Today: Nuclear Magnetic Resonance Spectroscopy
Apr 16: Exam 3

Apr 11: NMR continued
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NMR Spectrometer
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Data processing

Nuclear Magnetic Resonance (NMR)

NMR Spectrometer, aka. Magnetic Resonance Imaging

1
Nuclear Magnetic Resonance (NMR)
N 7 (Y
N
SWNE®
N N7
ole
I ’ i ||
210 200 190 180 170 160 150 140 130 120 110 100 9 8 70 60 S50 40 30 20 10 0 -10
3

Nuclear Magnetic Resonance (NMR)

nucleus

-the nuclei of some atoms spin (a magnetic property):
1H, 13C, 18N, 19F, ...
-the nuclei of many atoms do not spin: 2H, 12C, 160, ...

-when placed between the poles of a powerful magnet,
spinning nuclei will align with or against the applied field
creating an energy difference.

Nuclear Magnetic Resonance (NMR)

The AE of each nucleus is quantized

The magnetic environment affects the resonance energy.
(External: Strength of the magnet. Local: Neighboring atoms)

In NMR, we can measure the resonance energy.

nucleus

Detect the E
ﬂ given off when
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In General,3C-NMR:

In organic molecules, some carbon atoms are in different chemical
environments that change the local magnetic field.
(the electron cloud around the nuclei creates its local magnetic field)

The electron cloud “shields” the nuclei and lowers the energy it senses,
which leads to different resonance energies.

Nuclei in electron deficient environments sense a lower resonance energy.
Therefore, a lower frequency pulse is required to flip the spin.

Information on the number of different types of carbons in a molecule

The '3C isotope is only 1.1% abundant
-weak signals
-peak intensity is not meaningful

E

CHsCl

Electron withdrawing
Cl leads to lower
frequency signals
(deshielded)

Si(CHa)s (TMS)

;g highest frequency signal
(standard, most shielded,
C more electroneg than Si)
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Deshielding Groups (Polarity)

In both cases, the two carbons have same magnetic/chemical environment in
each molecule.
Which carbon is more deshielded, a or b? (consider electronegativity)
H, Hp
HO [ HS /C
\c “ N on vs ~ c ~gH
Hp Ha
64 29

b

Electronegative (polar) groups deshield nuclear spins

8 = chemical shift (Hz/MHz)

(the pulse frequency at which the nucleus resonates)
Measured in ppm

Distance from TMS signal
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Deshielding Groups (Polarity)

In both cases, the two carbons have same chemical environment.
The carbon attached to Cl is more deshielded.
Therefore, the signal is more downfield than that of the carbon attached to Br

B 22 Hy
r Cl [
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13C-NMR spectra of Cyclopentane and Pentane

Resonance signal given in parts per million (ppm)

All carbon atoms have a
similar chemical environment

The carbon atoms have a
different chemical environment

ONE signal ; THREE signals!
2
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Asymmetric Molecules

This is the 3C NMR spectrum of 1-bromo-2-chloroethane.

Two signals are observed because each carbon has a
different environment.

Which peak corresponds to which carbon?
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[ Br
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13C-NMR spectra of Cyclopentane and Pentane

Why is @a more ¢ more deshielded than a?

The carbon atoms have a
different chemical environment
THREE signals!

Hydrogen is less electronegative than Carbon. Ha H, 34,22, 14 ppm
_Cc.C_c_
He” b ¢

CH
Ha N

ais attached to one Carbon
(3 protons are less “electron withdrawing than C”) @

- more shielded carbon a

¢ is attached to two Carbons c
(2 protons are less “electron withdrawing than C”)
- less shielded carbon

T T T
140 120 100 80 60 40 20 0
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General Peak Regions in 3C-NMR

Aldenydes RICOR
Aldehydes and ketones

Caoryic RICO)X
Cabayic acid derivatives
Nitrie Nitrie RCN

Asyne Akyne RCC-R
RACHZ0 ACH20
R4C ReC
RACH RACH
RCH2X
X=C=C,C=0, Br,C|,N

ReCH2 ReCH2

™S ™S

General Peak Regions in 13C-NMR

|
Aldehydes, RCH=O

R oF c o
Ketones, RyC=0 RHC=CHE, N0, C-Br
Rc=cH, C-H Saturated Alkanes
Aroratics C-NR,
Heteroaroraatics C-OH C-SR.
R-COH =
Catboxylic Acids ———2 RC=N C-OR C-br
R—CO;R' z
Esters ———2 4 Sulfoxides, Sulfones o8k, C-C=C__,
R-CONR; =
Arides ——— 3 (CECR b
T T T T T
m 150 100 50 0.0 ppr(8)

You will get both tables for the exam!!
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13C-NMR: Cyclopentanol vs. Cyclopentanone
ﬁ Look at your NMR tables. cl)H
Which one is cyclopentanone?
H,C bCH, HoC bCH,
a
H,C CH, H,C £cH,
Cyclopentanol od cyclopentanone|? 23
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In General,3C-NMR:

Information on the number of different types of carbons

The 13C isotope is only 1.1% abundant
-weak signals
-peak intensity is not meaningful
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13C-NMR: How many signals (peaks) do you expect?
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All Protons Have a Spin: "TH-NMR
Resonance energy given in parts per million (ppm)
However, in a different field region (usually 0-14 ppm)
3.05 ppm
Si(CHs)4
“deshielded H” CHsClI E' 0ppm
Upfield
Downfield
T T T T T T T T
7 6 S 4 3 2 1 ]
ppm
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TH-NMR (aka proton-NMR)
Information from 'H-nmr spectra:
-'H is 99.9% abundant.

-Number of signals: How many different types of hydrogens in the molecule.

-Position of signals (chemical shift): What types of hydrogens.

-Relative areas under signals (integration): Number of hydrogens of each

type.
-Splitting pattern: How many neighboring hydrogens.

Example:

/\/OH
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General Peak Regions in "TH-NMR
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Sat. alkanes
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General Peak Regions in "TH-NMR

Characteristic Proton Chemical Shifts

Type of Proton

Chemical Shift, ppm
0.2

20
20
1. Number of signals: How many different types of hydrogens in
the molecule.
Chemically equivalent hydrogens resonate at the same applied field.
Chemically equivalent hydrogens are also chemically equivalent.
# of signals? CHa CHsCHs Cl-CH2CHs
Cl
H
Fast rotation
All H's are chemically equivalent
NRM is like a camera with a slow shutter speed 2

Cyclopropane
primary RCH, 0.9
secondary R,CH, 1.3
tertiary R,CH 1040
vinylic c=C-H 4.6-5.9
acetylenic 2-3
Aromatic 6-8.5
Benzylic Ar-C-H 2.2-3
allylic C=C-CH, 263y
Halides HC-X 2-4.5
alcohols HC-0 3.4-4
ethers HC-OR 3.3-4
esters HC-CO;R 2-2.2
esters HC-0,CR 3.7-4.1
acids HC-CO, 2-2.6
carbonyl HC-C=0 2-2.7
aldehydic RCHO 9-10
hydroxlic ROH 1-5.5
phenolic ArOH 4-12
enolic C=C-OH 15-17
carboxlic RCO,H 10.5-12
amino RNH, 1-5
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number of signals
a
CH;
a b ¢ a b a a ¢ b a _a al b
CH,CH,CH,Br CH3C‘HCH3 CH,CH,0CH;  CH,0CH; CHg(‘IOCHJ
3 signals i 3 signals 1 signal L,
2 signals a
2 signals
a
a b a H NO,
HyC H Br H aH Ha cH He
a b /
CH30CHCl, C=C C=C
2 signals 1l " i B aH Ha  aH Ha
a b a " H
2 signals 1 signal a b
1 signal 3signals
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If bonds are prevented from freely rotating or rapid conformational changes:

The protons on the same carbon experience different shielding interactions.

(its "H NMR spectrum
(has 3 signals

Ha H
/ C
C=C\
Hp Br

H; and Hp, are not equivalent

(its 'H NMR spectrurr?
(has 5 signals/
v
Ha He
Hp
H
c HeHd
Hy Cl

H; and Hp, are not equivalent
Hc and H are not equivalent

24
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number of signals?

H;C. ._.CH
3 9 3
H3C/C\CH3
one
one
<
CH3
N <~
N e
v
CH3
one
two

ONE

THREE

Cl
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2. Position of signals (chemical shift): what types of
hydrogens.

Note: combinations may
greatly influence chemical
tertiary 15 shifts. For example, the
aromatic 6-85 benzyl hydrogens in

allyl 1.7 benzyl chloride are shifted
benzyl 223 to lower field by the
chlorides  3-4 H-C-Cl chlorine and resonate at
prqmides 254 H-C-Br 4.5 ppm.

iodides 2-4 H-C-I

alcohols 344 H-CO

alcohols 1-565 H-O-  (variable)

primary 0.9 ppm
secondary 1.3

(;methine protcn;' fmelhylene proton\/

(methyl proton)
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Which protons are
the most upfield?

//

CH,CH,CH,NO,

CHyCH,CH,CH,CHF  CHyCH,CH,CH,CH,CI  CH;CH,CH,CH,CH,Br  CH;CH,CH,CH,CH,l

(4.50 ppm) 3.50 ppm) (3.40 ppm) (3.20 ppm)
(5.3 ppm) (ﬁ
N /C\
H CH;CH,CH=CH,  CH;CH; H
(7.3 ppm 2.7 ppm 9.0 ppm
i
| [ H Z == I
i N | I I
c—C == H
° @ AN ¢H | [
vinylic c=Cc—C—
7&701_‘ v Z=0, N, halogen T AR
allylic
12 9.0 8.0 65 45 25 15 0 29

& (ppm)
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© € ©
‘methyl ||/
\ protons .
CIHJ
CH1CICHZBI‘ methylene |
\protons
CH, ¢ i)
N\ EBERRRRARS S oy T™S |
\signal |
8 7 6 5 4 3 2 1 0
3 (ppm)
~—— frequency
reference compound = tetramethylsilane (CH3}Si @ 0.0 ppm 28
Aromatic n-system
deshields the protons Benzene

TN

7

A\

.

are located

(circulating electrons)

PN
applied [ ‘;I 1 1S \
8| | magnetic H—
field ¥ -
H induced magnetic field is in the 3
1 same direction s the applied magnetic

field in the region where the protons

10 9 8 7 6 S 4 3
downfield ppm
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SR
applied wR
B, magnetwc A\H/ \H/A O C\‘Hf\
A

(induced magnetic field is in the

same direction as the applied magnetic
field in the region where the proton
lis located

EC—QCECH cm—@—cx—l_; C1CH1©—CHZC1 BrZCH—QCHBrZ
A B C D

Which compound is it? | dEsmmmemaedl Tl

5 (ppm)
~——— frequency
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[18]-Annulene shows two signals in its 'TH NMR spectrum: one at 9.2 ppm
and the other to the right of the TMS signal at -2.8.

What hydrogens are responsible for each of the signals?

[18]-annulene

Petrukhina and Anderson: Nat. Chem. 2024. https://doi.org/10.1038/541557-024-01469-1

let most upfield signal = a, next most upfield = b, etc.

c b a tms
a
CI:H3 a b
H3C_9_CH3 CH3CH2-BT
a Br @
a b ¢ a b a
CH3CH,CHy-Br CH3CHCH3
Cl
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let most upfield signal = a, next most upfield = b, etc.

[ b a tms
b dc a b a b
CH3CHCH,CH; Cl-CH,CH,CH,-Cl
Br
a
CHg
CH,Cl
b
c-f
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1. Chemical Environment
2. Peak Position

3. Integration (relative areas under each signal): how many

hydrogens of each type.
a b ¢
CHaCH2CH2Br a 3H a:b:c=3:2:2
b 2H
c 2H
a b a
CH3CHCHs a 6H a:b=6:1
Cl b 1H

36



Expected integration
2:3:3

)O]\ - i Hp Integration values will be

N C. provided on NMR spectra
o HaC~ >O™~>CHg

3
3
2
I I
g [ R SRR R Tppm

(0] b b
b O
/\)]\OH R /Y\ s /Y
a c d o] cH
4 2 3
1:2:2:3 2:3 1:2:3
# of signals?

Relative ratio?
Upfield to downfield (a, b, c...)?

b b
S, O
a \\b

2 2

1:2
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4. Splitting pattern: how many neighboring hydrogens.
In general, n-equivalent neighboring hydrogens will split a 'H signal into
an (n+ 1) Pascal pattern.
“neighboring” — no more than three bonds away
n n+1 Pascal pattern (intensity ratio):
0 1 1 singlet
1 2 1 1 doublet
2 3 1 2 1 triplet
3 4 1 3 3 1 quartet
4 5 1 4 6 4 1 quintet
triplet n=2 quartet n=3 pentet n=4 _;exte( n=5 nonet n=8 39
39
a
CI;H3 a b
H3C*C|)fCH3 CH3CH,-Br
a a .
Br a 3H triplet
a 9H singlet b 2H quartet
a b c a b a
CH3CH,CH,-Br CH3CHCH3
Cl
a 3H triplet
b 2H complex a 6 H doublet
c 2H triplet b 1H septet
41

41

38
note: n must be equivalent neighboring hydrogens to give rise to
a Pascal splitting pattern. If the neighbors are not equivalent, then
you will see a complex pattern (aka, multiplet).
note: the alcohol hydrogen —OH usually does not split
neighboring hydrogen signals or split itself. Normally a singlet of
integration 1 between 1 — 5.5 ppm (variable).
Complex pattern
“multiplet”
40
40
b dc a b a b
CH3CHCH,CH3 CI-CH,CH,CH,-Cl
Br
a 3H triplet a 2H quintet
b 3 H doublet b 4H triplet
¢ 2H complex
d 1H complex
a
CH3 a b c
CHyCI CH3CH»-OH
b
. a 3 H triplet
¢ Z 2:5!"9:6: b 2H quartet
single ¢ 1H singlet
¢ 4 H complex
42
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Information from 'H-nmr spectra ("H is 99.9% abundant):

-Number of signals: How many different types of hydrogens in the

molecule.

-Position of signals (chemical shift): What types of hydrogens.

-Relative areas under signals (integration): Number of hydrogens of each

type.
-Splitting pattern: How many neighboring hydrogens (different
environment).
43
43
benzene
@} a singlet 6H
T T T T T T T T T
10 9 8 7 6 S 4 3 -4 1
HPN-00-113 ppm
45
45
ethyl bromide
a b
CHsCH2-Br
a ftriplet 3H
b quartet 2H
T T T T T T T T T T T
11 10 9 8 7 6 ) 4 3 2 1
HSP-00-768 ppm
47

47

tert-butyl bromide

QH3 a singlet 9H

ch*(‘:*CHg
Rr
T S
10 9 8 7 3 S 4
HPH-00-149 ppm
44
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p-xylene
H3C@CH3
a — a
b
a singlet 6H
b singlet 4H
T T T T T T
10 9 8 7 6 - 4
HeN-00-025 ppm
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1-bromopropane
a b ¢
CH3CH,CH,-Br
a triplet 3H
b complex 2H
c triplet 3H
T T T T T T T T
11 10 9 8 7 6 ) 4
HSP-00-184 ppm
48
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2-bromobutane

b d c a

CH3CHCH2CHs
Br

a triplet 3H

b doublet 3H

¢ complex 2H
d complex 1H

L L L L L L L L O L |
11 00 9 8 7?7 66 S 4 3 2z 1 0

isopropyl chloride
a b a
CHaCHCHs
cl
a doublet 6H
b septet 1H
1
T T 1 T L T T T L T T T T
10 9 8 7 6 S 4 3 2 1 0
HPI-03-171 ppm
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Which NMR
corresponds to: ‘ |
| |
1-iodopropane ;‘_,
1-chloropropane b i
il 1w |
51
ethylbenzene
d =
H H
b a 2
eH~<l )—CH,CH,
g & il 2]
| L
8 % 6 i‘ 2 1 (‘}
8 (ppm)
~—— frequency
The signals for protons c, d, and e overlap because in this
case, the electronic effect of an ethyl substituent is similar
to that of a hydrogen.
53
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HSP-02-075 ppm
50
50
ethanol
a ¢ b
CH3CH,-OH
a triplet 3H
b singlet 1H
¢ quartet 2H
| SESVSR—
T T T T T T T T T T T T
11 10 9 8 7 6 S 4 3 -3 1 0
HSP-01-876 ppm
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p-diethylbenzene
T
10 i 0
& (ppm)
~—— frequency
The signals for protons a, b, and ¢ do not overlap because
the nitro group is strongly electron withdrawing.
54
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di-n-propylether

a b ¢ c b a
CH3CH,CH,-O-CH,CH,CH3;

1-propanol

a b d ¢
CH3CH2CH2-OH

triplet  3H
complex 2H

singlet 1H

oo oo

triplet

2H

T T
11 10 9 8 7 6 S 4 3 2z 1 0

HeP-03-833 ppm
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a triplet 6H
b complex 4H
c triplet 4H
N L
L L L L L L L L e
11 10 9 8 7 6 = 4 3 2 1 0
HSP-00-453 ppm
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b
quartet O
a/Y
triplet
c
singlet
t
q
s
— 71 T T T T T " T ‘' T " T ‘" T " T " 1T
10 9 8 7 6 s 4 3 z 1 s}
HPH-00-450 ppm 57
57
CsH100 d(6H)
s (3H)
This compound is a ketone!
(no aldehyde proton peak in
"H-NMR)
heptet (1H) m
L e N S N
w1 s s 7 & s 4 3 z 1 o0
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Sample problem:

There are a lot of isomers with molecular formula: CsH10O

Using the "H-NMR and "®C-NMR spectra in the next slides,
identify the structure of the compound.

This could be an alcohol, ether, ketone, or aldehyde.

Look for those characteristics in the spectra.
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From 'H-NMR: no aldehyde

13C-NMR: confirms carbonyl (peak around 212 ppm)

This compound is a ketone!
That leaves 3 isomers:
(0]
9 ){(
o

4 signalsin 'TH-NMR 2 signals in 'H-NMR 3 signals in 'H-NMR
5 signals in ®C-NMR 3 signals in 13C-NMR 4 signals in *C-NMR

On your own, assign the peaks

to both NMR spectra
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