shows correlations from H4 to C; indicating that the carbonyl group

must be part of an ester. Correlations from H> and H3 to C; indicate that the -CH>CH>—

fragment is bound to the carbonyl group leaving the Cl atom to be bound to the other end

of the -CH,CH>— fragment.

The 'H and '*C chemical shifts of Hs / C are consistent with those for a CH>—Cl group.

TH-'3C HMBC spectrum of ethyl 3-chloropropionate (CDCl3, 500 MHz)

o H, He
c; '

H4 — C5 B 20
o . :

3 H3 — C2 H2 ol Ca

HS - C4
C, o - 60
~ 80
Solvent
3 2 1 4 5 ~100
Cl—CHy—CH,—C—0—CH,—CHj3
I -120
~140
H4 _— C‘ [~ 160
C, — ) ¥ [
Hy — C; H, — C4 ~180
) B I 2SR a 2 PREES S P | R i

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
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Problem 9

Question:

The 'H and 1*C{'H} NMR spectra of isoamyl acetate (C7H1402) recorded in CDCl; solution
at 298 K and 600 MHz are given below.

The 'H NMR spectrum has signals at 6 0.92 (He), 1.52 (Ha), 1.69 (Hs), 2.04 (H1) and
4.09 (H3) ppm.

The *C{'H} NMR spectrum has signals at 6 21.0 (C1), 22.5 (Cs), 25.1 (Cs), 37.4 (Ca), 63.1
(C3) and 171.2 (C2) ppm.

Also given on the following pages are the '"H-"H COSY, '"H-"*C me-HSQC, 'H-"*C HMBC
and INADEQUATE spectra. For each 2D spectrum, indicate which correlation gives rise to
each cross-peak by placing an appropriate label in the box provided.

Solution:
6
1 2 3 4 CHs
Isoamyl acetate Chy=(—0—CHy~CH,—CHy
CH,
®)
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"H-'H COSY spectra show which pairs of protons are coupled to each other. The COSY
spectrum is always symmetrical about a diagonal. In the COSY spectrum, there are three
3Ju-n correlations above the diagonal (Hs — Ha; Hs — Ha; and Hs — He). There are no
long-range correlations.

TH-TH COSY spectrum of isoamyl acetate (CDCl3, 600 MHz)

H, H
i Hs )
ppm
He [Hs—Hs [—w . Lid
:
| e (FasFi Jn s 15
H54 % % ‘ i
H, ¥ 2.0
25
6 I
1 2 3 4 ,CHs 20
CH3—C—0O—CHy;—CH>,—CH :
| 5 “CHj
O 6 I
3.5
Hy —= P » 4.0
""|""|""l""l""l""l""|""-4-5
45 40 35 30 25 20 15 1.0 ppm
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2. The 'H-"3C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H; and Ci, H3 and Cs, Hs and Cas,
Hs and Cs and also between He and Cs. As the spectrum is multiplicity edited, the cross-
peaks corresponding to CH> groups are shown in red and are of opposite phase to those
for CH and CH3 groups.

TH-13C me-HSQC spectrum of isoamyl acetate (CDCl3, 600 MHz)

Hs H,
‘ Hs) ppm
e
Cy — ¢ -20
By —ot ] ] »
C5 S ° *25
»
-35
G, 0
- 40
- 45
-50
-55
6
1 2 3 4 /CHS - 60
Cs — 0— H;—Cs | CHy—C—0—CH,—CH,—CH
I 5 \cH. [ 65
0 3
o I
T K SRR SR SREECILY S T LI
45 40 35 30 25 20 15 1.0 ppm
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In HMBC spectra, remember that, for alkyl systems, both two- and three-bond couplings
can give rise to strong cross-peaks.

TH-13C HMBC spectrum of isoamyl acetate (CDCls, 600 MHz)

ppm

c . | ;20

| Hy — Cs || Hs—l’Cs |§—30

- 40

6 - 50
1 2 3 4 /CH3 .
CH3;—C—0O—CH>—CH>—CH F
oo |

0 CHa - 60
C3 - 6 o [

~170
Czq|  VH{ H—C | I H-C | :
T T ] T T I T T T T I T T T T ] T T T |' T T T T I T T TT ] T 2

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

H; correlates to Cz only. Hjs correlates to Ca, C4 and Cs. Ha correlates to Cs, Cs and Ce.
Hs correlates to C¢ only. The expected correlations between Hs and C4 and Hs and Cs are
absent from the spectrum.

Hs correlates to Cs. The expected correlation between He and Cy is absent from the
spectrum. There is also a correlation between He and Cs. While this appears to be a one-
bond correlation, in gem-dimethyl groups, the apparent one-bond correlation arises from
the 3Jc_n interaction of the protons of one of the methyl groups with the chemically
equivalent carbon which is three bonds away.

H H
Ho |/ osen] _H
C C
~ ~N

H7___/H

e
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6. The INADEQUATE spectrum shows one-bond '*C—"*C connectivity. There are
correlations between C; and Cz, C3 and Cas, C4 and Cs and also between Cs and Cs. There
are no correlations between C; and Cs3 because of the presence of the oxygen bridge.

INADEQUATE spectrum of isoamyl acetate (CDCls, 150 MHz)

C3 C4 C1
G L C
| ‘ ppm
6 L
1 2 3 4 CH3
/ - -140
CH—G—0—CH,—CH,—CH o\
g > CHs, ‘
6 ey ~-120
—-100
R | — -80
— -60
- —40
—- =20
|,
I | I | ! I ! | ! I ' [ '
160 140 120 100 80 60 40 20 ppm
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Problem 10

Question:

The 'H and *C{'H} NMR spectra of trans-4-hexen-3-one (C¢H100) recorded in DMSO-dj
solution at 298 K and 400 MHz are given below.

The '"H NMR spectrum has signals at 6 0.96 (Hy), 1.86 (H), 2.56 (Hz), 6.11 (Ha) and
6.85 (Hs) ppm.

The *C{'H} NMR spectrum has signals at 6 8.4 (C1), 18.4 (Cs), 32.6 (C2), 131.9 (Ca),
142.8 (Cs) and 200.4 (C3) ppm.

Also given on the following pages are the 'H-'H COSY, '"H-'3C me-HSQC, 'H-'*C HMBC
and '"H-'H NOESY spectra. For each 2D spectrum, indicate which correlation gives rise to
each cross-peak by placing an appropriate label in the box provided.

Solution:
1 2 3//o
CH3—CH2—C\4 S/H
trans-4-Hexen-3-one =<
H CHs
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1. 'H-'H COSY spectra show which pairs of protons are coupled to each other. The COSY
spectrum is always symmetrical about a diagonal. In the COSY spectrum, there are four
3Ju-n correlations above the diagonal (H, — Hi; Hs — Hz; Hs — Ha; and Hs — He).

TH-TH COSY spectrum of trans-4-hexen-3-one (DMSO-ds, 400 MHz)

H,
H, He
He  H, l I
i Il ppm
H1 Hz_"H1 L 3 & =1
H5_"H6
Hg —— ~ - = 5
- o & |
-3
0] —4
1 2 3// i
CHz—CH,—C H
3 2 \4 5/
C=C
™ =
H CHs
H5—“H4 B
H4=l L . z _6
I BREEESREES ERAREALARN BRSAE NS LTS RSB RERAT SR RIS TERARET B2 AL
7 6 5 4 3 2 1 ppm
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The 'H-"2C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H; and Ci, H> and C», Hs and Ca,
Hs and Cs and also between He and Cs. As the spectrum is multiplicity edited, the cross-
peaks corresponding to CH> groups are shown in red and are of opposite phase to those
for CH and CH3 groups.

TH-13C me-HSQC spectrum of trans-4-hexen-3-one (DMSO-ds, 400 MHz)

Solvent ————

Cq

H,
H2 HG
He  Ha l |
i Il ppm
=
[He—Co |- - 20
H,—C,—e I
- 40
- 60
0
1 2 3/
CHg—CHrC/ H ~ 80
\04_(53/
4 \
H CHs 100
6
—120
e H4_"‘C4
o {H.—C, - 140
""" | RS AR R A R B B AT R A
7 6 5 4 3 2 1 ppm
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3. In HMBC spectra, remember that, for alkyl systems, both two- and three-bond couplings
can give rise to strong cross-peaks.

TH-13C HMBC spectrum of trans-4-hexen-3-one (DMSO-ds, 400 MHz)

H,
H, Hes

H5 H4 l
M m J ppm

c R R 1 B

Cs ﬂ e 'J H:“E” c, 2—20
‘_. Y g

C, 0 Hs _C'HCG ' -0

Solvent H1 - 02 _40

1J é

e LY. 0i=c)
N :

c o Hy,—Cs Ta— =140
; 0o i 0{R=c]

Hs— Cs H, — Cs —150

0 TS

T ! oo ! TrTTTrrTTTT T T T 2-10
75 7.0 65 6.0 25 20 15 10 05 ppm

4. Hj correlates to Cz and C3. Hj correlates to Ci, Cz and Cs. Hs correlates to Ca, C3 and Ce.
Hs correlates to Cs, C4 and Cs. Hg correlates to Cz, C4 and Cs. Note that the H» — Cs and
He — Cs correlations are long-range four-bond couplings. The possible H» — C4, Hs —
Cs and Hs — C4 correlations are absent from the spectrum.

5. Note that the one-bond couplings between H; and Ci, H4 and Cs, Hs and Cs, and Hg and
Ce are visible in the HMBC spectrum as large doublets.
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"H-'H NOESY spectra show the pairs of protons which are close together in space. The
NOESY spectrum is always symmetrical about the diagonal. In the NOESY spectrum,
there are six correlations above the diagonal (H, — Hi, H4+ — H», Hs — Hz, Hs — Ha,
H4 — Hs and Hs — He).

The H4s — H> / Hs and Hs — H» / He correlations clearly indicate the frans geometry of
the alkene functional group in the molecule. The H4 — Hg and Hs — H; correlations
would be absent if the alkene group was of cis geometry.

TH-"H NOESY spectrum of trans-4-hexen-3-one (DMSO-ds, 400 MHz)

H;
H, He
Hy  H, l |
i It ppm
H; Hy—H,|— e } - 1
Hs""’Hﬁ i
Hg —— « -— H,—H ._.‘, o
P
H, — ° . H,—H, _Q' .
Hs —H, , -3
0]
1 2 3y -4
CHa_CHg_C H
\4 5/
C=—C
iy \
H CHy 9
6
Hs —H,
H, = ® ": » [} -~ 6
Hs = ﬂ. ¥ 2 ¢ L 7
B e s F e s e LR PR REEEEZ
7 6 5 4 3 2 1 ppm
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Question:

Identify the following compound.
Molecular Formula: CsH140

IR: 1698, 1638 cm !

Solution:

trans-2-Octen-4-one

Problem 11

MO—I
~ O=0

1

5
CHs ~

N 7 8
CHp— CH2—CH2—CH3

3
C
|

H

-

1. The molecular formula is CsH140. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of CsHi4
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=8 -7+ 1 =2. The
compound contains a combined total of two rings and/or  bonds.

2. 1D NMR data establish the presence of an alkene ('H resonances at 6.85 and 6.10 ppm;
13C resonances at 142.5 and 131.7 ppm) and a ketone functional group (!3C resonance at
199.6 ppm). This accounts for all of the degrees of unsaturation, so the compound
contains no additional rings or multiple bonds.

3. The 'H NMR and me-HSQC spectra further establish the presence of two —CH3 and three

—CH: groups.

'H NMR spectrum of trans-2-octen-4-one (DMSO-ds, 400 MHz)

JJL_MM

H, H,
SN ' R V|
I e A T
7.0 6.8 6.2 6.0 26 24 20 18 16 ‘I4 12 1.0 ppm
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3C{TH} NMR spectrum of trans-2-octen-4-one (DMSO-ds, 100 MHz)

Cs CeC,

Cs
C, Ce
Solvent —
Cs
L

200 180 160 140 120 100 80 60 40 20 ppm

The COSY spectrum shows two independent spin systems — Hg to H7 to He to Hs for a
CH3CH2CH2CH»— fragment and H; to H» to Hs for a CH3CH=CH- fragment.

TH-TH COSY spectrum of trans-2-octen-4-one (DMSO-ds, 400 MHz)

H, H,
i Ii ppm
Hg
H, -1
Hs
H, % _
Hz_"H1 52
Hyg —— *® =
-3
-4
0 |
1 C3 C.5 6 7 8
CHy™ 2\{|:/ 4 “CH;—CHp—CH,—CHj [ 2
H ;
HZ_"H:; :—6
Hj = ® *
H, = & ¥ L _7
""" | BRI R GRS I R D AR S RS R SR R A BT SRR RS
7 6 5 4 3 2 1 ppm
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Organic Structures from 2D NMR Spectra

5. The '"H-'3C me-HSQC spectrum easily identifies the protonated carbon resonances (Ci,
Ca, Cs, Cs, Ce, C7 and Cg).

TH-13C me-HSQC spectrum of trans-2-octen-4-one (DMSO-ds, 400 MHz)

Hs
Ho  Hy l
' It ppm
Cs
c, & Hi =G | 20
Ce
C
2 | L 40
Solvent Hs"Cs
- 60
- 80
H o}
L. )
1 s 5 6 7 8 .
CHy~ 2““c|:/ 4 > CHy—CHp—CHp—CH, | 190
H
G, -120
Cs "
C; — 0 - 140
H, =~ C,
sl 2 D0 BRES DAY TEEERTT TG BT B R B R i
7 6 5 4 3 2 1 ppm
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The HMBC spectrum shows strong correlations from Ho, Hs and He to Cs indicating that

the ketone functional group must be located between the CH;CH=CH- and
CH3CH>CH>CH»— fragments to afford CH;CH=CHC(O)CH,CH>CH,CH3.

The expected H» — C3, H3 — Cz, H3 — Cs and Hs — Cj3 correlations are absent from the
HMBC spectrum. Note that the Hi — C4 correlation is a long-range four-bond coupling.
All other correlations are consistent with the structure.

TH-13C HMBC spectrum of trans-2-octen-4-one (DMSO-ds, 400 MHz)

H5 H1 HB
H, H, m Hg H
Al I ppm
c He —~Cg H; —Cg 5—10
: Hoe © 8o ' é
5" E
é:, [ ] 0 77 PEEY H.-C, 20
7 H,—Cy H;—C, ' 6=Cr 8 0 ' 8 i
Co He~Cs |
C :
5?1‘ " . . =40
Solvent G"‘Cs H?_’Cf’ :
Cs ’ ?—130
H1_"C3 E
' =140
C, ' g ri—c
150
Hy -~ C, . H,—~C, g
Cs s " ] [ -200
H,—C, Hs— C, He—C,
I I T 11210
75 70 65 6.0 25 20 15 10 05 ppm
|
1 Ca3 5 6 7 8
CH3/2\(|3/ CH,—CH,—CH,—CHs
H
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8. 'H-'H NOESY spectra show pairs of protons which are close together in space.

9. The NOESY spectrum shows correlations from H» to Hi / Hs and correlations from H3 to
Hi / Hs indicating that the alkene protons H> and Hs are trans to each other across the
double bond. If the alkene protons were cis to one another, the H>—Hs and H;—H;
correlations would be absent.

'H-"H NOESY spectrum of trans-2-octen-4-one (DMSO-ds, 400 MHz)

Ho  Hs
i Ii ppm
Hg
H, -1
He H, —~H, Hy—H;
H; o . )
Hs‘—'—‘ ] L] o bo 0 é
Hz_“H5 HS_‘HS :_3
)
H 0 i
1 (I) 3 ~l_|) E
S 5 6 7 8 [
CHy~ z\clz/ 4 “CHp—CHz—CH,—CHg [ ©
H, —H ; §
2= :
H3= " X ] 0 ] _6
H, = o v ' __i4 a
""" | BTSSR G MRS S AT REE DR EE RS E i [ SR AR 2 RS Ao ) SRR DA
7 6 5 4 3 2 1 ppm
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Problem 12

Question:

The 'H and '*C{'H} NMR spectra of 3-nitrobenzaldehyde (C7HsNO3) recorded in CDCl;
solution at 298 K and 500 MHz are given below.

The 'H NMR spectrum has signals at 6 7.82 (Hs), 8.28 (Hs), 8.51 (Ha), 8.73 (Hz) and
10.15 (H7) ppm.

The *C{'H} NMR spectrum has signals at 6 124.4 (C2), 128.6 (C4), 130.5 (Cs), 134.8 (Cé),
137.5 (C1), 148.8 (C3) and 189.9 (C7) ppm.

Also given on the following pages are the 'H-'H COSY, 'H-'3C me-HSQC, 'H-*C HMBC,
'"H-'H NOESY and INADEQUATE spectra. For each 2D spectrum, indicate which
correlation gives rise to each cross-peak by placing an appropriate label in the box provided.

Solution:

3-Nitrobenzaldehyde 6 2
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1. 'H-'H COSY spectra show coupled sets of protons, and are symmetrical about a
diagonal. In this COSY spectrum, there are two >Ju_u correlations above the diagonal
(H4 — Hs; He — Hs), and three *Ju_u correlations (H2 — Ha; Ha — He; Ha — Ho).

TH-TH COSY spectrum of 3-nitrobenzaldehyde (CDCl3, 500 MHz)

H;
H
2H4 HG IS
- 7.0
- 7.5
H; —= . 9
- 80

H (=, |+ %« » E
Hz 4 @ F]
- 9.0
: — 9.5
Hl 20
1 .
~10.0
H7—< 6 2 i
5 I
Y 37NO; 105

I I I I I I I I

105 100 95 9.0 8.5 8.0 7.5 7.0 ppm

56



Instructor’s Guide and Solutions Manual

The 'H-"2C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H> and C», Hs and C4, Hs and Cs,
Hs and C¢ and also between H7 and C;. There are no negative (red) cross-peaks in the

spectrum as there are no CH» groups.

TH-13C me-HSQC spectrum of 3-nitrobenzaldehyde (CDCls, 500 MHz)

H;
H, H
[
: ppm
—_HZQCZ '120
Ci~ 0
s 0 0 130
Cs— .
Ce ——
C, —
! - 140
,
Cs] - 150
- 160
=170
Ho 7 0
LA
1 180
6 2
C; —— | 5 190
. 3 "NO,

105 100 95

B e e ey

| T

9.0 8.5 8.0 7.5 7.0 ppm
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3. In HMBC spectra, remember that, for aromatic systems, the three-bond coupling *Jc_p is
typically the larger long-range coupling and gives rise to the strongest cross-peaks.

TH-13C HMBC spectrum of 3-nitrobenzaldehyde (CDCls, 500 MHz)

H
le“_l i . ppm

-
Come— | (] ? — He—GC,
ey e IR i s R
&
& 6— 0" e o H;—Cy |
T [H,—Cs |[ He—Cs | 140
H7—'C1 o
Cs 4 T ~150
l H2—>C3 I[ Hs_*C:; |
160
=170
H A0 :
1 180
6 2 i
Cr—| & 0 0 -190
Ll [Fa=or ’

EASASEASE I I I I

] =T N |
105 100 95 90 85 80 75 7.0 ppm

4. Hb> has correlations to C3, Cs, Cs and C7. Hs correlates to C, and Cs. Hs correlates to C
and Cs. Hg correlates to Ca, C4 and Cs.

5. Hjy correlates to C; (the ipso carbon), C> and Cs. The correlation between H7 and C;
appears as a doublet due to the unusually large %Jc_n found for aldehydes (~25 Hz).
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"H-'H NOESY spectra show cross-peaks (off-diagonal peaks) at positions where a proton
whose resonance appears on the horizontal axis is close in space to another whose

resonance appears on the vertical axis.

H7 correlates to H> and He, Ha correlates to Hs and He correlates to Hs.

TH-"H NOESY spectrum of 3-nitrobenzaldehyde (DMSO-ds, 400 MHz)

H;
H, H
H,He °
Jk U lll ppm
- 7.0
- 75
|
% 80
#- e
@ - 85
+
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H7 0 - 95
C
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"]""]""|""|""|""|""]""]'-
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8. The INADEQUATE spectrum shows direct *C—'3C connectivity. There are correlations
between C; and C,, C; and C3, C3 and Cs, C4 and Cs, Cs and Cs, C; and Cs, and also
between C; and Cs.

INADEQUATE spectrum of 3-nitrobenzaldehyde (CDCl3, 150 MHz)

C7 06056402
Cs C|
| ppm
60
C1"‘_"CQ °"""s___°""°
(o0 50
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Problem 13

Question:

The 'H and *C{'H} NMR spectra of 3-iodotoluene (C7Hsl) recorded in CDClI; solution at
298 K and 600 MHz are given below.

The 'H NMR spectrum has signals at 6 2.28 (H7), 6.96 (Hs), 7.11 (Hs), 7.48 (H4) and
7.53 (Hz2) ppm.

The 13C{IH} NMR spectrum has signals at 6 21.0, 94.3, 128.3, 129.9, 134.4, 138.0 and
140.2 ppm.

Use the me-HSQC spectrum to assign the protonated carbon signals, and then use this
information to produce a schematic HMBC spectrum, showing where all of the cross-peaks
would be.

Solution:

3-lodotoluene 6 2

1. The assignments for the 'H NMR spectrum are given.

'"H NMR spectrum of 3-iodotoluene (CDCls, 600 MHz)

H;
H, H b
2/4 Hs 111
M L
[ N T T [ T | T | ’ [ T | I T
76 74 72 70 26 24 22 20 ppm
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2. The 'H-"3C me-HSQC easily identifies the protonated carbon resonances: C at 138.0, C4
at 134.4, Cs at 129.9, Ce at 128.3 and C7 at 21.0 ppm.

3. The non-protonated carbon resonances are therefore those at 94.3 and 140.2 ppm. Based
on the chemical shifts, C3 is the high-field resonance (94.3 ppm) and C; the low-field
resonance (140.2 ppm).

TH-13C me-HSQC spectrum of 3-iodotoluene (CDCls, 600 MHz)

H;
H2 H.| Hs
<) H
Jon »\s I ppm
C; — = 20
H; — C;
= 40
— 60
Solvent
) - 80
Cy; —
~100
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CHj
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0427 ' ] Hs — Cs 5 ; 140
C7 ¢ || n-c, 4 :
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. . — . — .
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Remember that, in aromatic systems, the three-bond coupling >Jc_u is typically the larger
long-range coupling and gives rise to the strongest cross-peaks. Benzylic protons
typically correlate to the ipso carbon (two-bond correlation) and the ortho carbons (three-
bond correlations).

Beginning with the methyl protons (H7) we would expect correlations to the ipso carbon
(Cy1) and the two carbon atoms ortho to the methyl substituent — C, and Ce.

H> will correlate to the carbon nuclei three bonds removed (i.e. meta): C4 and C¢. There
is also a three-bond correlation to C7 (the benzylic carbon).

H4 will correlate to the meta carbon nuclei: C, and Ce.
Hs will correlate to the meta carbon nuclei: C; and Cs.

He will correlate to the meta carbon nuclei: C; and Ca. There is also a three-bond
correlation to C7 (the benzylic carbon).

Predicted "TH-13C HMBC spectrum of 3-iodotoluene (CDCl3, 600 MHz)

H;
H, H, Hs
N H
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H,»C; Hg—C;
Cr — oF © - 20
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Problem 14

Question:

The 'H and '*C{'H} NMR spectra of 8-hydroxy-5-nitroquinoline (CoHe¢N203) recorded in
DMSO-ds solution at 298 K and 400 MHz are given below.

The '"H NMR spectrum has signals at ¢ 7.14 (H7), 7.82 (H3), 8.48 (Hs), 8.97 (H2) and 9.08
(Hs) ppm. The hydroxyl proton is not shown.

The *C{'H} NMR spectrum has signals at 6 110.0 (C7), 122.5 (C10), 125.2 (C3), 129.1 (Cy),
132.4 (Cy), 135.0 (Cs), 137.2 (Co), 149.1 (C2) and 160.7 (Cs) ppm.

Also given on the following pages are the 'H-'H COSY, 'H-"3C me-HSQC, 'H-!*C HMBC
and INADEQUATE spectra. For each 2D spectrum, indicate which correlation gives rise to
each cross-peak by placing an appropriate label in the box provided.

Solution:
NO,
5 4
10 \
8-Hydroxy-5-nitroquinoline ° ’
7 9 N/2
8 1
OH
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"H-'H COSY spectra show coupled sets of protons, and are symmetrical about a
diagonal. In this COSY spectrum, there are three >Ju_u correlations above the diagonal
(H2 — Hj3; Hs — Hs; He — Hy), and one “Ji_n between Hz and Ha.

'TH-'"H COSY spectrum of 8-hydroxy-5-nitroquinoline (DMSO-ds, 400 MHz)

H, H. o H "
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~
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2. The 'H-"3C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H> and C,, H3 and Cs, Hs and Ca,
Hs and Cs and also between H7 and Cs.

TH-3C me-HSQC spectrum of 8-hydroxy-5-nitroquinoline (DMSO-ds, 400 MHz)
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In HMBC spectra, remember that, for aromatic systems, the three-bond coupling *Jc u is
typically the larger long-range coupling and gives rise to the strongest cross-peaks.

H> has correlations to C3, C4 and Cy. Hj3 correlates to C, and Cio. Ha correlates to Cz, Cs
and Co.

Hs correlates to Cs, Cg and Cio. H7 correlates to Cs, Cg and Co.

TH-13C HMBC spectrum of 8-hydroxy-5-nitroquinoline (DMSO-ds, 400 MHz)
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6. The INADEQUATE spectrum shows direct *C—'3C connectivity. There are correlations
between Cz and C3, C3 and C4, C4 and Cjo, Cs and Cjo, Cs and Cg, Cs and C7, C7 and Cs,
Cs and Co and also between Co and Cjo.

INADEQUATE spectrum of 8-hydroxy-5-nitroquinoline (DMSO-ds, 151 MHz)
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Problem 15

Question:
Identify the following compound.
Molecular Formula: CsHsBrN

Solution:

2-Bromo-3-methylpyridine NGO

\

(2-Bromo-3-picoline)

1. The molecular formula is CsHsBrN. Calculate the degree of unsaturation from the
molecular formula: replace Br with H, ignore the N atom and remove one H to give an
effective molecular formula of C¢Hs (C,Hn) which gives the degree of unsaturation as
(n—m/2+1)=6-3+1=4. The compound contains a combined total of four rings

and/or 7t bonds.

2. The 'H NMR spectrum shows a methyl group (at 2.38 ppm), and three aromatic signals.
This accounts for all the hydrogen atoms in the molecular formula and also means that
the aromatic ring must contain the N. The chemical shift of one of the aromatic signals
(8.19 ppm, He) places it adjacent to a nitrogen atom in a pyridine ring.

3. The large coupling constants for each aromatic signal (7.5 and 4.9 Hz) indicate that the
three protons are immediately adjacent to one another. The signal at 7.17 ppm is a
doublet of doublets indicating it belongs to the aromatic proton located between the other
two protons (Hs). The remaining signal at 7.52 ppm must be due to Ha.

'H NMR spectrum of 2-bromo-3-picoline (CDCls, 600 MHz)

H;
HS H4 H5
1
I il | I I I I I
9 8 7 6 5 4 3 ppm
'"H NMR spectrum of 2-bromo-3-picoline — expansion
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He Hy
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I3C{TH} NMR spectrum of 2-bromo-3-picoline (CDCIl3, 150 MHz)

C
C, 2
C Ce
Solvent
(‘:5 ’C4
I i I | i I [ I I ' I
160 140 120 100 80 40 20  ppm

4. The protonated carbon resonances can be identified using the me-HSQC spectrum: Ce at
147.4 ppm, Cs at 122.8 ppm, C4 at 138.7 ppm and the methyl carbon (C57) at 22.0 ppm.

TH-13C me-HSQC spectrum of 2-bromo-3-picoline (CDCl3, 600 MHz)
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5. There are two possible candidates:

Br CH
o Y
= =
N CHs N Br
A B

6. The HMBC spectrum can be used to differentiate between the two isomers: there is a
strong correlation between H4 and the methyl group carbon (C7). In Isomer A, this would
be a four-bond correlation, while in Isomer B this would be a three-bond correlation.
Remember that in aromatic systems, it is the three-bond coupling that is the largest, both
around the ring and to benzylic carbon atoms. Isomer A is therefore eliminated as a
possibility, and Isomer B is identified as the correct structure.

TH-13C HMBC spectrum of 2-bromo-3-picoline (CDCl3, 600 MHz)

H;
HG H4 H5
ppm
}10
Cr—H I Hy—C; 5_20
- 30
4 7 :
CH; F
507 NS @ o
| ~120
Cs ——— t Hg— G5 6 b :
N~ 2 ~Br :
?130
C3— 'Hs—'Cg, H7_'C3‘
Cs—— i H; — C, H, - C, | ;140
C, — Hy — Cy g H,—C, {
CG H4—’C6' .H5—>CS E
%150
RARASALE RARAASEE | RERREARAAR | RAAARARAE | ERRRAARAS AARRARAS | RARSARRLE BRAL
9 8 7 6 5 4 3 2 ppm

7. The non-protonated carbon atoms can also be identified: Cs at 135.2 ppm (Hs — C3) and
Cy at 144.7 ppm (Hs — C»).

71



Organic Structures from 2D NMR Spectra
Problem 16

Question:

The 'H NMR spectrum of ¢trans-anethole (C10H120) recorded in CDCI5 solution at 298 K and
400 MHz is given below.

The '"H NMR spectrum has signals at ¢ 1.82 (dd, J = 6.6, 1.7 Hz, 3H, H)), 3.71 (s, 3H, Hs),
6.04 (dq, J=15.8, 6.6 Hz, 1H, H»), 6.30 (dq, /= 15.8, 1.7 Hz, 1H, H3), 6.78 (m, 2H, Hs) and
7.21 (m, 2H, Hs) ppm.

Use this information to produce schematic diagrams of the COSY and NOESY spectra,
showing where all of the cross-peaks and diagonal peaks would be.

Solution:

H
|
CH 2 _C
trans-Anethole 3\?/3 : o
H ! O/CH3

1. The assignments for the '"H NMR spectrum are given.

'H NMR spectrum of trans-anethole (CDCls, 400 MHz)

H5 Hs H3 HB H1

Ha
- JU(}ML — _J

[roT [T [ e AN A AR

72 7169 68 6764 63 62 61 60 38 3.7 36 1.8 ppm
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The COSY spectrum has peaks on the diagonal for each unique spin, so the spectrum will
contain six diagonal peaks — one at the chemical shift of each resonance in the spectrum.

COSY spectra show cross-peaks (off-diagonal peaks) at positions where a proton whose
resonance appears on the horizontal axis is directly coupled to another whose resonance
appears on the vertical axis.

For trans-anethole, Hs and He are coupled to each other and cross-peaks are expected
between them.

H; and Hj3 are also coupled to each other and cross-peaks are expected between them.

H; is coupled to both H» and H3 thus cross-peaks are also expected for Hi—H> and Hi—Hs.
The Hi—H3 coupling constant is small and the cross-peaks may appear weaker in
intensity.

Remember that a COSY spectrum is symmetrical about the diagonal, so the cross-peaks
on one side of the diagonal must be reflected on the other side of the diagonal.

Predicted 'H-'"H COSY spectrum of trans-anethole (CDCls, 400 MHz)

He
Hs H Hy
i P Ha H | ppm
 H,—H é
H1_ .................. — O LR L ST H
Hs*HﬂC@) 0 -2
-3
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8.

10.

11.

74

The NOESY spectrum has peaks on the diagonal for each unique spin, so the spectrum
will contain six diagonal peaks.

NOESY spectra show cross-peaks (off-diagonal peaks) at positions where a proton whose
resonance appears on the horizontal axis is close in space to another whose resonance
appears on the vertical axis.

The NOESY spectrum is expected to have correlations for H¢ — Hg, Hs — Hg, Hs — Hs,
Hs — H», H3 — H», H3 —» Hi and H» — H; above the diagonal.

Remember that a NOESY spectrum is symmetrical about the diagonal, so the cross-peaks
on one side of the diagonal must be reflected on the other side of the diagonal.

Predicted 'H-'"H NOESY spectrum of trans-anethole (CDCl3, 400 MHz)

H1—'

Hs
Hs Hq o
f g Mt | ppm
fH _"H1 E : C
3
He ~Hg | i
L | 4
H :
1 | 5 ;
NN N .
P ot I 8 f
5H5—-H2: H B O/CH_-; :
Hﬁ\HS Ho=Hy z
. 89 — @ 6
, . ...... " E
oc °
joe oo | ;
Hs—~Hg | i
,,,,,,,,, 1[11118
8 7 6 4 3 2 ppm
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Problem 17

Question:
Identify the following compound.

Molecular Formula: CsHio

Solution:
H H
- \2 3/
cis-2-Pentene L F=%4 s
CH3 CHZ_CHS

1. The molecular formula is CsHio. Calculate the degree of unsaturation: the effective
molecular formula is CsHio (C,H») which gives the degree of unsaturation as
(n—m/2+1)=5-5+1=1. The compound contains one ring or one functional group
containing a double bond.

2. The 'H NMR and me-HSQC spectra establish the presence of two CHs groups, one CH;
group and two alkene =CH groups. The alkene group accounts for all of the degrees of
unsaturation, so the compound contains no additional rings or multiple bonds.

'H NMR spectrum of cis-2-pentene (CDCl3, 400 MHz)

:EKL JN&M H1 H5

AR e R iy e IRARAN T

5.46 5.40 5.34 2.10 2.04 1.98 1.68 1.62 1.56  1.02 0.96 ppm

I3C{TH} NMR spectrum of cis-2-pentene (CDCl3, 100 MHz)

C,/C, C, |Cs

Solvent

140 120 100 80 60 40 20 ppm
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3. Inthe COSY spectrum, the H4—Hs and H3—Hj4 correlations afford the =CHCH>CHj3
fragment. The Hi—Hb> correlation affords the CH3—CH= fragment. Combining the two
fragments affords CH;—~CH=CH—-CH>CH3.

TH-TH COSY spectrum of cis-2-pentene (CDClz, 400 MHz)

H2+H3 l

| X

X ppm
vl H ¥ 10
15
H, < e # b ;*2.0
Hs—He |55
3.0
35
4.0
45

e e e e
e i Ty '
5.5

R D D R lII60
60 55 50 45 40 35 30 25 20 15 10  ppm
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The resonances for Ci, C4 and Cs can be assigned using the me-HSQC spectrum. Note
that although C, and C3 cannot be assigned based on the information provided, the
structure of the molecule can still be solved.

TH-13C me-HSQC spectrum of cis-2-pentene (CDClz, 400 MHz)

H
H, 9
H, + H,
| ya
M ppm
C5 C'l ' '
c Hy—Cy 8 / - 20
H1_"C1
HS_" Cs B 40
— 60
SOIV&F H\2 3/H
- 1 /77 A4 5 |
CHs  CHp—CHg 80
—100
0 —120
C2+CB 'Hsza_“'Cgl'{C:g
—140
i

E BEE N R R SR R RERE R
60 55 50 45 40 35 30 25 20 15 1.0  ppm
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5. The geometry of the double bond can be deduced from the NOESY spectrum. In

particular the H4—H; correlation places the CH> (H4) and CH3 (H1) groups on the same

side of the double bond and thus gives a cis geometry for the molecule.

TH-"H NOESY spectrum of cis-2-pentene (DMSO-ds, 400 MHz)

H5
H, + H A
2+ Ha H,0 H
4 P l < ppm
Hs Hi— Hs
—_— -H3—~H5 H4——H5- » (] -_1‘0
Hy — » H,—H, Hi—H,= @& - 1.5
H, < ® H,— H, g s (20
2.5
-3.0
H,0 —
H\z 3/H 3.5
TN
CHs CH;—CH3 4.0
-4.5
-5.0
H, +H B8 : a 0 r
AL 3 55
R B B B N R R N A B 60
60 55 50 45 40 35 30 25 20 15 1.0  ppm
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Problem 18
Question:
Identify the following compound.
Molecular Formula: C14H120>
IR: 1720 cm™
Solution:
8, CH,

p-Tolyl benzoate ) :3 L 6
1

1. The molecular formula is C14H120,. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of Ci4H12
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=14-6+1=9. The
compound contains a combined total of nine rings and/or 1 bonds.

2. The 'H NMR spectrum indicates that the compound has nine aromatic protons and three
aliphatic protons.

3. The presence of nine aromatic protons suggests two aromatic rings.

4. The three aliphatic protons are equivalent and have no visible splitting so these must be
an isolated methyl group.

5. IR and 1D NMR spectra establish that the compound is an ester (quaternary *C
resonance at 165.3 ppm).

6. The presence of two aromatic rings and an ester carbonyl satisfies the degree of
unsaturation, so there are no more functional groups with double bonds or rings.

7. The methyl resonance in the 'H and '*C spectra (at 2.36 and 20.9 ppm, respectively)
eliminates the possibility of a methyl ester, since for a methoxy group both the 'H and '*C
signals would appear significantly further downfield.

8. The 'H NMR spectrum shows five unique signals in the aromatic region.
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'H NMR spectrum of p-tolyl benzoate (CDCl3, 500 MHz)

H, H, Hg

[ |

— T T T T T T 1T T T 1
82 80 78 76 74 72 70 26 24 ppm

I3C{TH} NMR spectrum of p-tolyl benzoate (CDCls, 125 MHz)

C, C, Solvent
'J_I

cs G Col| _Lc,

o
160 140 120 100 80 60 40 20 ppm

I3C{TH} NMR spectrum of p-tolyl benzoate — expansion
C, Ce C, Cr
C,
Cg l C4
1 I
T T T T T T T T T
138 136 134 132 130 128 126 124 122 120 ppm

9. The 'H-'H COSY spectrum shows that the resonances at 7.21 and 7.09 ppm are coupled.
The coupling pattern of these two signals is consistent with a para-disubstituted benzene.
The five protons in the three remaining signals (at 8.20, 7.61 and 7.49 ppm for Hz, Hi and
Ho, respectively) constitute a separate, single spin system. The coupling pattern of these
three signals is consistent with a mono-substituted benzene ring.
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TH-TH COSY spectrum of p-tolyl benzoate — expansion A (CDCl3, 500 MHz)
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ppm

Hg — H; ! '
f =72

6.8

-7.0

7.4

~7.6

7.8

8.0

8.2

8.4

~8.6

86 84

8.2

78 76 74 7.

2 70 6.8 ppm

TH-'"H COSY spectrum of p-tolyl benzoate — expansion B

e

8

Hz

H1D

ppm

Hiyg — Hg

—6.8

~7.0

-7.2

-7.4

~7.6

-7.8

8.0

8.2

~8.4

8.6

| T T | |
36 34 32 30 28 2

T
6 24 2

I I
2 20 1.8 ppm
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10. There are three possible isomers:

c
0 o
[l
c
CcHy” o CHs

A B Cc

11. The me-HSQC spectrum easily identifies the protonated carbons. The aromatic carbons
of the mono-substituted ring — Ci, C> and C; — are at 133.5, 128.5 and 130.1 ppm,
respectively. The protonated carbons of the para-disubstituted ring — C7 and Cs — are at
121.4 and 130.0 ppm, respectively.

TH-13C me-HSQC spectrum of p-tolyl benzoate (CDCls, 500 MHz)
Hio

Hs Hy Hy Hg Hy
\ [ /[/
[l ppm
C10 — ] I~ 20
H10 - C10
— 40
- 60
Solvent
- 80
~100
Expansion C
C ‘i S '
c ol | o - 120
Cz/\ e L] E 4 1C(I)H r
¢~ S| ) | o 7 e
Col| - : s TR -140
" 2 N [
—~160
Cs — 1
| N | N [rrrTTeTT [rerTTTTY prevTTrTTT I T

9 8 7 6 5 4 3 2 ppm
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TH-13C me-HSQC spectrum of p-tolyl benzoate — expansion C

H;
H, He  Hy
M
ppm
10
9 CHs
0] 7
3 y: 6 I
4

2 5 O 120

C? 1 I

H7 g C7

~125

H2 — Cz :

R
=

Co 24 : @ -130

Cs” : ,

Hs — C, . Hg — Cg I

- |
Cy — H, - C, 7135
I | 1 140

‘ | \ 1
86 84 82 80 78 76 74 72 70 68 ppm

In the "H-'H COSY spectrum there is a correlation between the methyl protons (Hio) and
the aromatic Hg protons, identifying the methyl group as one of the substituents on the
para-disubstituted benzene ring. Isomer A may therefore be eliminated.

In the HMBC spectrum, there is a correlation between Hz and the ester carbonyl carbon
(at 165.3 ppm).

H3 must be the two protons ortho to the substituent of the mono-substituted aromatic
ring. In isomer B, these protons are four-bonds removed from the carbonyl-carbon, while
in isomer C, H3 is three-bonds removed.

Remember, that in aromatic systems, the three-bond coupling >Jc_n is typically the larger
long-range coupling and gives rise to the stronger cross-peaks. Isomer B may therefore
be eliminated, leaving Isomer C as the correct answer.
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TH-13C HMBC spectrum of p-tolyl benzoate (CDCls, 500 MHz)

Hy Hi H; Hs Hy o
VN a—
| illl ppm
10
2 g -CHs
Cip — ' ﬁ 7 - 20
H; — Cyy 3 o Co [
2 5 O
- 40
- 60
Solvent
|
- 80
_ 100
Expansion D Expansion E
Cyf| rm===-mua- ' .-t '
o, = | - bl 20
. | ] \ '
Ca- | [T T h
Cs/ C _9 | I ' . i ~140
Ce—f| | "o o
| : | - 160
Cs—| 1 i l
____l ______ T . T T T IL_____IE
9 8 7 6 5 4 3 2 ppm

TH-3C HMBC spectrum of p-tolyl benzoate — expansion D

H
H, Hy

ppm
Hy - C',r' L
C7 H2 — Cz' ) w =120
C; \ - 125
C4\ HB - Cﬁ' [
C§_§_= H; — Cy H1_.C3® @ @ b £130
C1 «l H3 g C1 b
Cy — ' ~135
H2 — C4 L
Hr =G - 140
-145
| Hg — C n H, > Cgs |
Co L ‘ 72T 150
-155
s 0 160
o g_-CHg
7 L
Cs (] . /SQ/ - 165
H. — C 2 400 i
23— Cs O/ 170
1
I T T T T T I T [ T
86 84 82 80 78 76 74 72 70 638 ppm
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TH-13C HMBC spectrum of p-tolyl benzoate — expansion E

Hio
ppm
C;,— Hiyg— C; O _120
gz\ 125
4
g:-_\/-\= H10 o CB -.— 130
C1 ] B E
Co — " Hy = Cy :—135
—140
—145
~155
8 w0 160
o g -CHs
7 [
Cs — .1 /Q/ 165
6
2 L N0 i
(r 170
1 [

16. In the HMBC spectrum for this compound, there are strong correlations between H, and
C2, H3 and C3, H7 and C7, and Hg and Cg. While these appear to be one-bond
correlations, in any substituted aromatic ring in which a mirror plane bisects two of the
substituents, these apparent one-bond correlations arise from the >Jc_y interaction of a
proton with the carbon which is meta to it.

o
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Problem 19

Question:

Identify the following compound.

Molecular Formula: Ci4H1202

IR: 1720 cm™!

Solution:

86

e
Phenyl p-toluate NS

The molecular formula is C14H120,. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of Ci4H12
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=14-6+1=9. The
compound contains a combined total of nine rings and/or © bonds.

The 'H NMR spectrum indicates that the compound has nine aromatic protons and three
aliphatic protons.

The presence of nine aromatic protons suggests two aromatic rings.

The three aliphatic protons are equivalent and have no visible splitting so these must be
an isolated methyl group.

IR and 1D NMR spectra establish that the compound is an ester (quaternary *C
resonance at 165.2 ppm).

The presence of two aromatic rings and an ester carbonyl satisfies the degree of
unsaturation, so there are no more functional groups with double bonds or rings.

The methyl resonance in the 'H and '*C spectra (2.44 and 21.7 ppm, respectively)
eliminates the possibility of a methyl ester, since for a methoxy group both the 'H and '*C
signals would appear significantly further downfield.

The 'H NMR spectrum shows five unique signals in the aromatic region.
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'H NMR spectrum of phenyl p-toluate (CDCls, 500 MHz)

H,
Hy [
JDL )N

IBC{'H} NMR spectrum of phenyl p-toluate (CDCl3, 125 MHz)

Cs|Cs/|Cs

Solvent

/’C10 C1
e % |1

I

160 140 120 100 80 60 40 20 ppm

BC{'H} NMR spectrum of phenyl p-toluate — expansion
C.| Co||Cs Cs

C10

Cs
R S | 1 J e

131 130 129 128 127 126 125 124 123 122 121 ppm

=

9. The 'H-"H COSY spectrum shows that the resonances at 8.09 and 7.29 ppm are coupled.
The coupling pattern of these two signals is consistent with a para-disubstituted benzene
ring. The three remaining signals (at 7.41, 7.25 and 7.20 ppm for Ho, Hio and Hs,
respectively) constitute a separate, single spin system. The coupling patterns of these
three signals are consistent with a mono-substituted benzene ring.

10. In the '"H-'H COSY spectrum, there is a correlation between the methyl protons H; and
the aromatic protons Hs, identifying the methyl group as one of the substituents on the
para-disubstituted benzene ring i.e. a p-tolyl group.

87



Organic Structures from 2D NMR Spectra

TH-TH COSY spectrum of phenyl p-toluate — expansion A (CDClz, 500 MHz)

He Hg H, . Hsg
M ::b'j o, TR
~7.0
Ha Hg e H3
= Hy—Hj : # -7.2
10 Hg — Hig I "y
e $ K X
$w
Ho
9 —~7.6
e
4 7
. St 7.8
i 2
CHS ) | | 8.0
H4 '8
—-8.2
| 1 | E— | I 8.4
8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0  ppm
TH-TH COSY spectrum of phenyl p-toluate — expansion B
H1
ppm
~7.0
HB
L7.2
Hp—= :
H ]
_i;— Hi—=Hs 7.4
2]
-7.6
-7.8
H 3 -8.0
ol - 0 8 10
—_— 4 g }O
3 > 6 N0 8.2
1 2
CH
T T T dic T T T T 8.4
32 30 28 26 24 22 20 18 ppm
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11. The me-HSQC spectrum easily identifies the protonated carbons. The aromatic carbons
of the para-substituted ring — C3 and C4 — are at 129.3 and 130.2 ppm, respectively. The
aromatic carbons of the mono-substituted ring — Cg, Co and Cio — are 121.8, 129.5 and
125.8 ppm, respectively.

TH-13C me-HSQC spectrum of phenyl p-toluate (CDCl3, 500 MHz)

H
HaHio !

H, \

| HojjjHs opm

H1_’ C1

Solvent

—100

Expansion C
‘ . —120

Cs — i

Cg7 Cs S — 0 8 10| 440
C,— 4 (Ll .
C; — 5
7 3 6 O

—160

9 8 7 6 5 4 3 2 ppm
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TH-13C me-HSQC spectrum of phenyl p-toluate — expansion C

H4 Hg H3 ) Hg
ppm
10
\ ﬁ ° T - 120
C 7 g~ Ls
. . 8 g
1 2 —122
CHg4
- 124
H1o—“C1o
o 0" L
Cs
—128
C3 Ha—"Cg
Co j -130
Cs
Hy =G4 - 132
— | | I — | 134
84 82 80 78 76 74 72 70 ppm
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12. In the HMBC spectrum, there is a correlation between Hy4 and the ester carbonyl carbon
Cs. Ha belongs to the p-tolyl group and this indicates the tolyl group is bound directly to
the carbonyl carbon leaving the mono-substituted benzene ring to be attached to the
oxygen atom of the ester group.

TH-13C HMBC spectrum of phenyl p-toluate — expansion D (CDCl3, 500 MHz)

H4 Hg H3 HS
10
ppm
H.=—=C ~115
H, Cs / bt °
C 120
8 Ho —Cs «0r | c@®e0 Hg——Cgf
C - -+ Lt~ F125
c. o= H, — Cy Ho Cio00  og 90 Hg Cm:
_C‘ © Hg —— Cq 06 Q0200 Hg—— Gyl 130
4 [
C i
° Hy——Cy 135
Hg_'_"c3' E
H,——~C, :—140
C— o - 145
C; —=C, W o 10
Hg——Cr. - -[-155
| > -~ -F160
H4 - CB ﬁ 8 10 [
Cs 0w :(j/gxo ’ - 165
2 i
—170
I— ' — Tt
8.4 8.2 8.0 7.4 7.2 7.0 ppm
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ITH-13C HMBC spectrum of phenyl p-toluate — expansion E

H,
ppm
~-115
Cs i 120
Cio 125
L ° H1 —“Ca E
— - 130
Cg C4 A
-135
- 140
C, QH—C - 145
c, _ : : - | - 150
9 ~155
f ® " 160
o |
Co — 3 6 O - 165
1 2 ;
CHg 170

I " I " I " [ " I " I T I T
30 28 26 24 22 20 18  ppm

13. In the HMBC spectrum for this compound, there are strong correlations between Hz and
Cs, Hs and C4, Hg and Cg' and also between Ho and Co. While these appear to be one-
bond correlations, in any substituted aromatic ring in which a mirror plane bisects two of
the substituents, these apparent one-bond correlations arise from the >Jc_n interaction of a
proton with the carbon which is meta to it.

e
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Problem 20

Question:

Identify the following compound.
Molecular Formula: C14H120>
IR: 1751 cm™

Solution:

4-Biphenylyl acetate

1. The molecular formula is C14H120,. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of Ci4H12
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=14-6+1=9. The
compound contains a combined total of nine rings and/or 7 bonds.

2. The 'H NMR spectrum indicates that the compound has nine aromatic protons and three
aliphatic protons.

3. The presence of nine aromatic protons suggests two aromatic rings.

4. The three aliphatic protons are equivalent and have no visible splitting so these must be
an isolated methyl group.

5. IR and 1D NMR spectra establish that the compound is an ester (quaternary *C
resonance at 168.9 ppm).

6. The presence of two aromatic rings and an ester carbonyl satisfies the degree of
unsaturation, so there are no more functional groups with double bonds or rings.

7. The methyl resonance in the 'H and '*C spectra (at 2.30 and 20.2 ppm, respectively)
eliminates the possibility of a methyl ester, since for a methoxy group both the 'H and '*C
signals would appear significantly further downfield.

8. The 'H NMR spectrum shows three unique signals and two overlapping signals in the
aromatic region.
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'H NMR spectrum of 4-biphenylyl acetate (CDCl3, 500 MHz)

Solvent
H5 residual H
Heg Hyg H N
D V'V W YV B Y O .
J AAAAAALS RAAMARARS RAAMAARAS AAARAAAL RAAAAAAAL AAMAAAAL AL AAAAAAAL AAASARAS
7.6 7.5 7.4 7.3 7.2 7.1 2.4 2.3 ppm
I3BC{'H} NMR spectrum of 4-biphenylyl acetate (CDCl3, 100 MHz)
Co Cs Cqo Cg Cy
X
Solvent
Cy

A

T T T T T T T 1

160 140 120 100 80 60 40 20 ppm

I3C{TH} NMR spectrum of 4-biphenylyl acetate — expansion
Cs
Co Cs Cs
1 C1o

Cs C; Ge
e — | e
150 145 140 135 130 125 120 ppm

94



Instructor’s Guide and Solutions Manual

The 'H-"H COSY spectrum shows that the resonances at 7.57 and 7.15 ppm are coupled.
The coupling pattern of these two signals is consistent with a para-disubstituted benzene
ring. The three remaining signals (at 7.55, 7.42 and 7.33 ppm for Hg, Ho and Hio,
respectively) constitute a separate, single spin system. The integrations and coupling
patterns of these three signals are consistent with a mono-substituted benzene ring.

TH-TH COSY spectrum of 4-biphenylyl acetate — expansion A (CDCl3, 400 MHz)

Hs
Hs Ho Ha

H10
ppm

7.1

@ 5—7.2
8 10
5.7 ~7.3
74

75

76

SRR AR AR T T T T : 7.7
7.7 76 7.5 7.4 7.3 7.2 7.1 ppm
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10. The me-HSQC spectrum easily identifies the protonated carbons. The aromatic carbons
of the para-disubstituted ring — C4 and Cs — are at 121.8 and 128.2 ppm, respectively.
The aromatic carbons of the mono-substituted ring — Cs, Co and Cio — are 127.1, 128.8
and 127.3 ppm, respectively.

TH-13C me-HSQC spectrum of 4-biphenylyl acetate — expansion B (CDCls,
400 MHz)

Hs
Hs He Ha

ppm

120
£:2 H C
) T 400

-124

-126

-128

—130

-132

| 1 ERIATARRAL KBRS 1 £ ; 134
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In the HMBC spectrum, there is a correlation between the methyl protons Hi and the
ester carbonyl carbon C,. The methyl group is bound directly to the carbonyl carbon.

Note that the one-bond coupling between H; and C; is visible in the HMBC spectrum as a
large doublet.

Remember, that in aromatic systems, the three-bond coupling *Jc_u is typically the larger
long-range coupling and gives rise to the stronger cross-peaks. The non-protonated
carbons can thus be assigned (Cs at 150.1, Cs at 139.0 and C7 at 140.4 ppm).

Note that there is a strong two-bond correlation between Hs and Cs typical for O-bound
carbon atoms.

The inter-ring correlations Hs to C7 and Hs to Ce indicate the presence of the biphenyl
group.

TH-3C HMBC spectrum of 4-biphenylyl acetate (CDCls, 400 MHz)
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TH-13C HMBC spectrum of 4-biphenylyl acetate — expansion C
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16. In the HMBC spectrum for this compound, there are strong correlations between Hs and
C4, Hs and Cs, Hg and Cg and also between Ho and Co. While these appear to be one-
bond correlations, in any substituted aromatic ring in which a mirror plane bisects two of
the substituents, these apparent one-bond correlations arise from the 3Jc_n interaction of a
proton with the carbon which is meta to it.

o
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Problem 21

Question:

Identify the following compound.
Molecular Formula: C14H120>
IR: 1678 cm™!

Solution:

O
) o

C._10

4'-Phenoxyacetophenone 1@ /6©8/ & CH,
4 5
(0]

1. The molecular formula is C14H120,. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of Ci4H12
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=14-6+1=9. The
compound contains a combined total of nine rings and/or 7 bonds.

2. The '"H NMR spectrum indicates that the compound has nine aromatic protons and three
aliphatic protons.

3. The presence of nine aromatic protons suggests two aromatic rings.

4. The three aliphatic protons are equivalent and have no visible splitting so these must be
an isolated methyl group.

5. IR and 1D NMR spectra establish the presence of a ketone ('*C resonance at 196.7 ppm).

6. The presence of two aromatic rings and a ketone satisfies the degree of unsaturation, so
there are no more functional groups with double bonds or rings.

7. The methyl resonance in the 'H and '*C spectra (at 2.56 and 26.4 ppm, respectively)
eliminates the possibility of a methoxy group, since for a methoxy group both the 'H and
13C signals would appear significantly further downfield.

8. The 'H NMR spectrum shows five unique signals in the aromatic region.
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'H NMR spectrum of 4'-phenoxyacetophenone (CDCl3, 400 MHz)

H; H, H; Hg
A )
ML J
T T T T T T T T
80 78 76 74 72 70 28 26 ppm

3BC{TH} NMR spectrum of 4'-phenoxyacetophenone (CDCls, 100 MHz)

C,;C,
\/ CsCq
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]
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The 'H-"H COSY spectrum shows that the resonances at 7.93 and 6.99 ppm are coupled.
The coupling pattern of these two signals is consistent with a para-disubstituted benzene
ring.

The three remaining signals (at 7.39, 7.19 and 7.06 ppm for H», H and Hs, respectively)
constitute a separate, single spin system. The coupling patterns of these three signals are
consistent with a mono-substituted benzene ring.

TH-'H COSY spectrum of 4'-phenoxyacetophenone — expansion A (CDCls,
400 MHz)
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4 5 H H -
2 - L= 7.6
~7.8

7 - t—
He = H, 8.0
—8.2
—8.4

I ' I ) I ' I " ] " I i I ! I ! I ) I
84 82 80 78 76 74 72 70 6.8 66 ppm

The me-HSQC spectrum easily identifies the protonated carbons. The aromatic carbons
of the para-substituted ring are at 117.3 and 130.6 ppm.

The aromatic carbons of the mono-substituted ring — C;, C> and C3 — are 124.6, 130.0 and
120.1 ppm, respectively.
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TH-13C me-HSQC spectrum of 4'-phenoxyacetophenone (CDCl3, 400 MHz)
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'TH-'3C me-HSQC spectrum of 4'-phenoxyacetophenone — expansion B
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In the HMBC spectrum, there is a correlation between the methyl protons Hio and the
ketone carbonyl carbon Co. The methyl group must be bound directly to the carbonyl
carbon.

In the HMBC spectrum, there is also a correlation between one of the proton signals of
the para-disubstituted benzene ring with the carbonyl carbon (H7—Co). The para-
disubstituted ring must be bound directly to the carbonyl carbon and the 'H signal at
7.93 ppm is due to the aromatic proton closest to the carbonyl group (H»).

Thus the 'H signal at 6.99 ppm must be due to Hs. We can now assign Cs and C7 to the
13C signals at 117.3 and 130.6 ppm, respectively using the me-HSQC spectrum.

In the HMBC spectrum, the correlations from aromatic protons H> and Hs to the '3C
resonance at 155.5 ppm identify this signal as that due the quaternary aromatic carbon of
the mono-substituted ring (Cs).

TH-13C HMBC spectrum of 4'-phenoxyacetophenone (CDCls, 400 MHz)
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IH-13C HMBC spectrum of 4'-phenoxyacetophenone — expansion C
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14. In expansion D of the HMBC spectrum, the Hi0—C7/Cs correlation identifies Cs as the
quaternary aromatic carbon directly bonded to the carbonyl carbon.

15. Thus the remaining quaternary aromatic carbon Cs can be identified by the H—Cs and

He—Cs correlations in the HMBC spectrum.

16. The remaining oxygen atom in the molecule must be located between the two aromatic

rings and the downfield chemical shifts of C4 and Cs are consistent with this formulation.

TH-13C HMBC spectrum of 4'-phenoxyacetophenone — expansion D
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17. In the HMBC spectrum for this compound, there are strong correlations between H» and

C2, H3 and Cs, He and Ce and also between H7 and C7. While these appear to be one-

bond correlations, in any substituted aromatic ring in which a mirror plane bisects two of
the substituents, these apparent one-bond correlations arise from the *Jc_y interaction of a

proton with the carbon which is meta to it.

*Jo-n
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Problem 22

Question:
Identify the following compound.
Molecular Formula: Ci12H160

IR Spectrum: 1686 cm ™!

Solution:
0]
]
| 3 1 5\8H3
4'-tert-Butylacetophenone %, .
AN
o 17
CHs

1. The molecular formula is C12H160. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of Ci2Hie
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=12-8 +1=15. The
compound contains a combined total of five rings and/or © bonds.

2. The IR and 1D NMR data establish that the compound is aromatic and contains a ketone
functional group (quaternary '*C resonance at 197.8 ppm). The aromatic ring and the
carbonyl group account for all of the degrees of unsaturation, so the compound contains
no additional rings or multiple bonds.

3. There are two aromatic proton resonances in the '"H NMR spectrum. On the basis of the
coupling pattern, the ring is para-disubstituted, but one cannot readily distinguish which
resonance belongs to Hz and which to Hs.

4. The '"H NMR spectrum has one three-proton resonance at 2.58 ppm (Hg), and a nine-
proton resonance at 1.34 ppm (Hg). The chemical shift of the resonance at 2.58 ppm is
consistent with a methyl group either bound directly to the aromatic ring or to the ketone,
while the resonance at 1.34 ppm is due to a fert-butyl group.

'"H NMR spectrum of 4'-tert-butylacetophenone (CDCl3, 300 MHz)

Hg

8 7 6 5 4 3 2 1 ppm
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I3C{TH} NMR spectrum of 4'-tert-butylacetophenone (CDCl3, 75 MHz)
Cs
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The '"H-'3C me-HSQC spectrum easily identifies the protonated carbon resonances: Cg at
26.5 ppm, Cg at 31.0 ppm and the protonated aromatic carbons at 125.5 and 128.3 ppm.

TH-13C me-HSQC spectrum of 4'-tert-butylacetophenone (CDCls, 300 MHz)
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The 'H-">C HMBC spectrum has a correlation between He and the carbonyl carbon Cs so
the methyl group is close to the carbonyl group. This identifies Isomer A as the correct
structure.

The HMBC spectrum can be used to identify and assign the remaining carbon and proton
resonances. Remember that, in aromatic systems, the three-bond coupling >Jc_u is
typically the larger long-range coupling and gives rise to the strongest cross-peaks.

The tert-butyl protons (Hg) correlate to three resonances in the HMBC spectrum — the
first is a strong correlation between Hg and Cg. While this appears to be a one-bond
correlation, in tert-butyl groups, isopropyl groups or compounds with a gem-dimethyl
group, the apparent one-bond correlation arises from the >Jc_u interaction of the protons
of one of the methyl groups with the chemically equivalent carbon which is three bonds
away.

H —= H
e

~N
/CTC

The tert-butyl protons (Hs) also correlate to the quaternary carbon C7 at 35.1 ppm, and
the quaternary aromatic carbon at 156.8 ppm. The resonance at 156.8 ppm is therefore
assigned to Ca.

H _H
H H

e

The proton resonance at 7.90 ppm also correlates to Cs. This proton resonance and its
associated carbon resonance at 128.3 ppm are therefore identified as H, and C,. H3 must
be the proton resonance at 7.48 ppm and C3 the carbon resonance at 125.5 ppm.

The remaining *C resonance at 134.6 ppm is assigned to C;.
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TH-13C HMBC spectrum of 4'-fert-butylacetophenone (CDCls, 300 MHz)

Solvent

~

13.

Hs Hg
H, Hs;
I ppm
- 20
H3—‘C7 Ha—’Cak'
C Hg — C;” - 40
(l;l, - 60
2
Cub |
. 3 1 S\CH3 80
CH; 4
3\0 _100
paw -
— Ca CHy™ |
Hy = Cs ° CH, 120
Hz—’sz. * |
L]
Hy — C, - 140
° ® B
H, — Cy4 Hg — Cy4 >160
- 180
° [ ] =
Hy — Cs Ho — Cs 200
AR R R R D R R R DR R D
9.0 85 80 75 7.0 65 30 25 20 15 1.0  ppm

In the HMBC spectrum for this compound, there are strong correlations between H> and

C> and also between Hz and C3. While these appear to be one-bond correlations, in para-

disubstituted benzenes (and indeed in any substituted aromatic ring in which a mirror
plane bisects two of the substituents), these apparent one-bond correlations arise from the
3Jc-n interaction of a proton with the carbon which is meta to it.

o
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Problem 23
Question:
Identify the following compound.
Molecular Formula: Ci12H160
IR Spectrum: 1685 cm™!
Solution:
0
., s
' - - 1 C\S/CHg
2,2,4'-Trimethylpropiophenone 3 e
3
g 4 CHj

CHj

1. The molecular formula is C12H160. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of Ci2Hie
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=12-8 +1=15. The
compound contains a combined total of five rings and/or © bonds.

2. The IR and 1D NMR spectra establish that the compound is aromatic and contains a
ketone functional group (quaternary *C resonance at 208.3 ppm). This accounts for all
of the degrees of unsaturation, so the compound contains no additional rings or multiple
bonds.

3. There are two aromatic proton resonances at 7.66 and 7.19 ppm in the 'H NMR spectrum.
On the basis of the coupling pattern, the ring is para-disubstituted, but one cannot readily
distinguish which resonance belongs to Hz> and which to Hs.

4. The '"H NMR spectrum has one three-proton resonance at 2.38 ppm (Hs), and a nine-
proton resonance at 1.35 ppm (H7). The chemical shift of the resonance at 2.38 ppm is
consistent with a methyl group either bound directly to the aromatic ring or to the ketone,
while the resonance at 1.35 ppm is due to a fert-butyl group.

'H NMR spectrum of 2,2,4'-trimethylpropiophenone (CDCl3, 500 MHz)

Expansion H7
Solvent I‘
H2 H3 lresidual-— HS
T T
—[_ —»r 7.5 7.0 ppm 4/
| -l L
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I3C{TH} NMR spectrum of 2,2,4'-trimethylpropiophenone (CDCls, 125 MHz)

Expansion C3 C2 C8
N
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There are two possible isomers:
(0] O
l I
C C CH
“SCH, ST
CH | “CHs
N - CHs
CHy” ? ’
CH; A B

The 'H-"2C me-HSQC identifies the protonated carbon resonances: C7 at 28.2 ppm, Cs at
21.4 ppm and the protonated aromatic carbons at 128.3 and 128.7 ppm.

TH-3C me-HSQC spectrum of 2,2,4'-trimethylpropiophenone (CDCls, 500 MHz)
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The 'H-">C HMBC spectrum has a correlation between H7 (the fert-butyl group) and the
carbonyl carbon Cs. This identifies Isomer B as the correct structure.

The HMBC spectrum can be used to identify and assign the remaining carbon and proton
resonances. Remember that, in aromatic systems, the three-bond coupling >Jc_u is
typically the larger long-range coupling and gives rise to the strongest cross-peaks.

Note that the fert-butyl protons (H7) correlate to the tert-butyl methyl carbon resonance at
28.2 ppm (C7) in the HMBC spectrum. While this appears to be a one-bond correlation,
in tert-butyl groups, isopropyl groups or compounds with a gem-dimethyl group, the
apparent one-bond correlation arises from the 3Jc_n interaction of the protons of one of
the methyl groups with the chemically equivalent carbon which is three bonds away.

H —=H
He | /o] _H

The tert-butyl protons (H7) also correlate to the aliphatic quaternary carbon Cg at
44.0 ppm in the HMBC spectrum.

In the HMBC spectrum, the aromatic proton resonance at 7.19 ppm correlates to the
methyl carbon resonance at 21.4 ppm (Cg). The resonance at 7.19 ppm can thus be
assigned to the aromatic proton adjacent to the methyl group (H3).

The remaining aromatic proton signal at 7.66 ppm must be due to H>. Both C> and C;
can be assigned to the signals at 128.3 and 128.7 ppm, respectively using the me-HSQC
spectrum.

In the HMBC spectrum, H3 also correlates to the quaternary aromatic carbon signal at
135.4 ppm and this signal can be assigned to C; as it is three bonds away from Hs.

In the HMBC spectrum, H» correlates to the quaternary aromatic carbon signal at
141.5 ppm which can now be assigned to C4. Hb> also correlates to the carbonyl carbon Cs
confirming that Isomer B is the correct structure.
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TH-13C HMBC spectrum of 2,2,4'-trimethylpropiophenone (CDCl3, 500 MHz)
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15. In the HMBC spectrum for this compound, there are strong correlations between H, and
C> and also between Hz and C3. While these appear to be one-bond correlations, in para-
disubstituted benzenes (and in any substituted aromatic ring in which a mirror plane
bisects two of the substituents), these apparent one-bond correlations arise from the *Jcn
interaction of a proton with the carbon which is meta to it.

o
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Problem 24
Question:
Identify the following compound.
Molecular Formula: C10H120
IR: 3320 (br), 1600 (w), 1492 (m), 1445 (m) cm ™!
Solution:
trans-2-Methyl-3-phenyl-2- | 5

CH, 2 _C
HO 4 2\C|3%3 v 6
propen-1-ol 8 CHy .

1. The molecular formula is C1oH120. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of CioH12
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=10—-6+1=15. The
compound contains a combined total of five rings and/or © bonds.

2. Inthe '"H NMR spectrum, the signal at 5.04 ppm exchanges with D20 so this must be due
to an —OH group. The IR stretch at 3320 cm ™! and the fact that this signal has no
correlation to a carbon signal in the me-HSQC spectrum verifies the presence of an OH

group.

3. Inthe 'H NMR spectrum, the integration and coupling pattern of the aromatic protons
indicate the presence of a mono-substituted benzene ring. The signal at 6.52 ppm is in
the alkene region, whilst the signals at 4.02 and 1.82 ppm indicate -OCH>— and —CHj3
fragments, respectively.

4. The aromatic ring and alkene functional group accounts for all of the degrees of
unsaturation, so the compound contains no additional rings or multiple bonds.

'H NMR spectrum of trans-2-methyl-3-phenyl-2-propen-1-ol (DMSO-ds, 500 MHz)
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H, ]OH e
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I
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I3C{TH} NMR spectrum of trans-2-methyl-3-phenyl-2-propen-1-o0l (DMSO-ds,
125 MHz)
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The COSY spectrum shows that the signals for the OH and CH» groups are coupled thus
they must be directly bound.

TH-TH COSY spectrum of trans-2-methyl-3-phenyl-2-propen-1-ol (DMSO-ds,
500 MHz)
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6. The HSQC spectrum easily identifies the protonated carbons (aromatic carbons Cs, Ce
and C7 at 128.6, 128.2 and 126.1, respectively; alkene carbon C3 at 122.8, OCH> at 66.7
and CHj3 at 15.2 ppm).

TH-3C me-HSQC spectrum of trans-2-methyl-3-phenyl-2-propen-1-ol (DMSO-ds,
500 MHz)
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In the HMBC spectrum, there are correlations from the =CH, OH, CH> and CH3 groups
to a quaternary carbon C, which has a chemical shift in the aromatic / alkene region
(138.9 ppm). Joining C; to the =CH group affords a HO—CH>—C(CH3)=CH fragment.

The HMBC spectrum can be used to assign the ipso carbon Cs at 137.7 ppm (Hs—C4
correlation).

Correlations from alkene proton H3 to ipso carbon Cs and aromatic carbon Cs indicate
that the phenyl group is attached to the =CH group.

TH-13C HMBC spectrum of trans-2-methyl-3-phenyl-2-propen-1-ol (DMSO-db,
500 MHz)

He Hs H; Hy
— H3 OH H1
1 i l ) ppmi
H i
. s 10
-~ 2\ 4 .
Co—| Hs—Cs H, —Cg ¢ HO 1 <|3¢3 6}
8 CHs 7 ;20
- 60
C1— .Ha—'C1 .OH—’C1 Ha—’C1. r
~70
Hs — Cs 120
Cy— t ~Hs—Cy Hi —Cs 0 Hg — C; § '
— ' H7 — C5 F
—— /"/ V= Cs - 130
’ He — Cq Hs - Cs ;
Hy; — C
o | L TS
Cy 1 N 8 > L2 -
: He=Ce "Hinc, onlg, 140
......... e S
8 7 6 5 4 3 2 ppm
10. In the HMBC spectrum for this compound, there are strong o
correlations between Hs and Cs and also between He and Cg. "
While these appear to be one-bond correlations, in any substituted )\
aromatic ring in which a mirror plane bisects two of the NI P
substituents, these apparent one-bond correlations arise from the l P

3Jc-n interaction of a proton with the carbon which is meta to it.
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11. The configuration about the double bond can be deduced from the 'H-'H NOESY
spectrum. The H3—H; and H3—OH correlations indicate that the alkene proton is on the
same side of the double bond as the CH>OH group. Similarly the Hs—Hs correlation
indicates that the methyl and phenyl groups are on the same side of the double bond. The
absence of correlations between the methyl group (Hs) and the alkene proton (H3)
confirms that these groups are trans to each other across the double bond.

TH-"H NOESY spectrum trans-2-methyl-3-phenyl-2-propen-1-0l (DMSO-ds,

500 MHz)
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Problem 25

Question:

Identify the following compound.
Molecular Formula: C1oH1203
IR: 1720 cm™

Solution:

4 5

Methyl 4-ethoxybenzoate éH3—éH2—o£®Lﬁ—o—8H3

O

1. The molecular formula is C10H1203. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of CioHi12
(C.H,») which gives the degree of unsaturation as (n —m/2 +1)=10-6 +1=15. The
compound contains a combined total of five rings and/or  bonds.

2. The aromatic signals in the 'H NMR spectrum indicate the presence of a benzene ring
which accounts for four degrees of unsaturation. The remaining degree of unsaturation
must be due to an ester group as also confirmed by IR and quaternary '*C resonance at
166.8 or 162.8 ppm.

3. Inthe '"H NMR spectrum, there are two aromatic signals at 7.96 and 6.87 ppm (Hs and
H4) with coupling patterns typical of a para-disubstituted benzene ring. There are also
signals for methoxy (3.86 ppm, Hg) and ethoxy (4.03 and 1.40 ppm, H> and H1) groups.

'"H NMR spectrum of methyl 4-ethoxybenzoate (CDCl3, 500 MHz)

Hs
H,

H,
| i

8 7 6 5 4 3 2 1 ppm
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I3C{TH} NMR spectrum of methyl 4-ethoxybenzoate (CDCls, 125 MHz)

C5 C4

C, GCs Cy
C Solvent
6 D'il"_‘el"l

e
160 140 120 100 80 60 40 20 ppm

i

4. The COSY spectrum shows the expected correlations between the two aromatic signals
Hs and Hs as well as the correlations between the OCH» (H2) and CH3 (H1) resonances.

TH-'"H COSY spectrum of methyl 4-ethoxybenzoate (CDCl3, 500 MHz)

HB H1
HS H4 H l
2
L] |
Hz_’H1 _1
H—— ) '
-2
—3
H [}
¢ Hy —= ’ ’ -4
-5
4 5 -6
Fls- Pl CHy—CHy—0=> 5 —0—CH
Hy, — 4 3 3 2 i 3 m
0 ;
Hs — ‘ ’ —8
......... [ [ e e DG
9 8 7 6 5 4 3 2 1 ppm
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The me-HSQC spectrum easily identifies the protonated carbons. The protonated
aromatic carbons are at 131.6 and 114.1 ppm. The OCH> carbon is at 63.7 ppm, the
OCHj; carbon is at 51.8 ppm and the CH3 carbon is at 14.9 ppm.

TH-13C me-HSQC spectrum of methyl 4-ethoxybenzoate (CDCls, 500 MHz)

Cy
Cg —
C, —
1]
Solvent

Cq
Cs—

Cs
o]
C'f =

Hs

| &

Hy

I ppm

HB—’CB
]

Hz—’Cz

Hy — Cy4
0

Hs—"Cs
]

3 6 7 8
CH3—CH2~O~Oﬁ—O—CH3 -160

H1—’C1
0

—100
—120

—140

2 1 ppm

There are two possible isomers — one with the ethoxy group as a substituent on the
benzene ring and the methoxy group as part of the ester (isomer A) and the other with the
methoxy group as the substituent on the benzene ring and the ethoxy group as part of the

ester (isomer B).

CH3—CH2—O@ﬁ—O—CH3 CH3—O@

0]
A

ﬁ—O—CHg—CH3
0
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7. In the HMBC spectrum, the correlations between aromatic protons Hs and Hs with the
13C resonance at 162.8 ppm indicate that this '*C resonance is due to the quaternary
aromatic carbon C3 which is shifted downfield because it is bonded to an oxygen atom.
Thus, the carbonyl carbon C7 must be the signal at 166.8 ppm.

8. In the HMBC spectrum, the strong correlation between the methoxy protons Hg and the
carbonyl carbon C7 identifies the correct structure as Isomer A. The correlation between
ethoxy proton H, with quaternary aromatic carbon C3 confirms that the ethoxy group is
bound directly to the benzene ring.

TH-13C HMBC spectrum of methyl 4-ethoxybenzoate — expansion A (CDCls,
500 MHz)

He
H5 H4 Hz
H; — C, ; —110
C, 0 0
H5 —p C4 .
120
Cs — [ ] b
H4 - Ce
Cs —130
H5 — CS’ 4 5 F
1 2 3 6 7 8 E
o :
—150
Hs — G H, > Cq 160
C; — [ ] o H,—C, 0 s
c, — 0 ° ‘
H5_'C7 Hs_’CT ;_170
T

i Rk . BEGES DAREE Bl SRaEs S
90 85 80 75 7.0 65 60 55 50 45 40 35 ppm

*Jon

9. Inthe HMBC spectrum for this compound, there are strong
correlations between Hs and C4 and also between Hs and Cs. While m

these appear to be one-bond correlations, in para-disubstituted He AT
benzenes (and in any substituted aromatic ring in which a mirror |
plane bisects two of the substituents), these apparent one-bond G

correlations arise from the *Jc_u interaction of a proton with the
carbon which is meta to it.
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Problem 26
Question:
Identify the following compound.
Molecular Formula: C11H140:
IR: 1739 cm™!
Solution:
6 5
Methyl 3-(p-tolyl)propionate ?:m@“—ém—&z—ﬁ—o—?:m
0

1. The molecular formula is C11H140;. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of C11Hi4
(C.H,») which gives the degree of unsaturation as (n —m/2 + 1)=11-7+1=35. The

compound contains a combined total of five rings and/or © bonds.

2. IR and 1D NMR spectra establish that the compound is aromatic and contains an ester
functional group (quaternary '*C resonance at 173.3 ppm). This accounts for all of the
degrees of unsaturation, so the compound contains no additional rings or multiple bonds.

3. Inthe 'H NMR spectrum, the aromatic signal at 7.06 ppm integrates for four protons
(Hs + He) and the lack of any obvious coupling pattern indicates that all the aromatic
protons are in a similar environment — probably a para-disubstituted benzene ring where
the shift of all protons is similar. There are also signals for methoxy —OCHj3 (3.63 ppm,
Hy), -CH2CH>— (2.89 and 2.58 ppm, H3 and H>) and methyl —CH3 (2.29 ppm, Hg) groups.

'H NMR spectrum of methyl 3-(p-tolyl)propionate (CDCl3, 500 MHz)

Hs + Hg
—

—H - %fw

— T T T T T 1 I B
72 7.0 6.8 3.6 3.4 32 30 28 26 2.4 ppm
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I3C{'H} NMR spectrum of methyl 3-(p-tolyl)propionate (CDCl3, 125 MHz
P y ybprop

% O
CZ C3
9
C1 C{S7 Solvent ‘ T8
I " I " I ! I " [ " I ! [ ) I " I "
180 160 140 120 100 80 60 40 ppm

4. The COSY spectrum shows the expected correlations between the two —CH»— signals H3
and Ho.

TH-TH COSY spectrum of methyl 3-(p-tolyl)propionate (CDCls, 500 MHz)

Hs + Hg HT Hsg
H; H; |
ppm

2.0

H, Hi~H, & ® 25
H [
3 . 3.0

F3.5

L 4.0
-45
L 5.0
55
£ 6.0

& i 6.5

He +H 8 3 2 1 9 I
Lo RE : cm@LCHE—CHQ—ﬁ—o—CHS F7.0
o) [

7.5

L A A B D A A A D R DAL
75 70 65 6.0 55 50 45 40 35 30 25 20 ppm

124



Instructor’s Guide and Solutions Manual

The me-HSQC spectrum easily identifies the protonated carbons. Note that the 'H signal
for Hs + He correlates to two C signals at 129.2 and 128.2 ppm for Cs and Cs. The OCHj3
carbon is at 51.5 ppm, the two CH> carbons are at 35.9 and 30.6 ppm, and the CH3 carbon
is at 21.0 ppm.

TH-13C me-HSQC spectrum of methyl 3-(p-tolyl)propionate (CDCls, 500 MHz)

H5 + Hﬁ Hg Hﬂ
H3 HZ
‘—L—l ppm
Ce— Hg — Cg - 20
g:i Hy —Cy0 "
’ Hy=C; T 40
Gy ' -
Ho=2.Co - 60
1] - 80
Solvent
—100
Expansion A
-120
Cs S Hs — Cs
Ce Cr_|| Hs — Cs
Ca || | = ~140
_______________ s I
& w8 B 9 160
CHg CHQ_CHQ_C_O_CHS |
Ci— I
2 -180

I I IS IR
75 70 65 6.0 55 50 45 4.0 35 30 25 20 ppm
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6.

126

In the HMBC spectrum, the correlation between methoxy protons Ho and carbonyl carbon
C1 indicates the presence of a methoxy ester. Correlations between methylene protons H»
and H3z with carbonyl carbon C; indicate that the —CH>CH»>— group is also bound to the
carbonyl group.

In the HMBC spectrum, the correlation from methylene proton signal at 2.89 ppm to
protonated aromatic carbon at 128.2 ppm signals indicate that the —-CH>CH>— group is
bound to the benzene ring. The correlation also identifies the 'H signal at 2.89 ppm as
due to the methylene group adjacent to the benzene ring (H3) and the '3C signal at
128.2 ppm as to the protonated aromatic carbon ortho to the methylene substituent (Cs).

In the HMBC spectrum, H3 also correlates to quaternary aromatic carbon signal at
137.5 ppm which can be assigned to Ca.

The methyl group must be bound to the benzene ring as shown by correlations from the
methyl proton signals at 2.29 ppm to protonated aromatic carbon signal at 129.2 ppm
(which can be assigned to C¢) and quaternary aromatic carbon signal at 135.7 ppm (which
can be assigned to C7).

TH-13C HMBC spectrum of methyl 3-(p-tolyl)propionate (CDCl3, 500 MHz)
P y yyprop

Hs + Hg Hy Hg
Hs H; |
ppm
Cs — I Hg — Cg H, — Cj, - 20
C3 l H5 —* 03 [ ]
C, — ' - 40
Hs; — C,
Co — I
- 60
6 5 I
1_ 8 - 4 3 2 1 9 — 80
Solvent CH3 CHE_CHE_ﬁ_O_CHS I
0 - 100
Cs Hs; — Cs Hs > Cs Hg > Cg[~ 120
Ce™ |£He - Ce Y
Cr——— IHs = C; Hy > Cina o # n
o— He — Cs H, 5 C, Ha\—’ c,[140
—160
Hz‘/—’ C1
C1 — Hg — C1 [} /' ]
H; = C, —180
R L B B I I e M E M B I
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Problem 27

Question:

Identify the following compound.
Molecular Formula: C11H140>
IR: 1715 cm™

Draw a labeled structure, and use the me-HSQC and INADEQUATE spectra to assign each
'H and '*C resonance to the corresponding nucleus in the structure.

Solution:
7 6
4-(4'-Methoxyphenyl)-2-butanone gHg—O@LéHz—éHz—ﬁ—éHg,
0
Proton Chemical Shift (ppm) | Carbon | Chemical Shift (ppm)
H; 2.09 G 30.0
C 208.0
Hs 2.69 GCs 45.9
Ha 2.81 Cq 28.9
Cs 133.0
He 7.08 Cs 129.2
H7 6.80 Cr 113.9
Cs 158.0
Hy 3.74 Co 55.2

1. The molecular formula is C11H140,. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of C11Hi4
(C.Hn) which gives the degree of unsaturation as (n —m/2 + 1)=11-7+1=15. The
compound contains a combined total of five rings and/or © bonds.

2. IR and 1D NMR spectra establish that the compound is aromatic and contains a ketone
functional group (quaternary '*C resonance at 208.0 ppm). This accounts for all of the
degrees of unsaturation and there are no additional rings or multiple bonds.

3. Inthe '"H NMR spectrum, there are two aromatic signals at 7.08 and 6.80 ppm
(He¢ and H7) with coupling patterns typical of a para-disubstituted benzene ring. There
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are also signals for methoxy (3.74 ppm, Hy), -CH>CH>— (2.81 and 2.69 ppm, H4 and H3)
and methyl (2.09 ppm, H1) groups.

'TH NMR spectrum of 4-(4'-methoxyphenyl)-2-butanone (CDCls, 600 MHz)

He H; H, Hs

[ S Y U

T ' rF 1T 7 1T " 1T 7 T7 " 1 7 '
72 70 6.8 40 38 36 30 28 26 24 22  ppm

I3C{TH} NMR spectrum of 4-(4'-methoxyphenyl)-2-butanone (CDCl3, 150 MHz)

Ce &7

C, Cs Cs
| | | l

| ' I ) I ) I ) I ) I ' I ' I ' | ) [ ! [

220 200 180 160 140 120 100 80 60 40 ppm

Solvent
| ‘
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The me-HSQC spectrum easily identifies the signals for the protonated carbons — the
protonated aromatic carbons are at 129.2 and 113.9 ppm (Cs and C5), the methoxy carbon
is at 55.2 ppm (Co), the two methylene carbons are at 45.4 and 28.9 ppm (C3 and Cs4), and
the methyl carbon is at 30.1 ppm (C4). The signals at 158.0 and 133.0 ppm belong to
quaternary aromatic carbons (Cs and Cs) as these signals have no correlations in the me-
HSQC spectrum.

TH-13C me-HSQC spectrum of 4-(4'-methoxyphenyl)-2-butanone (CDCl3, 600 MHz)

Hg H;
He H7 H, }43
1 l U ppr
Expansion A L 20
Co. Yl WeE A
C1 | H4 — C4 |
| - 40
03 — : H o C |
373 I
Cg | . | N 60
Hg —_— Cg ________
Tl - 80
Solvent
—100
H;,— C
(B 7 7
! 0
—120
Ce 0
C5 -
He — Co 7 6 ~140
9 g 5 4 3 2 1
CHz—0O CHo—CH>;—C—CHgj |
s I - 160
| | T | | I T T

75 7.0 65 6.0 55 50 45 40 35 30 25 20 ppm
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5.

6.

130

The INADEQUATE spectrum shows direct *C—!>C connectivity.

Beginning, for example, with the ketone carbon resonance at 208.0 ppm (C>), correlations
to the methyl carbon signal at 30.0 ppm (C1) and methylene carbon signal at 45.9 ppm
(C3) affords the following fragment:

—CH,—C—CHs

|
0

The methylene carbon signal at 45.9 ppm (C3) has a correlation with the methylene
carbon signal at 28.9 ppm (C4) which extends the fragment to:

—CHz—CHZ—ﬁ—CH3
0

The methylene carbon signal at 28.9 ppm (C4) has a correlation with the quaternary
aromatic carbon signal at 133.0 ppm (Cs). The signal at 133.0 ppm (Cs) has a correlation
with the protonated aromatic carbon signal at 129.2 ppm (Cs). The signal at 129.2 ppm
(Ce) has a correlation with the protonated aromatic carbon signal at 113.9 ppm (C7) which
in turn has a correlation with the quaternary aromatic carbon signal at 158.0 ppm (Cs).
We now have the following fragment:

CHZ_CHQ_?_CH3
I

0]

The remaining methoxy group must be bound to the benzene ring at the position para to
the other substituent. There are no correlations between the methoxy carbon signal at
55.2 ppm (Co) and the quaternary aromatic signal at 158.0 ppm (Cs) due to the presence
of an oxygen atom between then.

CH3—O—®—CH2—CH2—|C|)—CH3

o)
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INADEQUATE spectrum of 4-(4'-methoxyphenyl)-2-butanone (CDCls, 150 MHz)

Ce C7
C, C,
Solvent Cg C3 \/
§ &9 L
| 1 | I ppm
5 § —-180
9 8 s &, 8 7 2
CHz;—0O CH—CHx—C—CHgs C; o Cy |
g | | 160
- 140
—--100
—-80
. C4HC5 .
—--60
. Lr ey t °
|—|Ce‘—’C7
' CZHC3 ' _20
H Cs < Co
—— - 40
C; o Cq
—7T1 - - T T T T T )
200 150 100 50 ppm
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Problem 28

Question:

The 'H and *C{"H} NMR spectra of ethyl 6-bromohexanoate (CsH;5sBrO>) recorded in
CDCl; solution at 298 K and 500 MHz are given below. The 'H NMR spectrum has signals
at 0 1.25, 1.48, 1.65, 1.87,2.31, 3.41 and 4.12 ppm. The *C{'H} NMR spectrum has signals
at 6 14.3,24.0,27.6, 32.4, 33.5, 34.0, 60.2 and 173.3 ppm. The 2D 'H-'H COSY and the
multiplicity-edited "H-'3C HSQC spectra are given on the facing page. From the COSY
spectrum, assign the proton spectrum, then use this information to assign the '*C {'H}
spectrum.

Solution:
1 2 3 4 5 6 7 8
Ethyl 6-bromohexanoate Bf_C“fC“Z_CHz_C“Z_CHQ_E_O_C”Z_CHB

Proton Chemical Shift (ppm) | Carbon | Chemical Shift (ppm)

H, 341 C 33.5
H» 1.87 C2 32.4
Hj 1.48 Cs 27.6
Ha 1.65 Cq 24.0
Hs 2.31 Cs 34.0

Ce 173.3
H7 4.12 Cs 60.2
Hs 1.25 Cs 14.3

'"H NMR spectrum of ethyl 6-bromohexanoate (CDCl3, 500 MHz)

H, i Hs

El 1

R N e e

4.0 3.5 3.0 25 2.0 15  ppm

Hs

H,

H,
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I3C{TH} NMR spectrum of ethyl 6-bromohexanoate (CDCls, 125 MHz)

C,C,C,4
C5 C4
C, Ce
Cﬁ Solvent
T
i T I " I " T T I " I " T T I " T " T T I
200 180 160 140 120 100 80 60 40 20 ppm

1. Two separate spin systems can be observed in the COSY spectrum — one for the ethoxy
group and another for the butyl chain. The ethoxy (-OCH>CH3) group can be identified
and H7 and Hg assigned to the resonances at 4.12 and 1.25 ppm, respectively.

2. Hj and Hs can be assigned to the resonances at 3.41 and 2.31 ppm, respectively, on the
basis of chemical shift and coupling pattern.

3.

In the COSY spectrum, the Hi—H>, Ho—H3, H3—H4 and H4—Hs correlations allow Ho, H3

and Hy to be assigned to the signals at 1.87, 1.48 and 1.65 ppm, respectively.

TH-'"H COSY spectrum of ethyl 6-bromohexanoate (CDCls, 500 MHz)

H5;._‘

& ppm
-1.0
. H4_>H3 W [
' H2—>H3 I ’ :
Myt b N ¥ 1.5
Hs_* H4 ] ‘ﬂl I
8 8 2 [
Hy — H, [20
PO |
_—2.5
3.0
w 8
' _—3.5
- 4.0
¥ 1 2 3 4 5 6 7 8 * |
Br_CH2_CH2_CHQ_CHQ_CHQ_ﬁ_O_CHQ_CH3 F
o] —4.5
S R T A G I T 6T [
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
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4. The carbonyl carbon Cs can be assigned easily to the '*C resonance at 173.3 ppm on the
basis of chemical shift.

5. The remaining C resonances can be easily assigned by the me-HSQC spectrum.

TH-13C me-HSQC spectrum of ethyl 6-bromohexanoate (CDCl3, 500 MHz)

H, H; Hs Hg
ﬁ i H, H, H,
i ppm
=10
Ce Hg — Cs ' _ 15
=20
C4 H4 s C4 ' 5_25
Cy— $H,—~C; |
C, ~30
Ci— - # H,—C, .
— H, — C ! Hs — Cs J 35
- 40
—45
=50
=55
H7 — C?' 1 2 3 4 5 6 7 8 [
C? Br“_CHz_“CHE—CHz‘_CHE_‘CHE‘_"ﬁ‘_‘O_CHE‘_CHg :_60
S r

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
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Problem 29

Question:

The 'H and *C{"H} NMR spectra of piperonal (CsHsO3) recorded in CDCls solution at
298 K and 600 MHz are given below.

The 'H NMR spectrum has signals at 6 6.07 (s, 2H, H7), 6.92 (d, *Ju-u = 7.9 Hz, 1H, H)),
7.31 (d, “Juu=1.5Hz 1H, Hs), 7.40 (dd, 3Jun=7.9Hz, “Juu=1.5Hz 1H, He) and 9.80
(s, 1H, Hg) ppm.

The 3C{"H} NMR spectrum has signals at 6 102.1 (C7), 106.9 (C4), 108.3 (C1), 128.6 (Cs),
131.9 (Cs), 148.7 (C3), 153.1 (C2) and 190.2 (Cs) ppm.

Use this information to produce schematic diagrams of the HSQC and HMBC spectra,
showing where all of the cross-peaks and diagonal peaks would be.

Solution:

)
2_Q
6 \ 7
CH
/2
5 3 O
4

1. The assignments for the 'H and '3*C{'"H} NMR spectra are given.

Piperonal H

8
I

@)

'H NMR spectrum of piperonal (CDCls, 600 MHz)

bHUJ.JL

100 95 90 85 80 75 70 65 6.0 ppm

spectrum of piperona 3, zZ
BC{'H} NMR f pi 1 (CDCl, 150 MHz)

C1 CT
c Ce
8 C, Cs C5C6
M BARAARAARS RARRARARAS RASARRARAS RARARARARS RAALARAARS RARRARAALE RARMARARES RAAAARAALS RARAAAMAAS RAMMARAAAS RARARMALE RARAAS

190 180 170 160 150 140 130 120 110 100 ppm
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2. The 'H-"3C me-HSQC spectrum shows direct (one-bond) correlations between proton
and carbon nuclei, so there will be cross-peaks between H; and Ci, Hs and C4, Hg and Ce,
H7 and C7 (shown here in red, as there are two protons directly connected to C7) and
between Hg and Cs.

Predicted 'H-'3C me-HSQC spectrum of piperonal (CDCls, 600 MHz)

H;
Hg He H

VA

11 | L ppm

=G 100

C1 .IZIII.H1 - C1 = 110

—120

Ce— O *
Cz = 130

—140

Cs— 3
v 150

—160
—-170

—180

—190

ppm
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In HMBC spectra, remember that, for aromatic systems, the three-bond coupling *Jc u is
typically the larger long-range coupling and gives rise to the strongest cross-peaks.
Benzylic protons correlate to the ipso carbon (two-bond correlation) and the ortho
carbons (three-bond correlations).

Predicted "H-13C HMBC spectrum of piperonal (CDCl3, 600 MHz)

H
Ha H H ’
i
jl | 1 ppm
C; =100
Hy 5 C Hs — C E
c, Cy @3 4 6 ‘@ E_“O
=120
Hg — Cs Hy, — Cg
& ' o ® =130
5 £
Hg — Cs H, - Cq
| 140
H4—& Hi > C; H; »Cy
Cs 4 @ | 150
C; — o Y S— —
Hg — C, Hy - C, H, - C, —160
Hy — Cy~
170
=180
Cs— =190
Hs—’C8§.§H4 - Cg
S S N S LI o
10 9 8 7 6 ppm

Hi will correlate to the carbon nuclei three bonds removed (i.e. meta): C3 and Cs.

Oxygen substituents on aromatic rings increase the magnitude of two-bond C—H coupling
to the oxygen-substituted carbon atom from < 1 Hz to > 2.5 Hz. It is therefore often
possible to observe two-bond correlations to the phenolic ipso carbon, and indeed H;
does show such a correlation (shown in light grey).

Ha will correlate to the meta carbon nuclei: Cz; and Cs. There will also be a three-bond
correlation to the aldehydic carbon atom (Cs). In addition, for the reasons outlined above,
there is a two-bond correlation to C3 (shown in light grey).
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6.

138

He will correlate to the meta carbon nuclei: C; and C4. There will also be a three-bond
correlation to the aldehydic carbon atom (Cs).

H7 will, in principle, show both two- and three-bond correlations; however there are no
carbon nuclei which are two bonds removed from H7, so we expect only three-bond
correlations to Cz and Cs.

Hsg will also show both two- and three-bond correlations. There will be a two-bond
correlation to Cs, and three-bond correlations to both C4 and Cs.
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Problem 30

Question:

Identify the following compound.
Molecular Formula: Ci3H1602
IR: 1720 cm™

Solution:

H H
2 3 \8 9/

) C—=
cis-3-Hexenyl benzoate 1@% SN NN

)

1. The molecular formula is C13H1602. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of Ci3His
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=13 -8 + 1 =6. The
compound contains a combined total of six rings and/or ©t bonds.

2. 1D NMR spectra establish the presence of a mono-substituted benzene ring ('H signals at
8.04, 7.53 and 7.41 ppm for Hs, H; and Ha, respectively), two alkene protons (‘H signals
at 5.53 and 5.40 ppm for Hy and Hs, respectively) and an ester group ('3C signal at
166.6 ppm for Cs).

3. The aromatic, alkene and ester functional groups account for all of the degrees of
unsaturation, so the compound contains no additional rings or multiple bonds.

4. Inthe 'H NMR spectrum, there are also signals for one methoxy group at 4.31 ppm (Hs),
two methylene groups at 2.51 and 2.09 ppm (H7 and Hio) and a methyl group at 0.97 ppm
(Hi).

TH NMR spectrum of cis-3-hexenyl benzoate (CDCl3, 400 MHz)

RN

T 1 T T | T
82 80 76 74 56 54 44 42 26 24 22 20 1.0 ppm

H,

H,
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3C{TH} NMR spectrum of cis-3-hexenyl benzoate (CDCls, 100 MHz)

C4/|Cs
C
N C ? c
Cg‘__\\ Cs 6 Cpo
Solvent
Cs ‘ rh
T ' T T T T T T T T T " T j T
160 140 120 100 80 60 40 20 ppm

5. Inthe COSY spectrum, there are two spin systems — one of which corresponds to the
aromatic ring (H>—H3 and Hi—Hz). The other spin system, starting with the methyl group
(Hi1) which correlates to a —CH»— group (H1o) which in turn correlates to a —CH= group
(Ho). The correlations continue with —CH= group (Hs) then —CH»— group (H7) and
—OCHz; group (Hs). These correlations afford the CH;CH.CH=CHCH>CH>O- fragment.

TH-TH COSY spectrum of cis-3-hexenyl benzoate (CDCls, 400 MHz)

Hg Hi
Hay Ho Hy Hio
l l‘ ngHa |\ | ppm
Hyq
Hio—Hi; @ L =1
H10 HQ—"H10.I & ‘ ;_2
j Hs_“H? o
H}- Hs—"H-I,v B & #
-3
4
Hﬁ—'—' " 2 g
5
H31 Hg—‘Ha\'l '
Hg ;
-6
Hy—H,
= —7
Hy _J Hs ':2 " Ha of :
Hy ™ 2 3 L ;
1_ b i @5 6 ?/C_C 0o 11 fg
H3 1 C_O_CH2_CH2 CHQ_CH3 E
! ;
9 8 7 6 D 4 3 2 1 ppm
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The protonated carbons Cs, C7, Ci0 and Ci; are easily identified by the me-HSQC

Instructor’s Guide and Solutions Manual

spectrum as signals at 64.5, 26.9, 20.7 and 14.3 ppm, respectively.

TH-13C me-HSQC spectrum of cis-3-hexenyl benzoate (CDCls, 400 MHz)

Cio—
C;

Ce—

Solvent

Hg Hy
H H
13 Hy Hy Hg H7 Hio
i AR L_j | ppm
H1‘I m= Cﬁ

H C .

10 1.0 N 20
H? _'C?
— 40
: — 60
He— Cs
— 80
—100
Expansion A
P s = —120
i o of 140
2 3 c—C
5
1©Lﬁ_o_ém_a@ N2t | 160
o]

] | i RS ] ] | izt | SRS e )

8 7 6 5 4 3 2 1 ppm
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7. The protonated carbons Ci, C,, C3, Cs and Co are easily identified by the me-HSQC
spectrum (expansion A) as signals at 132.9, 128.3, 129.6, 123.8 and 134.6 ppm,
respectively.

8. The remaining '°C signal at 130.5 ppm does not have a correlation in the me-HSQC
spectrum and must be due to the quaternary aromatic carbon Cas.

TH-13C me-HSQC spectrum of cis-3-hexenyl benzoate — expansion A

H H
3 H1 2
Hg Hg
. »‘U‘a ppm
Hy —Cy _—122
Cs @ —~124
-126
C, Hy—C, @ H, —C, -128
C; Ci— @ —130
—132
C1__"J a H4|_'C1
134
Cg—‘ @ L
s e _s/" Hy —C,  |-136
4 G 0—CH—CH,  Chp—CH _
1 (ﬁ O—CH; 2 2 3 138
O L
——— | ————————~ 14(
8.5 8.0 7.5 7.0 6.5 6.0 5.5 ppm
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9. Inthe HMBC spectrum, the aromatic proton to carbonyl correlations (H3—Cs and H,—Cs)
and the —OCH»— proton to carbonyl correlation (Hs—Cs) place the carbonyl group
between the phenyl ring and the -OCH»>— group to afford the compound as
PhC(=0O)OCH:CH,CH=CHCH:CH3s.

10. Note that the weak correlation between H> and Cs is a long-range four-bond coupling.

TH-13C HMBC spectrum of cis-3-hexenyl benzoate (CDCl3, 400 MHz)

Hg His
Hy H;
l " Hg Hsg Hy Hio
| m | ppm
CH Hg C11\“‘--\_. HS_'C? H“IO_'CH
Cio— Hg — Cio——— e ' - 20
Cr Hy — C7’/”\ PG Hi1—Cyo
Hz— Cyo - 40
Co—— . . — 60
Hs—Csq H; — Cq
T H H - 80
Solvent 2 3 \(;?:?3/ |
1 @“_S_O_EHQ_E’QQ \é?‘{g—léHg
g —100
Expansion B Hi—Cs H; —Cg Hyo —Cs
o Cs oo -y . 120
2 1 1
—_— : [ : L
'Cg S ! ’ ' ! H? _"Cgl ['] [ ]
C4C / ------------------------ / H1'1_-C9_140
T Cq Hio— Co !
H;—Cs H,—C Hg — —160
Cs_ 3 .5 '2 5 6 . Cs
9 8 7 6 5 4 3 2 1 ppm
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11. In the HMBC spectrum, the correlation from the aromatic proton signal at 7.41 ppm (H>)
to the quaternary aromatic carbon signal at 130.5 ppm confirms the assignment of the
signal at 130.5 ppm as due to the ipso carbon Cis.

12. All other correlations in the HMBC spectrum are consistent with the structure.

TH-13C HMBC spectrum of cis-3-hexenyl benzoate — expansion B

Hs H,
H,
Hy Hg
L M ppm
—122
Ce 124
H1_"C3

—-126
(:2 H3 _‘C3- H2_"C2' 128
—-130

C3 Cd— . e Hg—"C‘; L
-132

CA|_" L
134

Cg_‘ H3_\‘C1 L

H H

s s \& 9/ 136

<i::::>i_5 6 1;3__C\10 11 I

1 ﬁ_O_CHg_CHz CHy—CHs

I -138
||||||140
8.5 8.0 75 7.0 6.5 6.0 55 ppm

13. In the HMBC spectrum, the H3—C3 and H>—C» correlations, while appearing to be one-
bond correlations, actually arise from the *Jc_n interaction of a proton with the carbon
meta to it.

*Jem
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14. The geometry about the double bond can be deduced from the NOESY spectrum. In
particular the H,—Hio correlation places the two —CH>— groups on the same side of the
double bond and thus a cis geometry can be deduced.

TH-"H NOESY spectrum of cis-3-hexenyl benzoate (CDCls, 400 MHz)

He Hiq
H,,, Hz
ISH1 Hy Hsg Hz Hyo
i Ak | ppm
Hqo— Hy1
. 0 —1
Hz — Hyo
Ha_’H? v ’ __2
[ r f - E
HB_"H? ;_3
-4
Hs_" Hﬁ - L] L L
-5
H,—H
9 8“ [ »
-6
H3_’H2 :
H3_'H-| H.—H =7
' n/ 1 2 y y :
: 23 Y _
¢ @LE 6 7/ \10 11 |8
1 ﬁ—O—CHQ—CHz CHa—CH; |
0 i
| | | o I | | | -9
9 8 7 6 5 4 3 2 1 ppm
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Problem 31
Question:
Identify the following compound.
Molecular Formula: CoH140
IR: 1693 cm™!
Solution:
H
\03 cH éH (8:H (9:H
- - - - 27 3
trans-2,cis-6-Nonadienal 1 27" ~° \__/
I\ /6 7\
o) H H H

1. The molecular formula is CoH140. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of CoH14
(C.H,») which gives the degree of unsaturation as (n —m/2 + 1)=9 -7+ 1 =3. The
compound contains a combined total of three rings and/or © bonds.

'H NMR spectrum of trans-2,cis-6-nonadienal (DMSO-ds, 400 MHz)
| | | jmz
] rr 1T 71 | I I I [

' S A B ' [ ' T '
96 94 7.0 6.2 6.0 54 52 24 22 20 1.0 ppm

I3C{TH} NMR spectrum of trans-2,cis-6-nonadienal (DMSO-ds, 100 MHz)

C1 Cz -1 C? C4 CB

Cs _Cq Solvlent C5/ C,

N

200 180 160 140 120 100 80 60 40 20 ppm
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In the HSQC spectrum, the 'H 9.49 ppm / 1*C 194.3 ppm correlation (H;—C1) confirms
the presence of an aldehyde group.

In the HSQC spectrum, the 'H 7.01 ppm / '*C 158.8 ppm (H3—C3), 'H 6.10 ppm /
13C 132.8 ppm (H2—C>), 'H 5.40 ppm / 13C 132.4 ppm (H7—C7) and 'H 5.32 ppm /
13C 127.4 ppm (He¢—Cs) correlations indicate the presence of two alkene groups.

In the HSQC spectrum, the 'H 2.38 ppm / 1*C 32.2 ppm (H4—C4), 'H 2.22 ppm /

13C 25.0 ppm (Hs—Cs) and 'H 2.02 ppm / 1*C 20.1 ppm (Hs—Cs) correlations indicate the
presence of three -CHa— groups whilst the 'H 0.92 ppm / 1*C 14.1 ppm (Ho—Co)
correlation indicates the presence of a methyl group.

The aldehyde and two alkene functional groups account for all of the degrees of
unsaturation, so the compound contains no additional rings or multiple bonds.

TH-13C me-HSQC spectrum of trans-2,cis-6-nonadienal (DMSO-ds, 400 MHz)

Hg
H,
H H.0 H Hs H
| 43 }12 H7uH6 1 * € | ppm
Cg HB-‘CB .
C é B
CBS—] HS e C5 . HQ_’ Cg 20
Cq — H, —C, - 40
Solvent
— 60
~ 80
~100
Expansion B
Co e ; -120
C7\ . .-
C,” 140
] . L
3 Hy - C, 160
H\s 4 5 8 9
A - ~180
C—CHp—CH,  CHp—CHg
12/ \N"_/
e ¢+ H,—C, H—C—C\ /C=C\
C, S VT A" 200
' | o 7 ' I i FAGR i ' I i3 ol kil P kil A
10 9 8 7d 6 ] 4 3 2 1 ppm
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TH-13C me-HSQC spectrum of trans-2,cis-6-nonadienal — expansion B

H,

M“ ) He
. ppm

H
\3 4 5 8 9
C—CHx—CH CH;—CH
.y e~Clz  CH~CHa
C—C, C=C
I\ /e 7\
o5 H H H

—-122
H_

—124

He— Cs -126

-128

—-130

-132

—134

—-136

—-138

1 ; T " 1 ' T ' 1 ; T ' | " 140
6.4 6.2 6.0 5.8 5.6 5.4 5.2 ppm
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In the COSY spectrum, the Hi—H»>, H>—H3, H3—H4 and Hs—Hg correlations afford the
HC(O)-CH=CH-CH,—CH>—CH= fragment. The Hs—Ho and H7—Hs correlations afford
the CH3—CH>—CH= fragment.

TH-TH COSY spectrum of trans-2,cis-6-nonadienal (DMSO-ds, 400 MHz)

Hg
H,
H3 Hz H?' Hﬁ H,0 H4 HS HB
" i L A A 1Y) | ppm
Ho He—Hoe * _ 1
H, —H :
Hﬁa o \g. ® E 2
H, Hy—H, * He —Hs :
= 3
H,0 —
= 4
H; —H E
Hs | E e : 5
H, '
HT_-HZ H3—"H2
qu H M ] ~ 6
H3=- £ L — ?
H 3 8
Pdode Bl
" 2/ 2 \2_ / 2 3 _ 9
H—C—C\ /C—-C\ ;
Hy—| - i', H M Ty
""""" Bhidadatdd EidAakiand Lididskiad Ledaakiidl Eibdaniakd hiasdbiied Latikidets kakkiinand idasdaial i 1
10 9 8 7 6 5 4 3 2 1 ppm

All of the nuclei in the molecular formula have been accounted for. The two fragments
can be linked together in only one way to afford
HC(O)CH=CHCH>CH>CH=CHCH-CHj3.
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8.  The HMBC spectrum can be used to confirm the linkage of the two fragments. This is
shown by the He — Cs and H7 — Cs correlations in expansion C and the Hs — C; and
Hg — Cg correlations in expansion E.

9. Note that the one-bond coupling between Hi and C; is visible in the HMBC spectrum as a

large doublet.

10. There is also a long-range four-bond correlation between Hs and C;.

11. All other correlations in the HMBC spectrum are consistent with the structure.

TH-13C HMBC spectrum of trans-2,cis-6-nonadienal (DMSO-ds, 400 MHz)

Hg
H;
J H3 H2 H7 HS H4 H5 HB
[ 1Y ppm
Expansion C Expansion D - 0
gg L e e
058 : ] : : I ! - 20
C, '} L Lo :
— e ik ~ 40
Solvent
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H\a 4 5 g8 9 80
1 2//C_CH2_C{‘2 CHQ_CHS
TS /o A ~100
H H H
Expansion E
.. Cs ! -120
™ “H, —C | 1 ‘',
c,” . e ~140
Cs—] *Hy —C; Hy—Cs8 H; —C; ~160
e ~180
C1— o ® - [
H, _Y.C1 H;—Cy H,—Cq Hy,—C; 200
" T — ] [ e — 220
10 9 8 7 6 5 3 2 1 ppm
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TH-13C HMBC spectrum of trans-2,cis-6-nonadienal — expansion C

H, H; Hz He
ppm
H\s 4 5 8 9 —10
Y
H—C—G c=¢
c N /6 7N\
9 ] o] H H H
-15
Ce -20
C
5 @Ha_'cs _25
-30
04 A
@HS_'C4 @
H2_’C4 Hﬁ_ﬁcd 35
R e e e e e
74 72 70 68 66 64 62 60 58 56 54 52  ppm
TH-13C HMBC spectrum of trans-2,cis-6-nonadienal — expansion D
Hg
Hs Hy Hg
| S N ppm
-10
Cs e,
-15
Cs
Ho —Cs -20
G ®H4—'C5 —-25
-30
C, Hs—'C.a@ 3 4 5 8 9
C—CH,~CH,  CH,—CH
e b
A /6 7\ 35
5 H H H
I | ] | | I | ! | |
28 26 24 22 20 18 16 14 12 10 08  ppm

151



Organic Structures from 2D NMR Spectra

TH-13C HMBC spectrum of trans-2,cis-6-nonadienal — expansion E

HQ
Hs Hs  Hg
S " NN -
H
\3 4 5 8 9
C—CHp—CHz  CH,—CHz 7122
1 2/ \ / |
TN fo A
g H He "W 124
Hs — Cq
A A O 126
Co 1 |
—_— || 1,
—-130
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2 o g g
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' I ' ] ' I ' I i | ! I i ] ' I i ] ' I '
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12. The stereochemistry about the double bonds can be determined from the NOESY

spectrum.

13. In the NOESY spectrum, the Hi—H3, H>—H4 and H3—Ha correlations indicate a trans

geometry about the double bond adjacent to the aldehyde group.

14. The geometry about the second alkene group is determined particularly by the Hs—Hsg
correlation which places the two —CH»— groups on the same side of the double bond, i.e. a

cis geometry.

TH-"H NOESY spectrum of trans-2,cis-6-nonadienal (CDCl3, 400 MHz)

Hg
H,
Hs H, H. H H, HsH
g 2l T . ppm
T | e I
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Hq b
- =T L 2
Hs 32 i 3 % 8t H
H, .
Expansion F Expansion G
- 4
H,—H 5
He SO - 5
H?: g 3 * .
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TH-"H NOESY spectrum of trans-2,cis-6-nonadienal — expansion F
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H, H; He
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H
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TH-TH NOESY spectrum of trans-2,cis-6-nonadienal — expansion G
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Problem 32
Question:
Identify the following compound.
Molecular Formula: CsH1002
IR Spectrum: 1649 (w), 1097 cm™
Solution:
3 B _4 _ 5 _6
Allyl glycidyl ether H)g_ész TR
H H

1. The molecular formula is CsH100>. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of C¢Hio
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=6—-5+1=2. The
compound contains a combined total of two rings and/or © bonds.

2. The IR and '*C {'"H} NMR spectra eliminate the possibility of a carbonyl-containing
functional group.

3. There are nine resonances in the 'H NMR spectrum, and six resonances in the '*C {'H}
NMR spectrum. Some groups of protons must therefore be diastereotopic, so it is likely
that either a ring system or a chiral centre is present in the molecule.

'H NMR spectrum of allyl glycidyl ether (CDCls, 500 MHz)
He

N

H,
H;
H, Hs |I I He |
r~~~~rrrrrpr T

6.0 5.5 50 45 40 3.5 3.0 ppm
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I3C{TH} NMR spectrum of allyl glycidyl ether (CDCIl3, 125 MHz)

C3 C4 CG
C1 \ 1 C5
C,

Solvent

AR RAAARRRE | RARARBARS IRARAARAAR: | AARARARR | RAMRRARRR: | RAARARARL |RAAARARAR: | RAARRRAAL IRARRARRRR:  RAARRRRAL | ARARR

140 130 120 110 100 90 80 70 60 50 ppm

4. The me-HSQC spectrum easily identifies the protons (including diastereotopic pairs) and
their associated carbon resonances: 5.84 ppm with 134.4 ppm (CH), 5.22 and 5.12 ppm
with 117.2 ppm (CH>), 3.98 ppm with 72.3 ppm (CH>), 3.66 and 3.33 ppm with 70.8 ppm
(CHy), 3.09 ppm with 50.7 ppm (CH), and 2.73 and 2.55 ppm with 44.3 ppm (CH>).

5. The chemical shifts of the carbon resonances at 134.4 and 117.2 ppm indicate the
presence of a double bond, while the three protons associated with these signals show that
the double bond is mono-substituted (CH>=CHX).

TH-13C me-HSQC spectrum of allyl glycidyl ether (CDCls, 500 MHz)

He

H,
y Ay O

H, ' Hs
N ppm

3 4 5 6 H c g 40
H CH,—0O—CH,—CH-CH — =
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The 'H-"H COSY spectrum identifies two isolated spin systems in the molecule. The
first involves the alkene signals (at 5.84 ppm, and 5.22/5.12 ppm) and the methylene
signal at 3.98 ppm. The alkene-based spin system may be expanded to CH>=CHCH,X.

The second spin system identified by the COSY spectrum involves the remaining
resonances in the 'H NMR spectrum. The methylene resonances at 3.66 and 3.33 ppm
correlate to the CH resonance at 3.09 ppm, which further correlates to the methylene
signals at 2.73 and 2.55 ppm. This spin system therefore consists of a -CH,CHCH»—

fragment.

— spectrum of a ci ether 3, z
TH-TH COSY sp f allyl glycidyl ether (CDCl3, 500 MHZz)

H2 H1 H3 H5
l “ ppm
3 4 5 6 He — Hs
H CHQ_O—CHQ_CH“‘CHQ 1 -
c=& Y Y 25
He < £ N Hs — Hely H ‘
" A 3.0
’ 88 b1 1
Hy—H |
H4< —H g $ 0 L35
Hy — Hs 3 ﬁ
H, ! B ‘ 4.0
Hz — H3 . :
-4.5
H, — H, ~5.0
— i & :
5.5
! | I I g | 7 I T T S R - 6-5
65 60 55 50 45 40 35 30 25 ppm

We have accounted for all the 'H and '*C nuclei in the formula; however two oxygen
atoms remain unaccounted for. The two unique spin systems must be linked by one
oxygen atom, so we have an ether: CH,=CHCH,OCH>CHCHa.
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9. The second oxygen atom must “cap” the terminal CH and CH> groups, so each carbon
atom forms the expected four bonds. The compound is therefore:
H CH,—O—CH,—CH-CH
%_Jz ? %/2
/ \
H H

10. The HMBC spectrum shows expected two- and three-bond CH correlations (with the
exception of Hs — Cg), including those that occur across the bridging oxygen
(i.e. H3 —» C4 and Hs — C3).

TH-13C HMBC spectrum of allyl glycidyl ether (CDCl3, 500 MHz)

H
L JJ;L L ppm

3 4 5 6 3

C H\1 _Z/CHQ_O_CHQ_C{*—/CHg H4 = CB %— 40
6 /C—C\ o] L] L]
Cs H H PR ¢ o = 50
H4 b d C5 H6 g C5
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H; — C Hs - C :
o Mo G- o e e
- H, — C, =Gy HomCo b

Solvent
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H, — C, —1 10
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C2 ™ & E
H1—>C2 H3—>C2 _140

T T T T T T T T
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Problem 33

Question:
Identify the following compound.

Molecular Formula: C¢H 1002

IR: 1712 cm™!
Solution:
5
1 2 3 4/
3,4-Epoxy-4-methyl-2-pentanone CHB—ﬁ—C{*O‘/C\CH3
@)
6

1. The molecular formula is C¢H100>. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of C¢Hio
(C.H,») which gives the degree of unsaturation as (n —m/2+1)=6—-5+1=2. The
compound contains a combined total of two rings and/or  bonds.

2. The 'H NMR spectrum shows three isolated methyl groups, and an isolated —CH group.
The chemical shift of the latter suggests it is bound to an oxygen atom.

'"H NMR spectrum of 3,4-epoxy-4-methyl-2-pentanone (CDCl3, 500 MHz)

H Hs Hg
L
Hs
A
l \
m— T 7 T T
35 3.0 25 20 15 1.0 ppm

IBC{'H} NMR spectrum of 3,4-epoxy-4-methyl-2-pentanone (CDCl3, 125 MHz)

C, Ce

Solvent

C, T Cq

T T "~ T T "~ T T "~ T "~ T T "~ T "1
220 200 180 160 140 120 100 80 60 40 20 ppm

3. The *C{'H} NMR spectrum shows a peak to low-field (204.6 ppm), consistent with the
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presence of a ketone functional group.

4. The me-HSQC spectrum identifies the protonated carbon atoms at 65.7 for the OCH
carbon, and 28.1, 24.7 and 18.4 ppm for the three methyl carbons. The chemical shift of
the quaternary carbon signal at 61.0 ppm suggests it is bound directly to an oxygen atom.

TH-3C me-HSQC spectrum of 3,4-epoxy-4-methyl-2-pentanone (CDCl3, 500 MHz)

Cs

th Hs He
1 ppm
H; —» C; ©
C1 — H1 — C1 o ;_30
- 40
- 50
oH, -L60
Ca— 1 2 3 4/ |
il i CHs—G—Cy /C\CH
0 6 ; ':_70
-200
Cz — :
—T —F T O R S = £210
35 3.0 25 2.0 15 1.0  ppm

5. The structural elements identified so far are:

a. A ketone (-C(=0)-).

b. Three isolated methyl groups (3 x =CH3).

An isolated —CH- group bound to oxygen.

d. A quaternary carbon atom bound to oxygen.

160

The latter oxygen must be common to (c) and (d), suggesting either an ether or
an epoxide.
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Using the '"H-'>*C HMBC spectrum, the elements can be pieced together.

Starting with the ketone resonance at 204 ppm (Cz, which is arguably the most easily
identified carbon resonance), there are correlations to the CH group (H3) and one methyl
group (H1), giving us CH3—C(=0)-CH-. H; also correlates to Cs. In this case, Hz does
not show a strong correlation to Ci due to a Karplus-type bond-angle effect.

In addition to C», the CH proton H3 also correlates to the quaternary signal at 60 ppm (Cs)
and a second methyl group (Cs). The methyl group cannot be directly bound to the CH
fragment (otherwise the protons would couple), so we now have
CH3-C(=0)-CH—C—CHj3. The possibility of an ether linkage between the CH (C3) and
CHj3 (Cs) groups can be ruled out based on the chemical shift of Cs.

The correlation from the protons of the remaining methyl group He to quaternary carbon
C4 as well as the correlations of the two methyl groups to each other (H¢ — Cs and

Hs — Cs) affords CH3—C(=0)-CH—C—(CHs)2. The downfield chemical shifts of C4 and
Cs indicate that they are bound to oxygen and there is only one oxygen atom left in the
molecular formula so the compound must be an epoxide.

TH-13C HMBC spectrum of 3,4-epoxy-4-methyl-2-pentanone (CDCls, 500 MHz)

H Hs He
l ppm
Cg —— H: — C
6 5 e. :_20
Ci— :
:—30
5. |
1 2 3 4/CH3 ~40
CH3—C—CH—C\
I\ “cw
o O 8
6 50
C4—‘ |H3——>C4 Hs_’C4I .Hs—’Cﬂ,é—GO
Cs H1—’C3| H5—>C3u 'Hs—’C3’
:—70
:200
C, — | H;—C, jHi—c, ﬁ
-ttt 1210

3.5 3.0 2.5 2.0 15 1.0 ppm
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Problem 34

Question:

Given below are six compounds which are isomers of CsH11NO2S. The 'H and 3C{'H}
NMR spectra of one of the isomers are given below. The 'H-'3C me-HSQC and 'H-'3C
HMBC spectra are given on the following page. To which of these compounds do the spectra
belong?

" v v
CHa—s—CHz—CHz—c—|C—0H CH3—S—CH2—(|)—CH2—ﬁ-OH CH3—S—(|)—CH2—CH2—T|)—OH
0 H 0 H o)
A B C
v . v
HS—CHZ—CHz—ﬁJ—ﬁ—OCm HS—CHQ—C|3—CH2—T|3—OCH3 HS—Cl)—CHz—CHQ—ﬁ—OCHg
o H 0 H 0
D E F
Solution:
dI-Methionine 1 2 3 N2y
CH3—S—CH2—CH2—4?—ﬁ—OH
(Isomer A) H o
'H NMR spectrum of d/-methionine (D20, 600 MHz)
H,
—
H>
H, ‘/—— y
_‘/— H
n i I
39 38 37 07 26 25 24 22 21 20 ppm
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I3C{TH} NMR spectrum of d/-methionine (D20, 150 MHz)

and Solutions Manual
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From the me-HSQC spectrum, the 'H and '*C chemical shifts of the

1
20

I
ppm

methyl group H; and

C1 show that it is not bound to an oxygen atom. This excludes isomers D, E and F which

are methyl esters.

From the coupling patterns of the two —CH>— and —CH groups, both —

adjacent to each other i.e. -CH>CH>CH- which excludes isomer B.

CH>— groups are

Note that the H3 protons are diastereotopic as they are parts of a —CH— group adjacent to

a chiral carbon Cs.

TH-13C me-HSQC spectrum of d/-methionine (D20, 600 MHz)

H,
H
14 1112 Maa | Hao ppm
! 2 3 r|\IH2 5 A=-¢ 2—10
Cy CH3—S—CH2—CH2—4(|3—I(|)—OH Y ;
H O F
-20
02 Hz_o’cz !;'3b_"C3§
oo 30
Gy | ;
Hﬂa_’cs
- 40
Ci Hi—C, 90
(-]
}170
C5_‘ f
180
L A T T e e e T TR TR T T [ T T T T T T T
42 40 38 36 34 32 30 28 26 24 22 20 1.8 ppm
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4. Inthe HMBC spectrum, the CH to carbonyl correlation (Hs—Cs) identifies the correct
isomer as isomer A. In isomer C, this would be an unlikely four-bond correlation.

TH-13C HMBC spectrum of d/-methionine (D20, 600 MHz)

H,
H
T diz Haa | Hao ppm
1 2 3 NHeg H, — C, -10
C, CH3—S—CH2—CH2—4(|3—(IL|‘—OH e r
~20
H . [
C2 H4 - 02 3 ?2 H3b_'02
= 0 H, —C; 0 9? - 30
3
Hi —C; b
~ 40
HSE_’?‘* 50
C L
: H,—C, 0 o® '
\
sz_’c4
170
Cs— 0 Hsa —C;0 o ;
H4_"C5 H3b_’05§_180
| :

T T T T T T T T L L e
42 40 3.8 3.6 34 32 30 28 26 24 22 20 1.8 ppm

5. While this compound does contain a chiral centre, NMR cannot establish the absolute
stereochemistry of the chiral centre.
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Problem 35
Question:
Identify the following compound.
Molecular Formula: CsHi5sNO3
IR: 3333, 1702, 1626 cm !
Solution:
Ox.1_-OHo9 o
C
. 7 6 | CHs
N-Acetyl-I-leucine CHy— G —N—CH—CH,—CH
“ | 2 3 4 \CH
O Hs 5 -

1. The molecular formula is CsHisNOs. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms, ignore the N atom and remove one H to give an
effective molecular formula of CsHi4 (C,H.») which gives the degree of unsaturation as
(mn—m/2+1)=8—-7+1=2. The compound contains a combined total of two rings
and/or © bonds.

2. IR and 1D spectra establish that there are two carbonyl groups ('*C resonances at 174.7
and 169.7 ppm). This accounts for all of the degrees of unsaturation, so the compound
contains no additional rings or multiple bonds.

3. The 'H resonance at 8.09 ppm (Hs) exchanges with D>O on warming and indicates the
presence of an amide group (O=C-NH). The 'H resonance at 12.47 ppm (Ho) exchanges
with D>O and must be due to a carboxylic acid.

4. Further inspection of the "TH NMR spectrum shows the presence of two —CH groups at
4.22 and 1.64 ppm (H> and H4), one —CH>— group at 1.50 ppm (H3) and three —CHj3
groups at 1.85, 0.91 and 0.86 ppm (H7, Hs. and Hs,). The multiplicities of these signals
are confirmed by the correlations in the me-HSQC spectrum.

'H NMR spectrum of N-acetyl-I-leucine (DMSO-ds, 600 MHz)

Hy

Hsa/Hsp,
Hs
Hg Hg H; Hy
/S /S _/
N U
T T T | T T T T T I T | T I ’ | T
126 124 82 8.0 42 20 18 16 14 12 10 ppm
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3C{TH} NMR spectrum of N-acetyl-I-leucine (DMSO-ds, 150 MHz)

Solvent = CSbfa C? (‘:5&1thl

@2 |5/

1 Gs
|

T ’ I T T ! T ’ I T T ! T ’ I T T !
180 160 140 120 100 80 60 40 20 ppm

5. Inthe COSY spectrum, the amide resonance Hg correlates with the CH resonance H».
Further correlations between Ho—H3, H3—H4 and Hs—Hsa/Hsp, extend the skeleton to
O=C-NH-CH-CH,;—CH(CH3)z.

6. Note that the H3 protons are diastereotopic as they are part of a —CH>— group adjacent to
chiral centre Co.

TH-TH COSY spectrum of N-acetyl leucine (DMSO-ds, 600 MHz)

Hz [ Hs Ha Hsa/Hsy

He H, |[
L i ; A ppm
Hsa/Hsp [ i I
i {F A S
Ha WL MY 5a : vf
Hi—=3 |, & I CH ' A
H; ——— | cH3—C—N—CH—CH,—CH H, — Hs | 1y C Eo
" 2 3 4CH3 ,,_*,,‘,,,l r
O Hs 5b Expansion A
-3
4
H, < ' 4 1
Hg — H;
=5
=6
=7
Hg - 3 ' —8
,,,,,,,,, NSRS SSSMUSGRUIS SNV SVPMU SOV SNMUN SISOUS TR X :
9 8 7 6 5 4 3 2 1 ppm
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TH-TH COSY spectrum of N-acetyl leucine — expansion A

HSa/H5b

ppm

=

o
- o

(13 _OHs .
7 6 I CH3
CHz—C—N—CH—CH,—CH
Il 2 3 43,
O Hs 5b

-0.6

-0.8

-1.0

-1.2

-1.4

-1.6

-1.8

—-2.0

22 20 18 16 14 12 10 08 06

2:2
ppm
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7. The me-HSQC spectrum easily identifies the *C resonances of the protonated carbons:
the two CH carbons are at 50.7 and 24.8 ppm (C> and Cs), the CH> carbon is at 40.5 ppm
(C3), and the three methyl carbons are at 23.3, 21.8 and 22.8 ppm (Csa, Csp and C5).

TH-13C me-HSQC spectrum of N-acetyl leucine (DMSO-ds, 600 MHz)

H
! H,H, Hsa/Hso

Solvent ‘
H2 residual \ JL

~ ppm
Hyt— Cg,- -|-20
Cﬁm_ H7 — C7 - _; -
CDFj L 1y ‘
C?E“" o Hsy— Csp |25
Hs — C4 I
O\('I:/OH 9 5a " 30
CH :
7 6 | P
CHg—ﬁ—N—CH—CHg—CH\
2 3 4 I
O Hs ngS -35
Solvent
— SOI\;’Enl » »_40
- 45
C, — ° —50
H2 — Cz

L B e e I i e e T

45 40 35 30 25 20 15 1.0 05 ppm

8. In the HMBC spectrum, the Hs—Cs correlation identifies Ce as the amide carbonyl.

9. The H2—C; and H3—C; correlations in the HMBC spectrum indicate that the carboxylic
acid group C; is bound to Co.

10. The remaining methyl group is located next to the amide by the H7—Cs correlation in the
HMBC spectrum.

11. While this compound does contain a chiral centre, NMR cannot establish the absolute
stereochemistry of the chiral centre.
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TH-13C HMBC spectrum of N-acetyl leucine (DMSO-ds, 600 MHz)

H7 | Hs Ha HsalHsy,
o

L. l'

He H,
) X ppm
CsN < i " Eop
S s —— Ol OHs L1 i !
Cota_—— " C|7 Cil; [ : ’ :
4 CHy—C—N—CH—CH,—cfi  Hz = Ca Spsexepeal B g
g F[‘8 2 3 a OHy Expansion B
—F/‘ [} ' ® = 40
3 H, — Cs Hsa/Hsp — Cs
c, — ‘ . - 50
Hy — C, H; — C,
~-160
H, — Cg H; — Ce
Ce —i e (] -
6 Aot . 170
C1 - L[] ]
H,—»C Hs —C
2 1 3 1 r 180
-190
,,,,,,,,, ettt et e ot S Kot et Rt
9 8 7 6 5 4 3 2 1 ppm
TH-3C HMBC spectrum of N-acetyl leucine — expansion B
H;
Hsa/Hs,
PR ppm
O\é/OH 9 5a »
7 6 l CH3
CH3—ﬁ—T—CH—CH2—C|i
2 3 4 2
O Hs ot 20
21
Csab —— g Hs — Coanp He = Caa -22
c,
H -23
CShlaj : Hsa — Csp
, -24
Ci— G Hs; — C, o5
H5a/H5b g C4 - 26
=27
I T ' T I T ! T T T ' 28
22 20 1.8 1.6 1.4 1.2 10 08 06 ppm
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Problem 36
Question:
Identify the following compound.
Molecular Formula: Ci10H200>
IR: 1739 cm™!
Solution:
9
Isoamyl valerate IR TSI S e
CH3

O

1. The molecular formula is C10H200,. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of CioHao
(C.H,») which gives the degree of unsaturation as (n —m/2 + 1)=10-10+ 1 =1. The
compound contains one ring or one functional group containing a double bond.

2. IR and 1D spectra establish that the compound contains an ester functional group ('*C
resonance at 174.0 ppm). This accounts for all of the degrees of unsaturation, so the
compound contains no additional rings or multiple bonds.

3. Inspection of the 'H NMR spectrum identifies five -CH>— groups at 4.10, 2.29, 1.61, 1.52
and 1.35 ppm, one —CH group at 1.69 ppm and three overlapping —CH3 groups at
0.92 ppm. The multiplicities of these signals are confirmed using the me-HSQC
spectrum.

4. The 'H signal at 4.10 ppm (Hs) must be bound to an oxygen atom based on chemical
shift.

'H NMR spectrum of isoamyl valerate (CDCl3, 500 MHz)
He

s e

haanas sasasanans BERARAES RARAAAARAE ERAARAARARS REARARERE] RARARAAAEE REARARAAE] RARARARAEN REAAREARAREN RS
4.1 2.3 1.7 16 15 14 13 0.9 ppm
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3BC{TH} NMR spectrum of isoamyl valerate (CDCls, 125 MHz)
Cq

CT C4 3 Cg| C, C4

Solvent 6
'J_|
Cs |

| I B R N . "
180 160 140 120 100 80 60 40 20 ppm

The TOCSY spectrum identifies all the correlated spins in a spin system. There are two
spin systems — one containing three —CH>— and one —CH3 groups (Hi—H>—H3—H4) and the
other containing two —CH>—, one —CH and two —CH3 groups (He—H7—Hs—Ho).

TH-'"H TOCSY spectrum of isoamyl valerate (CDCls, 500 MHz)

i l ppm
H
9 -1
H . I
Hz\_g ‘ . ’ ' r
Y\ — ® ..¢ - 1.5
sti L ’ ti‘l * ‘ [
8 o I
Hi—Hz—Hs—H, —20
H, = 4 ® s ® |
2.5
3.0
g |
1 2 3 4 5 6 7 8,/CH|
CHg_CHg_CHg_CHg_C_O_CHE_CHg_C}i |
Iy CHs [3.5
He—H;—Hg—Hq i
He = i @ : @ ¢ :—4'0
I T | | T | | L45

45 40 35 30 25 20 15 1.0 ppm
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6. There is only one way to assemble the first spin system — CH>CH>CH>CH3.

7. There are two possible arrangements for the second spin system:

_CHs _CHs
O—CH,—CH,—CH O—CH,—CH
CHs CH,—CHj

8. Note that there are two different CH3 environments at 22.5 (2 x Co) and 13.7 (C1) ppm in
the me-HSQC spectrum. One must belong to the first spin system (Ci) while the
remaining two methyl groups must be equivalent (Co) i.e. the OCH,CH>CH(CH3)2
fragment is correct.

TH-13C me-HSQC spectrum of isoamyl valerate (CDCl3, 500 MHz)

Hg
Hs H4 H<H3|/-|7'/-|2 H1
i i 2k L ppm
e b i 1 2—10
C1 : H1 — C1 o : [
| I [
H,—C r
C 2 2 Hg—Cq 1 20
Co ——=— : - °o s
Cs — I Hg— Cg @ It
Cy—] | *H; - Cs N
| I 30
s
C, : ®*H,— C, 1
C; — | oH,—C, )
______________ 4 _.40
Expansion B ;
50
, Feo
Cs — ® Hg — Cq 1 2 3 4 5 6 7 8,CH [
CH3—CH;—CH;—CHp;—C—0—CH;—CH,—CH 3
| T
o —70
S T T
45 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm

9. The molecule can be assembled in only one way.
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Problem 37

Question:

The 'H and '*C{'H} NMR spectra of (E)-4-methyl-4'-nitrostilbene (C1sH13NO,) recorded in
acetone-de solution at 298 K and 500 MHz are given below.

The '"H NMR spectrum has signals at § 2.34, 7.23, 7.33, 7.48, 7.56, 7.83 and 8.22 ppm.

The 13C{IH} NMR spectrum has signals at ¢ 21.3, 124.8, 126.2, 127.9, 128.0, 130.3, 134.1,
134.8, 139.5, 145.3 and 147.5 ppm.

The 2D '"H-'"H COSY, multiplicity-edited 'H-'*C HSQC and 'H-'*C HMBC spectra are
given on the following pages. Use these spectra to assign the 'H and '*C {'H} resonances for
this compound.

Solution:

3 4
(E)-4-Methyl-4'-nitrostilbene ™ \7 %::M "

Proton | Chemical Shift (ppm) | Carbon [ Chemical Shift (ppm)
Hi 2.34 G 21.3
C 139.5
Hs 7.23 Cs 130.3
Ha 7.56 Cq 128.0
Cs 134.8
He 7.48 Cs 134.1
H7 7.33 Cy 126.2
Cs 145.3
Hy 7.83 Co 127.9
Hio 8.22 Cio 124.8
Cu 147.5

1. The methyl group, H; and C1, is easily identified in the "H and 3C{'"H} NMR spectra, on
the basis of its chemical shifts (2.34 and 21.3 ppm, respectively). The correlation
between these two peaks in the me-HSQC confirms this assignment.

173



Organic Structures from 2D NMR Spectra

'H NMR spectrum of (E)-4-methyl-4'-nitrostilbene (acetone-ds, 500 MHz)

H,
—
Hio Hqg H, Hj
—
0\
— T T T T T T I
82 80 78 76 74 7.2 24 22 ppm

BC{'H} NMR spectrum of (E)-4-methyl-4'-nitrostilbene (acetone-ds, 125 MHz)

C3 C4 CQ C10
Ce G

C“CB C, 6Gs
c ” mais

T L o L o e o I T T

150 145 140 135 130 125 120 25 20 ppm

C;
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In expansion D of the HMBC spectrum, the methyl group (H1) correlates to two signals at
130.3 and 139.5 ppm.

Remember that, in aromatic systems, the three-bond coupling *Jc_n is typically the larger
long-range coupling and gives rise to the strongest cross-peaks.

TH-13C HMBC spectrum of (E)-4-methyl-4'-nitrostilbene — expansion D (acetone-ds,
500 MHz)

H 1 Solvent
residual

)\ ppm

Q‘.D_J i
—125
C,— I
C _
it T
C. | _
o @ H,—C, ~130
3
Ce i
Cs 135
C, ~140
Cs — 1 3 4 G/H _—145
CHs > ¢ p——
G \\c? g L_NO
/ < > 2
H - 150
[ ! [ " [ " [ ! [ ! [ ! [ !
3.0 2.8 2.6 2.4 2.2 2.0 1.8 ppm
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4. In the me-HSQC spectrum, the resonance at 130.3 ppm correlates to the 'H signal at
7.23 ppm. This correlation identifies these signals as belonging to C; and H3,

respectively.

5. Further confirmation of the identity of H3 can be seen in expansion B of the HMBC
spectrum where there is a correlation from the 'H signal at 7.23 ppm (H3) to the methyl

carbon (Cy).

6. In the me-HSQC spectrum, the resonance at 139.5 ppm does not correlate to any signals
in the '"H NMR spectrum. It is therefore a quaternary carbon (either Cz or Cs). Cs is too
far removed from H; to experience coupling, so the signal at 139.5 ppm must arise

from C,.

TH-13C me-HSQC spectrum of (E)-4-methyl-4'-nitrostilbene — expansion A

(acetone-ds, S00 MHZz)

Hio

MHQ H4M JHJ‘ J\Hs
ppm

O

H,y— C
10 10 10&

]T

Hg—)Cg@
4

a4

/
H

1 B,/H
2
CH3 5 ¢ ] 10
\\ 78 11
C NO3

—-124

[| aa -126
H; — C;

@ -128

Hs—’Cs.@ -130

H4—)C4

-132

Hs-’Ca

” | - 134

8.4 8.2 8.0
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TH-13C HMBC spectrum of (E)-4-methyl-4'-nitrostilbene — expansion B

Hyo MHQ H4M H, H,
JULJW— ppm

10
15
H; — C, ;20
Ci—= o I
o5
zJ 30
!
Solvent r
3 4 -
! _2@5_6/H 9 10 —35
CHs o L
\\CQ@LNO _
/ 2
H -
e s i S B B
8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm
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7. In expansion C of the HMBC spectrum, Hj; correlates to the '3C signal at 134.8 ppm.
Inspection of the me-HSQC shows that this signal arises from a quaternary carbon. Hs is
three bonds from Cs, which is quaternary. Cs is therefore assigned.

TH-13C HMBC spectrum of (E)-4-methyl-4'-nitrostilbene — expansion C

Hm Ho H4M H? |-|3
M—J L ppm

C HE —* C? r
— Hore ¥ 125
c, 9 ?@ ﬂ I
Co "W Hy—Cy H; — Co
o A 0
C4 1 Hg b Cg' ) L
o He == C4 , -130
Hy — Cyt
? H; — Cg : !
g N W, |
Cs : —-135
5 1 a4 H H? _)/65 @Ha - C5 I
2 5 6/ a
CHgOC\
C2 4 W H—c. 140
Hio — Cs H, — Cq [
Co — i -145
Ci1— o
Hio — Cyy I
- 150
I e ) I A R B
8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm
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8. The aryl proton H3 (at 7.23 ppm) correlates to the signal at 7.56 ppm in the COSY

spectrum, identifying Hs

TH-TH COSY spectrum of (E)-4-methyl-4'-nitrostilbene (acetone-ds, 500 MHz)

Hio He H,
ppm
H3 H4 —* H3 _7 2
s ‘ea |
oy s 5 |
He— H; -7.4
E “ e
H, * g ~7.6
Hg Hig— Hg . L 7.8
—8.0
H10 _8 2
—————— * a s 4 . ,
! 2 5 6/ 9 10 |
CHSOC\\(}LSOLNO
of —8.4
T T g T T m—
8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm

9. In the me-HSQC spectrum, Hs (at 7.56 ppm) correlates to the °C signal at 128.0 ppm,

identifying Cs.
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10.

11.

12.

13.

14.

15.

16.

180

In expansion C of the HMBC spectrum, Ha correlates to three '3C resonances. The first,
to the signal at 128.0 ppm appears to be a one-bond correlation, however this signal arises
from the 3Jc_u interaction between the H4 proton and the chemically equivalent Cs carbon
which is three bonds away. The second correlation is to the signal at 134.1 ppm, while
the third is the expected three-bond correlation to Cz (139.5 ppm).

*Jem

In the me-HSQC spectrum, the '*C resonance at 134.1 ppm correlates to the 'H signal at

7.48 ppm. These resonances are identified as belonging to C¢ and He on the basis of the

three bond separation between H4 and Cg (wWhich gives rise to the correlation noted in the
point above). In the "H NMR spectrum, the large splitting of this peak (16 Hz) confirms
that the signal arises from one of the two vinyl protons.

In expansion C of the HMBC spectrum, Hy correlates to three '*C signals: the signal at
126.2 ppm, one of the two signals at ~128 ppm, and the signal at 145.3 ppm. Hg is three
bonds removed from C4 (128.0 ppm) and Cs. The me-HSQC spectrum shows that the *C
signal at 126.2 ppm correlates to the 'H signal at 7.33, while the '°C signal at 145.3 ppm
is quaternary. Cg (which is quaternary) is therefore assigned to the signal at 145.3 ppm.
The signal at 126.2 ppm is not yet assigned.

In the COSY spectrum, Hs correlates to the signal at 7.33 ppm, which identifies this
signal as belonging to H;. The me-HSQC spectrum then identifies C;7 (126.2 ppm). This
identifies the unassigned correlation observed in the previous step.

In expansion C of the HMBC spectrum, H7 correlates to three '*C signals: one of the two
signals at ~128 ppm, the signal at 134.1 ppm (Ce) and the signal at 134.8 (Cs). Hy7 is three
bonds removed from Co, which is therefore identified as the signal at 127.9 ppm (as the
signal at 128.0 ppm has been previously assigned to Cs4). The me-HSQC spectrum
identifies Ho as the 'H resonance at 7.83 ppm.

In expansion C of the HMBC spectrum, Ho correlates strongly to two '3C signals: at
126.2 (C7) and 147.5 ppm. The me-HSQC spectrum shows that the resonance at

147.5 ppm belongs to a quaternary carbon. As Hp is three bonds removed from Cjy, this
signal is assigned to Ci1.

In the COSY spectrum, Ho correlates to the signal at 8.22 ppm, which identifies this
signal as belonging to Hip. The me-HSQC spectrum then identifies Cio (124.8 ppm).
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Problem 38

Question:

Identify the following compound.
Molecular Formula: C11Hi60

IR: 3450 (br) cm™!

Solution:

2-tert-Butyl-6-methylphenol

1. The molecular formula is C11H160. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of C11Hie
(C.H,») which gives the degree of unsaturation as (n —m/2 + 1)=11-8 + 1 =4. The
compound contains a combined total of four rings and/or  bonds.

2. 1D spectra establish that the compound is a trisubstituted benzene. The aromatic ring
accounts for all of the degrees of unsaturation, so the compound contains no additional
rings or multiple bonds.

3. The coupling pattern in the expansion of the aromatic region of the 'H

NMR spectrum shows that the three protons on the aromatic ring must z
occupy adjacent positions. The proton at 6.78 ppm is the proton at the
middle of the spin system since it has two large splittings (i.e. it has two H H

ortho-protons) whereas the other two aromatic protons each have only H

one large splitting. 6.78

4. The three substituents on the aromatic ring must therefore be in adjacent positions i.e. this
compound is a “1,2,3-trisubstituted benzene”.

5. 1D spectra establish that the substituents are an —OH group ('H resonance at 4.73 ppm,
exchangeable), a —CH3 group (three proton resonance at 2.22 ppm) and a tert-butyl group
(nine proton resonance at 1.41 ppm) but, at this stage, it is not possible to establish which
substituents are where.

181



Organic Structures from 2D NMR Spectra

'H NMR spectrum of 2-fert-butyl-6-methylphenol (CDCl3, 600 MHz)

H, OH Ho He
Solvent H
nesnd\uath3 Hs
AM JL JL JL
I T I T I ’ I T I T I ’ ’ I ’
7.2 7.0 6.8 4.8 4.6 2.2 1.4 ppm

I3C{TH} NMR spectrum of 2-tert-butyl-6-methylphenol (CDCl3, 150 MHz)
Cs

Solient C7

e I I R
160 140 120 100 80 60 40 20  ppm

6. Fora “1,2,3-trisubstituted benzene”, there are three possible isomers:

T
CHs_ | __CHy
~c” CH, ?H3 H C|:H3
CHs _CHy
CHs OH HO c 7 cHy c
CHs CHs
A B c
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The 'H-"2C me-HSQC spectrum easily identifies the protonated carbons. The three
methyl groups of the fert-butyl group appear at 29.8 ppm and the aromatic methyl group
is at 15.9 ppm.

The protonated aromatic carbons are at 120.0, 125.0 and 128.6 ppm and specifically the
central proton at 6.78 ppm correlates to the carbon at 120.0 ppm. The remaining two
aromatic protons at 7.14 and 6.98 ppm correlate to the carbons at 125.0 and 128.6 ppm,
respectively.

The three aromatic carbons which bear the substituents appear at 152.7, 135.6 and
123.0 ppm. The low-field carbon resonance (152.7 ppm) must be the carbon bearing the
—OH substituent based on its chemical shift.

TH-13C me-HSQC spectrum of 2-tert-butyl-6-methylphenol (CDCls, 600 MHz)

Hy |Hs
Hs Hs H, OH
N 1
L ppm
8 L
OH  CHj ]
9 1 |/CH3 —10
CH C :
Cg— 3 7\ .H —’C r
CH 9 9 E
6 2 3 =20
5 3 E
Cg 4 . _30
C,; H Hg — Cg
- 40
C4\ ;
o b oy * e O 120
—— 0 z
- tH; =Gy =130
Cs ]
Cz E
~140
c, - 5—150
""""" AR RAAAAAALS RARAARARAS AARAARAARS RARRRARARS RARAARAARS RS
8 7 6 5 4 3 2 1 ppm
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10.

11.

12.

184

In the '"H-'3C HMBC spectrum, the aromatic protons at the ends of the three-spin system
(at 7.14 and 6.98 ppm) both correlate to the '*C resonance at 152.7 ppm.

Remember that, in aromatic systems, the three-bond coupling >Jc_u is typically the larger
long-range coupling and gives rise to the strongest cross-peaks. Therefore, the low-field
carbon resonance (bearing the —OH substituent) must be meta to the protons at 7.14 and
6.98 ppm which identifies Isomer C as the correct answer.

TH-13C HMBC spectrum of 2-tert-butyl-6-methylphenol (CDCl3, 600 MHz)
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In the HMBC spectrum, the methyl protons (Ho) should correlate to C; and Cs (three-
bond correlations) as well as to the ipso carbon (Cs, a two-bond correlation). There is a
correlation from Ho to C; (at 153 ppm), as well as to the resonances at 128.6 (protonated)
and 123.0 ppm (non-protonated). This identifies Cs as the resonance at 128.6 ppm (and,
from the HSQC spectrum, Hs as the 'H NMR resonance at 6.98 ppm), and Cs as the
resonance at 123.0 ppm. Hz is therefore the resonance at 7.14 ppm, and C; the resonance
at 125.0 ppm.
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Similarly, the tert-butyl protons (Hg) should correlate to the ipso carbon (C, a three-bond
correlation), and there is indeed a correlation between Hg and the non-protonated carbon
resonance at 135.6 ppm.

We would expect correlations to C7 from Hs (*Jc_n) and Hs (*Jc_n), and these are present
in the spectrum.

In the HMBC spectrum, the —OH proton also correlates to the ipso carbon C; (a two-bond
correlation), and C; and Cs, which are three-bonds away. Note that correlations from
exchangeable protons are not always observed.

Note also that in the HMBC spectrum for this compound, there is a strong correlation
between Hg and Cg. While this appears to be a one-bond correlation, in fert-butyl groups,
the apparent one-bond correlation arises from the >Jc_n interaction of the protons of one
of the methyl groups with the chemically equivalent carbon which is three bonds away.

H _—~H
H\|y3/JCH|/H
/C C\

H7.__:/H

e
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Problem 39

Question:

Identify the following compound.

Molecular Formula: CioHi20

IR: 3600 (br), 1638, 1594, 1469 (s) cm !

Solution:

186

2-Allyl-6-methylphenol

The molecular formula is C1oH120. Calculate the degree of unsaturation from the
molecular formula: ignore the O atom to give an effective molecular formula of CioH12
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=10—-6+1=15. The
compound contains a combined total of five rings and/or © bonds.

1D spectra establish that the compound is a trisubstituted benzene. The aromatic ring
accounts for four degrees of unsaturation and the remaining degree of unsaturation is
accounted for by a double bond (alkene 'H resonances at 5.99 and 5.15 ppm).

The coupling pattern in the aromatic region of the 'H NMR spectrum

shows that the three protons on the aromatic ring must occupy adjacent  x Z
positions. The proton at 6.77 ppm is the proton at the middle of the spin

system since it has two large splittings (i.e. it has two ortho-protons)

whereas the other two aromatic protons each have only one large

splitting. H 6.77
The three substituents on the aromatic ring must therefore be in adjacent positions i.e. this
compound is a “1,2,3-trisubstituted benzene”.

1D spectra establish that two of the substituents are an —OH substituent ('H resonance at
4.99 ppm, exchangeable) and a -CH3s group (three proton resonance at 2.21 ppm).
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'H NMR spectrum of 2-allyl-6-methylphenol (CDCl3, 500 MHz)
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/ Hg OH H7
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BC{!H} NMR spectrum of 2-allyl-6-methylphenol (CDCl3, 125 MHz)
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6. The 'H-'H COSY spectrum shows coupling from the resonance at 3.38 ppm (integration
two protons) to the two resonances at 5.1 (CHz2) and 5.99 (CH) ppm. The chemical shift
of the latter two resonances is consistent with alkene protons, so we can identify an allyl
group (CH>=CHCH>-) as the third substituent on the aromatic ring. At this stage, it is not
possible to establish which substituents are where.

TH-TH COSY spectrum of 2-allyl-6-methylphenol (CDCl3, 500 MHz)
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H 2.0
10 —— i
2.5
H Hg o 4 H? + 5_3-0
7 — - - L
Ha — H? :_3'5
~4.0
4.5
OH _ Hg — Hyg 2 3
Ho = i - . 5.0
5.5
Hs = » $ § -6.0
Hy —H -
H5 — H4 3 4 OH i
7 -
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7. Fora “1,2,3-trisubstituted benzene”, there are three possible isomers:
H N
A B C
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The 'H-"C me-HSQC spectrum easily identifies the protonated carbons. The methyl

group is at 15.8 ppm. The aliphatic CH> group is at 35.5 ppm while the alkene CH and
CH> groups are at 136.7 and 116.6 ppm, respectively.

The protonated aromatic carbons are at 120.5, 128.1 and 129.4 ppm and specifically the

central proton at 6.77 ppm correlates to the carbon at 120.5 ppm. The remaining two
aromatic protons at 6.99 and 6.93 ppm correlate to the carbons at 129.4 and 128.0 ppm,

respectively.

10.

The three aromatic carbons which bear the substituents appear at 152.5, 124.7 and

124.2 ppm. The low-field carbon resonance (152.5 ppm) must be the carbon bearing the
—OH substituent based on its chemical shift.

TH-13C me-HSQC spectrum of 2-allyl-6-methylphenol (CDCl3, 500 MHz)
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TH-13C me-HSQC spectrum of 2-allyl-6-methylphenol — expansion A
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In the '"H-'3C HMBC spectrum (expansion B), the aromatic protons at the ends of the

three-spin system (at 6.99 and 6.93 ppm) both correlate to the '*C resonance at
152.5 ppm.

12.

Remember that, in aromatic systems, the three-bond coupling >Jc_u is typically the larger

long-range coupling and gives rise to the strongest cross-peaks. Therefore, the low-field
carbon resonance (bearing the —OH substituent) must be meta to the protons at 6.99 and
6.93 ppm which identifies Isomer B as the correct answer.

TH-13C HMBC spectrum of 2-allyl-6-methylphenol (CDCl3, 500 MHz)
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TH-13C HMBC spectrum of 2-allyl-6-methylphenol — expansion B
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13. In the HMBC spectrum (expansion C), the methyl protons (H1o) should correlate to C;
and Cs (three-bond correlations) as well as to the ipso carbon (Ce, a two-bond
correlation). There is a correlation from methyl proton Hio to C; (at 152.5 ppm), as well
as to the resonances at 129.3 (protonated) and 124.2 ppm (non-protonated). This
identifies Cs as the resonance at 129.3 ppm (and, from the HSQC spectrum, Hs as the 'H
NMR resonance at 6.99 ppm), and Cs as the resonance at 124.2 ppm. Hj is therefore the
resonance at 6.93 ppm and C3 the resonance at 128.0 ppm.

14. Similarly, the allyl protons alpha to the aromatic ring (H7) should correlate to the ipso
carbon (Ca, a two-bond correlation), and there is indeed a correlation between H7 and the
non-protonated carbon resonance at 124.7 ppm. We would also expect three-bond
correlations to C; and Cs, as well as correlations to the rest of the allyl group, and these
are all observed.

TH-13C HMBC spectrum of 2-allyl-6-methylphenol — expansion C
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15. In the HMBC spectrum (expansion B), the —OH proton correlates to Cz and Ce, which are
three bonds away. The two-bond correlation to C; is not observed. Note that correlations
from exchangeable protons are not always observed.
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Problem 40

Question:

Identify the following compound.

Molecular Formula: CgHgO3

IR:

3022 (br w), 1675, 1636 cm™"

Solution:

2-Hydroxy-4-methoxybenzaldehyde

194

The molecular formula is CsHgOs. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of CsHs
(C.H,») which gives the degree of unsaturation as (n —m/2 + 1)=8 -4+ 1=35. The
compound contains a combined total of five rings and/or © bonds.

1D NMR data establish that the compound is a trisubstituted benzene and contains an
aldehyde functional group (o1 9.70 ppm, &c 194.4 ppm). This accounts for all of the
degrees of unsaturation, so the compound contains no additional rings or multiple bonds.

The coupling pattern in the aromatic region of the 'H NMR spectrum establishes that the

substituents are in positions 1, 2 and 4 on the aromatic ring. The X

proton at 6.42 ppm clearly has no ortho couplings and must be the He 1 Y

isolated proton in the spin system sandwiched between two 2

substituents (H3z). The two protons at 6.53 and 7.42 ppm each have a

large ortho coupling so they must be adjacent to each other. The ° 4 s
z

proton at 6.53 ppm has an additional meta coupling so it must be Hs.
The remaining proton at 7.42 ppm must be He.

From the 1D spectra, the substituents on the aromatic ring are an aldehyde, a methoxy
group (—OCHs, o1 3.85 ppm, &c 55.7 ppm) and a hydroxyl group (—OH, ou 11.5 ppm,
exchangeable). It is not yet possible to establish which substituents are where.
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'H NMR spectrum of 2-hydroxy-4-methoxybenzaldehyde (CDCls, 600 MHz)
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I3C{'H} NMR spectrum of 2-hydroxy-4-methoxybenzaldehyde (CDCl3, 150 MHz)
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5. For a 1,2 4-trisubstituted aromatic ring, there are six possible isomers:
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6. The 'H-'3C me-HSQC spectrum easily identifies the protonated carbons: Cs at 100.7, Cs
at 108.4, Cg at 135.3, C7 at 194.3 and Cs at 55.7 ppm.

TH-13C me-HSQC spectrum of 2-hydroxy-4-methoxybenzaldehyde (CDCls,
600 MHz)
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In the '"H-'3C HMBC spectrum, the aromatic proton resonance H correlates to the
aldehyde carbon resonance C7, thus placing the aldehyde group in position 1 of the ring.

The OH proton resonance correlates to aromatic carbon resonance Cz in the HMBC

spectrum thus the OH group is located adjacent to Cs in position 2 of the benzene ring.

By elimination, the methoxy group is in position 4 of the benzene ring (Isomer B).

TH-13C HMBC spectrum of 2-hydroxy-4-methoxybenzaldehyde (CDCl3, 600 MHz)
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Problem 41

Question:

Identify the following compound.

Molecular Formula: CoH ;002

IR:

1644, 1618 cm™!

Solution:

2'-Hydroxy-5'-methylacetophenone

198

The molecular formula is CoH1002. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of CoHio
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=9—-5+1=15. The
compound contains a combined total of five rings and/or © bonds.

IR and 1D NMR data establish the compound is a trisubstituted benzene and contains a
ketone functional group (!*C resonance at 204.4 ppm). This accounts for all of the
degrees of unsaturation, so the compound contains no additional rings or multiple bonds.

The coupling pattern in the expansion of the aromatic region of the 'H NMR spectrum
shows that the compound must be a “1,2,4-trisubstituted

benzene”. The proton at 7.48 ppm clearly has no ortho couplings 685 i v
and must be the isolated proton in the spin system sandwiched

between two substituents. The two protons at 7.26 and 6.85 ppm

each have a large ortho coupling so they must be adjacent to each T 26 H H7 "
other. The proton at 7.26 ppm has an additional meta coupling so z '

it must be the proton meta to the proton at 7.48 ppm. The remaining proton at 6.85 ppm
must be the proton para to the proton at 7.48 ppm.

There are signals for two methyl groups at 2.59 and 2.30 ppm, one of which must be part
of a methyl ketone (O=CCH3). The remaining substituent on the aromatic ring is a
hydroxy group (—OH, du 12.08 ppm, exchangeable). It is not yet possible to establish
which substituents are where.
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'H NMR spectrum of 2'-hydroxy-5'-methylacetophenone (CDCl3, 600 MHz)
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3BC{TH} NMR spectrum of 2'-hydroxy-5'-methylacetophenone (CDCl3, 150 MHz)
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5. The '"H-'3C me-HSQC spectrum easily identifies the protonated X
carbons. The isolated aromatic proton at 7.48 ppm correlates to 685 H v
the carbon at 130.6 ppm. The aromatic protons at 7.26 and 118.1
6.85 ppm correlate to the carbons at 137.5 and 118.1 ppm, 1375 1306

respectively. The methyl protons at 2.59 and 2.30 ppm correlate 4
to the carbons at 26.6 and 20.5 ppm, respectively.

7.48

6. The three aromatic carbons which bear the substituents appear at 160.3, 128.1 and
119.4 ppm. The low-field carbon resonance (160.3 ppm) must be the carbon bearing the
—OH substituent based on its chemical shift.

TH-13C me-HSQC spectrum of 2'-hydroxy-5'-methylacetophenone (CDCls,
600 MHz)
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H
CHs

V4

CH3

H

CH,
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CHs

C\
o)

o
V4

For a “1,2,4-trisubstituted benzene”, there are six possible isomers:

CH,

CHs

OH
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8.

10.

202

In the HMBC spectrum, the methyl proton resonance at 2.59 ppm correlates with the
ketone resonance at 204.4 ppm identifying the methyl group attached to the ketone.

In the HMBC spectrum, the 'H resonance for the other methyl X

group at 2.30 ppm correlates to protonated aromatic carbons at ~ *%° | v

130.6 and 137.5 ppm placing the methyl group between these 1181

two aromatic carbons. The reciprocal correlations from the 137.5 130.6

aromatic protons at 7.48 and 7.26 ppm to methyl carbon at 726 H H7 48
z

20.5 ppm confirm the position of the methyl group. This
eliminates Isomers A, C, D and E.

In the HMBC spectrum, the aromatic proton resonance at 7.48 ppm correlates to the
ketone carbon at 204.4 ppm thus placing the methyl ketone group ortho to the proton at
7.48 ppm on the aromatic ring. This identifies Isomer B as the correct isomer.

— spectrum of 2'- roxy-S'-methylacetophenone 3, z
TH-13C HMBC sp f 2'-hydroxy-5' hyl ph (CDC13, 600 MHZz)
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Problem 42

Question:

Identify the following compound.
Molecular Formula: CoHoFO>
IR: 1681 cm™

Solution:

3'-Fluoro-4'-methoxyacetophenone

CH3;

1. The molecular formula is CoHoFO,. Calculate the degree of unsaturation from the
molecular formula: replace the F by H and ignore the O atoms to give an effective
molecular formula of CoH1o (C,H,,) which gives the degree of unsaturation as
(n—m/2+1)=9-5+1=5. The compound contains a combined total of five rings
and/or m bonds.

2. TheIR and BC{'H} NMR spectra establish that the compound is aromatic and contains a
ketone functional group (quaternary '3C resonance at 195.9 ppm — although not visible in
the spectra given, the ketone resonance is fluorine-coupled with “Jc_r = 1.8 Hz). This
accounts for all of the degrees of unsaturation, so the compound contains no additional
rings or multiple bonds.

3. There are three aromatic proton resonances in the 'H NMR

X
spectrum. On the basis of the coupling pattern in the 7.20 y y
'H{"F}NMR spectrum, the compound must be a “1,2,4-
trisubstituted benzene”. The proton at 7.68 ppm clearly has no
ortho couplings and must be the isolated proton in the spin H H
. . 7.75 7.68
system sandwiched between two substituents. The two protons at z

7.75 and 7.20 ppm each have a large ortho coupling so they must be adjacent to each
other. The proton at 7.75 ppm has an additional meta coupling so it must be the proton
meta to the proton at 7.68 ppm. The remaining proton at 7.20 ppm must be the proton
para to the proton at 7.68 ppm.

4. The strong fluorine coupling experienced by the aromatic protons suggests that the
fluorine is bound directly to the aromatic ring.
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The 'H NMR spectrum has two three-proton resonances: the first at 3.90 ppm, and the

second at 2.50 ppm. The chemical shift of the former is consistent with a methoxy group,
—OCH3, while the second is consistent with an acyl group (—C(=0)CH3).

'"H NMR spectrum of 3'-fluoro-4'-methoxyacetophenone (DMSO-ds, 400 MHz)

H
Ho 8
F&tiz Hs
HI] |h ]
B DL L I B L B B B I DAL B R B
8. 7. 7. 6.5 6. 5. 50 4. 4, 3. 3.0 25 ppm

'H and "H{'°F} NMR spectra of 3'-fluoro-4'-methoxyacetophenone — expansions
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I3C{TH} NMR spectrum of 3'-fluoro-4'-methoxyacetophenone (DMSO-ds, 100 MHz)
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The '"H-'3C me-HSQC spectrum easily identifies the X
protonated carbons. The isolated aromatic proton at 7.68 20 H Y
ppm correlates to the carbon at 115.5 ppm. The aromatic 113.4

protons at 7.75 and 7.20 ppm correlate to the carbons at 126.4 1;6‘4 ”5;’
and 113.4 ppm, respectively. The methyl protons at 3.90 and ;75 768

2.50 ppm correlate to the carbons at 56.5 and 26.6 ppm,
respectively.

TH-13C me-HSQC spectrum of 3'-fluoro-4'-methoxyacetophenone (DMSO-ds,
400 MHz)
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7. For a “1,2,4-trisubstituted benzene”, there are six possible isomers:

o) CHj o) CHs F
OCH;
F OCHs
OCHs F 0 CH,
A B c
OCH
F OCH; 3
CHs CHs F

OCH; O F 0 o) CHs

D E F
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The 'H-"H NOESY spectrum identifies the relative substitution o X
pattern. Remember that NOESY spectra are symmetrical about a H Y
diagonal, so we need only be concerned with cross-peaks either
above or below the diagonal.

H H

) ) 775 7.68
The acyl protons at 2.50 ppm are close in space to the aromatic z

protons at 7.75 and 7.68 ppm, placing the acyl group between these two protons on the
aromatic ring. This eliminates isomers C, D, E and F.

In the '"H-'H NOESY spectrum, the aromatic proton at 7.20 ppm correlates to the
methoxy group at 3.90 ppm thus placing the methoxy group ortho to the proton at
7.20 ppm on the aromatic ring. Isomer A (3'-fluoro-4'-methoxyacetophenone) is

therefore the correct answer.

'TH-'"H NOESY spectrum of 3'-fluoro-4'-methoxyacetophenone (DMSO-ds,
400 MHz)
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11. There are three quaternary aromatic carbon signals at 151.7, 151.5 and 130.3 ppm and
these can be assigned by comparison of the *C {!H} and '*C {'H,'’F} NMR spectra.

12. The '3C signal at 151.5 ppm has the largest coupling to fluorine (!Jc_r = 245 Hz) and
must be due to the aromatic carbon directly bound to the fluorine atom (C3).

13. The '3C signal at 151.7 ppm has a larger coupling to fluorine (3Jc_r = 10 Hz) than the
signal at 130.3 ppm (*Jc_r = 5 Hz) and can be assigned to C4. The signal at 130.3 ppm
can thus be assigned to Ci.

IBC{'H} NMR spectrum of 3'-fluoro-4'-methoxyacetophenone — expansions
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3C{TH,""F} NMR spectrum of 3'-fluoro-4'-methoxyacetophenone — expansions
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Problem 43

Question:
Identify the following compound.
Molecular Formula: C1oH1004

Solution:

trans-Ferulic acid

1. The molecular formula is C10H10O4. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of CioHio
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=10-5+1=6. The
compound contains a combined total of six rings and/or t bonds.

2. 1D NMR data establish that the compound is aromatic and contains an alkene ('H signals
at 7.65, 6.42 ppm, both doublets with *>Ji_ = 16 Hz thus alkene protons are trans to each
other) and a carbonyl functional group (!3C signal at 167.7 ppm). This accounts for all of
the degrees of unsaturation, so the compound contains no additional rings or multiple
bonds.

3. 1D NMR data also establish the presence of two hydroxyl groups ('H signals at 10.5 and
8.15 ppm, exchangeable) and a methoxy group ('H signal at 3.95 ppm, '*C signal at
55.5 ppm).

4. The coupling pattern in the expansion of the aromatic region of the 'H NMR spectrum
shows that the compound must be a “1,2,4-trisubstituted benzene”. The proton at
7.36 ppm clearly has no ortho couplings and must be the isolated X
proton sandwiched between two substituents. The two protons at  6.91

7.17 and 6.91 ppm each have a large ortho coupling so they must " Y

be adjacent to each other. The proton at 7.17 ppm has an

additional meta coupling so it must be the proton meta to the 717 H H 7 36
proton at 7.36 ppm. The remaining proton at 6.91 ppm must be z

the proton para to the proton at 7.36 ppm.
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'H NMR spectrum of trans-ferulic acid (acetone-ds, 600 MHz)
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BC{TH} NMR spectrum of trans-ferulic acid (acetone-ds, 150 MHz)
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5. The COSY spectrum shows the expected correlations between the alkene protons at 7.65
and 6.42 ppm. It also shows the expected correlations between the aromatic protons.

TH-"H COSY spectrum of trans-ferulic acid (acetone-ds, 600 MHz)
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6. The 'H-'3C me-HSQC spectrum easily identifies the protonated X
carbons. The alkene protons at 7.65 and 6.42 ppm correlate to ~ °'H Y
carbons at 145.2 and 115.1 ppm, respectively. The aromatic 115.3
proton at 7.36 ppm correlates to the carbon at 110.5 ppm. The 153'0 ”Oj
aromatic protons at 7.17 and 6.91 ppm correlate to carbons at 7.7 ) 7.36

123.0 and 115.3 ppm, respectively.

7. The three aromatic carbons which bear substituents appear at 149.2, 147.9 and
126.6 ppm. The low-field resonances at 149.2 and 147.9 ppm are consistent with
aromatic carbons bound to oxygen.

TH-13C me-HSQC spectrum of trans-ferulic acid (acetone-ds, 600 MHz)
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In the HMBC spectrum, the alkene proton at 7.65 ppm correlates

to the protonated aromatic carbons at 110.5 and 123.0 ppm, thus 691
placing the alkene group between these two aromatic carbons

(i.e. at position Z on the ring). The reciprocal correlations from

the aromatic protons at 7.36 and 7.17 ppm to the alkene carbon ;47
at 145.2 ppm confirm the position of the alkene group.

Remember that, in aromatic systems, the three-bond coupling >Jc_u is typically the larger
long-range coupling and gives rise to the strongest cross-peaks.

In the HMBC spectrum, the correlations from the aromatic protons at 7.36 and 7.17 ppm
to the quaternary aromatic carbon signal at 149.2 ppm identify the carbon meta to both
these protons (i.e. the carbon bearing substituent X). The correlations from the aromatic
proton at 6.91 and the alkene proton at 6.42 ppm to the quaternary aromatic carbon signal
at 126.6 ppm identify the carbon three-bonds away from both these protons (i.e. the
carbon bearing substituent Z). The correlation from the aromatic proton at 6.91 ppm to
the quaternary aromatic carbon signal at 147.9 ppm identifies the carbon meta to this
proton (i.e. the carbon bearing substituent Y).

In the HMBC spectrum, the correlation of the methoxy group at 3.95 ppm to the carbon
at 147.9 ppm places the methoxy group in position Y of the ring.

The correlation from the alkene proton at 7.65 ppm to the carbonyl carbon at 167.7 ppm
places the carbonyl group next to the alkene functionality.

By elimination, one hydroxyl group must be in position X of the ring and the other bound
to the carbonyl group to give a carboxylic acid.
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TH-13C HMBC spectrum of trans-ferulic acid — expansion (acetone-ds, 600 MHz)
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Problem 44
Question:
Identify the following compound.
Molecular Formula: C13Hi1603
IR: 3385 (br), 2973, 1685, 1636, 1583 cm ™!
Solution:
13
H o} CHj
6 | | | 12
] 1_Cx8 C._ _CH _CHs
sec-Butyl 3-hydroxycinnamate ° A
2 H

=S

1. The molecular formula is C13H1603. Calculate the degree of unsaturation from the
molecular formula: ignore the O atoms to give an effective molecular formula of Ci3His
(C.Hn) which gives the degree of unsaturation as (n —m/2 +1)=13 -8 + 1 =6. The
compound contains a combined total of six rings and/or © bonds.

2. IR and 1D NMR data establish the presence of an alkene ('H resonances at 7.61 and
6.46 ppm, both doublets with 3/ =<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>