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Nuclear Magnetic Resonance Spectroscopy (NMR) ‘
)

BAsIc PRINCIPLES OF NMR
IDENTIFICATION OF ORGANIC COMPOUNDS
BASED ON THE INTERPRETATION OF 1D/2D SPECTRA
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SPECTROSCOPY

interaction of electromagnetic radiation with matter ‘

\ -

Energy states transitions

B2 E2 /
El El I
Absorption Emission

V - Radiation frequency (Hz or s!)
AE =hv=hc/L - Ppank constant ; ¢ - speed of light
A - wavelenght (m)
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SPECTROSCOPY

Region of Spectrum | Energy transition \

X- rays Bond Breaking
Ultraviolet/visible Eletronic
Infrared Vibrational
Microwave Rotational
Radiofrequencies Nuclear spin

Electronic spin
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A E = hv=he/)L

NMR SPECTROSCOPY

O

\ Higher frequenﬁ 'y and more energy
Inner Outer
Energy Nuclear electron | electron Molecular Molecular : :
source reactions | transitions | transitions |  vibrations rotations ieiers
in atoms | in atoms
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Nuclear Magnetic Resonance Spectroscopy \‘

Based on the absortion of electromagnetic radiation
in the radio frequency range by certain nuclei in the
molecules (spin nuclear transitions) in the presence of

a strong magnetic field
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Nuclear Spin
P s

Protons

Each unpared particule
Neutrons ™= P P

possesses a Spin 1/2

O
Electrons

Nuclear spin is the combination of
neutrons spin and protons spin
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: 'H -Hydrogen ‘
2 _
H - Deuterium (Proton) \
*8 ®

NMR active nucleus

= onhe unpair'ed electron = ohe unpair'ed electron
® =ohe unpair-ed proton ® - ohe unpair'ed pr'o‘ron

e = one unpaired neutron

Total electronic spin Total electronic spin
Total nuclear spin 1 Total nuclear spin 1/2

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017



C | ifktiveny Mestrado em Quimica 2017-2019

NMR active nuclei
&

Must have the total nuclear spin T = O

l

® unpaired neutrons or unpaired protons
* unpaired neutrons and unpaired protons
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N

L

Protons = electrons = Z atomic number
Neutrons = A mass number - Z atomic number

)"

Nuclei Protons = Z | A= P+N Neutrons = A-Z | I spin
iH 1 odd 1 1-1= 0 even %
°H 1 odd 2 2-1= 1 odd 1
ffH 1 odd 3 3-1= 2 even %
lic 6 even 12 12-6 = 6 even O Inactive
I‘ZC 6 even 13 13-6 = 7 odd 1

Helena Gaspar
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NMR rules )

AN | SN NN wcN
V4
Protons even odd/even odd
Neutrons |even even/odd odd
I 0 1/2,3/2,5/2... 1,3,5
Spin Inactive half-integer spin integer spin
12 13
6C 0) 6C (1/2) ?H (1)
IH (1/2)
ISO(O) ! 14N (1)
1§N (1/2) 7
170 (5/2)
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Nuclei I > O have a magnetic dipole L

1 w
- ll

spinning charge Each nucleus behaves
generates a magnetic field like a bar magnet

w=yI

v gyromagnetic ratio
(different for each nucleus since is depent of mass and carge)
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Isotope Spin (I)

'Y (107rad T-! sec?)

H 1/2
’H 1
13¢ 1/2
70 5/2
PF 1/2
29Si 1/2
31p 1/2

26.753
4,107
6,728

-3,628

25,179
-5,319

10,840

w=yI )"

v gyromagnetic ratio

(different for each nucleus
since is depent of mass and carge)

IH Proton and 3C carbon thirteen both with nuclear spin of 3
Most important nuclei in the study of organic molecules

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017



C | ifktiveny Mestrado em Quimica 2017-2019

I- 3+ !HProton and 13C carbon thirteen ‘

Randomly oriented Highly oriented

Number spin states = 2 I+1,I=1/2, two spin states
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opposed to the external field B,
higher energy sate

Applied electromagnetic radiation in
the radiofrequencies causes the
spin to flip and the nucleus are said
to be in resonance with B

aligned with the external field B,
lower energy sate

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017



C | ifktiveny Mestrado em Quimica 2017-2019

Applied magnetic field
+

Precessional 7
orhit

Spinning
nucleus

Gyroscope

When radiation energy is absorbed by a spin 1/2 nucleus in a
magnetic field, the angle of precession " flips " so that the
magnetic moment of the nucleus opposes the applied field

Helena Gaspar
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@ - ,

higher energy sate (0)

7

A E=hv =yB,h/2I1 B,

> +1/2

lower energy sate ()

For nuclei with I=1/2 in the presence of an external
magnetic field (By), two spin states exist, +1/2 and -1/2

) "
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Resonance frequency .
= AE=hv=yB,h/20 ~

AE Energy gap is proportional
to the applied magnetic field (B)

+
MlH

Y

hv =y By h/2I1

v =7 By/211
v - Larmor frenquency
known as resonance frequency
2:34 4.?‘3 E-.I35 El.-l4|5 11.?5 -
o B, (tesla) -
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Frequency Resonance V of !H and 13C in # Magnetic fields ‘
\
B, 1H 13C
Tesla v (MHz) V (MHz)
2.1139 90 22.629
2.3488 100 25.144
46975 200 50.288
9.3950 400 100.577
11.744 500 125.720
21.128 900 226.296
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Ressonance frequency in B;=3.4T ‘

v =y By/211 1 Tesla = 10* Gauss ~

H =100 MHz 1%°Ag

H, F, P, Rh, Y are =99% spin 1/2 nuclei

1195n 129}([-_;113,:[1 1?,:, 335
| | |

3'1F 11B 1951::1 E-Li1E-N '11]3Rh
| | | | |

3||_| '1||_| '1E||F 3|_||E ?Il—l '125|TE'13iC 29|Si2||_| '1{||B E-?Ilze

Lo b b b bvvna tnn bvvn st st bevws b b b b v bt b b e b ol
110 100 a0 a0 70 B0 20 40 30 20 10 0

http://www.chem.wisc.edu/areas/reich/nmr/07-multi-01-nuclear.htm

Frequency Resonance v (MHz)
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In an strong magnetic field of 9.4T

(higher 10° times than the earth field) ‘
Y Natural ~
Isotope Spin (I)  jgraq 1+ sect (M\,:z) abundance
1H 1/2 26.753 400.0 99.985
°H 1 4,107 61.4 0.015
13¢ 1/2 6,728 100.6 1.108
70 5/2 -3,628 54.3 0.037
19F 1/2 25,179 3765 100.0
295 1/2 -5,319 79.6 47
31p 1/2 10,840 162.1 100.0

NMR sensitivity is dependended of y3 and of Natural abundance
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NMR Sensitivity - Boltzmann Excess .

The two spin states are not equally populated: .
There is a small excess population in the lower energy (B) spin state.

N
N

upper (@) _ o ~AE/KT AE=hv =y B,h/2II
lower (5)

Resonance frequency=60 MHz (B, = 1.4 T) @298k => enerqgy gap AE=2.39 x 10-> kcal/mol

N, /Ng (60 MHz) = 1000000/1000009 = 0,999991 +9 nuclei in lower (favored) spin sate (B)

Resonance frequency=400 MHz (B, = 9.4 T) @298k=> energy gap (AE) of 3.8 x 10-° kcal/mol

N, /Ng (400 MHz) = 1000000/1000064 = 0,999936 +64 nuclei in lower (favored) spin sate (B)
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1 million
/ i
/
’
4 \
/
/
/
/
/
1 million )/
7/
/
/
’
,/
1 million .
2 million  _--~
\x\\ 1 million + 16 AE
\
\
\
\
\\
. 1 million + 64
\
\
\
\
\
\
\
\
\
.1 million +128
Bg (Tesla
i i S 0T 235T 94T 18.8T
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NMR Sensitivity ‘
)"

o Signal intensity (absortion) is dependente of Boltzmann Excess:
Typically the excesse is only in 10® order (ppm) - NMR lower sensitivity

o Highest magnetic fields (B,) | |
O H|9hes1' gyromagne-ﬁc ratio (y) Q more intense Slgnals

o Highest natural abundance

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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NMR sensitivity ‘

Sensitivity is dependended of y3and of natural abundance .

Gyromagnetic ratio
vIH (26.753)/y 13C (6.73) x4 4°=64

Natural abundance
IH (99.985)/ 13C (1.108) ~ 100

Total sensitivity = 64x100

IH Proton is 6400 times more sensitive than 13C carbon thirteen
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B, Induced Field \

(from electron motion)

Shielding and efective Magnetic field B

Beﬁcz BO (1‘6) G - shielding

v =y Bgy/2I1

v = v B, (1- o)/211

Since electrons are charged particles, they move in response to the external magnetic
field (B,) so as to generate a secondary field that opposes the much stronger applied
field. This secondary field shields the nucleus from the applied field, so B, must be
increased in order to achieve resonance (absorption of radiofrequency energy).

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Higher shielding G => B¢ lower

is necessary to increasy B for the proton resonate at v

ClaC
5,

v = vy By (1- o)/2I1

— [ncreasing Magnetic Field at Fixed FreqUency e

e [ Cr2azing Frequency at Fixed Magnetic Field
m— [ncreased Shielding by Extranuclear 2lectrons e

Ha
c
o
Clu a_rli:I Ha(C HE‘HT ':IZHE CHz
Y .
— —0 HaCo_ CHz H3C-Si-CH
IC C\‘ HaC-NO IS—D 2 mroliz Habmy 3
H H HaC Haz CH3
H
H H
cl. H JloNy HaC, CHa
S |
H H ol H2ht Gz =0 | HaC-C—CH3
H il HECHDI___.CHE HaC CHa3

Different surrounding, different shielding, different resonance frequency

\

Helena Gaspar
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NMR scale
v (Hz)- vt (Hz) v (Hz)- vys (H2) ‘

Chemical shift & ppm = =
PP Vspec‘rr'ome‘rer' (MHz) Vspec‘rr'ome‘rer' (MHz) \
* Measured of the difference (shift) in Hz to a internal standard hieldi
Most used reference tetramethylsilane - TMS (higher shielding, inert) shielding
* To correct the frequency differences for the field dependence, we CHa
divide them by the spectrometer frequency HEC_E;i_CHE
CHz
’ | ’ T™S
cl, H Hak,
c c=0
. H cl’ Hac
H
215 Hz
Vepectrometer = L00MHZ By =234 T { | sar | S30Hz
1075 H
Vspectrometer = 500MHz B, =11.7% T‘{ i 3670 Hz |- 20350 He = - ;
7.34 5,30 2.15 0.0
T I T T T T T T T 7189
10 3 3 7 6 5 4 3 z 1 0

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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300MHz | | | [ [ [ | | [ | | A
3000 2700 2400 2100 1800 1500 1200 900 600 300 0\ V(H2)
10 9 8 7 6 5 4 3 2 1 0\05(pm W

IH NMR scales

v (Hz)- voys (Hz)

Vspecfr'ome‘rer' (MHz)

Chemical shift & ppm =

vHz =5 ppm X Vspectrometer (MHz)

600 MHz

6000 5400 4800 4200 3600 3000 2400 1800 1200 600 0 v (Hz)
10 9 8 7 6 5 4 3 2 1 o o (ppm)
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BCHED a \

“CH,-C-CH,-CH,

IH NMR frequencies plotted on Hz scale

OH
d Me,Si
220 MHz
— _,__;LAJL\__JL
PR T T A TR TN TN T N T TN T T N Y Y Y N Y N S T T [N T T TN T NN T T [ T I T T S T I S SO S S AR
400 300 200 =100 0
d d
b
100 MHz
o | JLM_AJ}L L
I I ] N N N N N I B 1 A I T T T N O T | ]
200 100 0
v (Hz)- vops (H2) 00 MHz |
|||I|J||FT‘PL|}LF|U||I|||| ]

100 0
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IH NMR frequencies plotted on ppm scale ‘
)

c
v (Hz)- viys (Hz) c CHap
0 ppm = Vspectrometer (MHz) CH3 C CHy-CH,
a DH
b g Me,S
220 MHz I
1 1 1 1 I 1 1 |L-H-| I 1 1 1 1 I 1 1 1 ‘l’ﬁl\l
1.5 1.0 0.5 0.0
100 MHz ]L
1 I 1 1 1 1 I 1 1 1 1 I 1 1 |}| I 1 1 1 1 I 1 1 1 ! 1
2.5 1.5 1.0 0.0
60 MHz
I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘Ikl 1
3.0 2.5 0.0
'33‘ {ppm}
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NMR scales for different nuclei

Chemical shift & ppm =

v (Hz)- v, (Hz) v (Hz)- reference (Hz)

Vspec’rr'ome‘rer' (MHz)

B Vspec‘rr'ome‘rer' (MH2)

)"

Ndcleo Natural v NMR (MHz) range & (ppm)
(I =1/2) | abundance (%)
H 99.99 400.13 -30-(+20)*
13¢ 1.11 100.61 - 100 - (+ 400) *
19F 100.0 376.498 _ 200 - (+ 200) #
31p 100.0 161.976 -170 - (+ 250) ¢

Reference: * TMS (SiMe,) # CFCl;: * H;PO,

Helena Gaspar
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IH NMR chemical shift depends on chemical surrounding
Structural information of molecules ‘

) .

!H NMR Table - Proton chemical shift ranges
l l l l l l l l l I I l l

0 : _ Fthers 3Sulfides Sat. alkanes
plly Aromatics RyC=CH;  RO-CHES-CH  RH
Aleohol
RCH=CHR——— HoRtTe D RC=CH

PhO-CH—— Ar-CH—— —— B0=CR-CH
Low Field High Field

Region IF_CI-I CIPCH, FCH, Region
Cl
Br-CH:  ——R-lcH
Esters
RCO5CH ¢ : : 1HC-CH
Oy H-CH —— — 4 RyN-CH
RCO.H Lrnide RCONH FOH
FhOH F;MH

I I I I I I I I I I I I I
12.0 11.0 10.0 910 .0 7.0 6.0 5.0 4.0 30 20 1.0 0.0 pprais)

Proton chemical shift range (20-0 ppm) reference TMS

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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13C NMR chemical shift depends on chemical surrounding ‘

Structural information of molecules

13C NMR Table - Carbon chemical shift ranges
| | | | |

Lldehyrdes, RCH=0 R,C=CH, . : | : : io-1
Ketones, B,C0=0 RHC=CHER C=H0y _ C-Br .
R,0=CH, :C—H Saturated H]karm:s
. Lroratios Z-IE. . .
Low Field = = 2 High Field
Region . Heteroaromatics . . C—0H N SR . Region
E-C0.H =
Carboxylic Acids ———=— WRCEN o COR | Cohr
R—COqR! -
Esters —— Su]fu}ddﬂs,Squnnes:: SI::]”‘R:: L=
R —-CONE. = Iﬁl
Areides ——— 3 L | C—C-R.
I I I | I
200 150 100 a0 00 ppm (&

Carbon chemical shift range (300-0 ppm) reference TMS

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Sepectometer Bruker 400

V spectrometer IH (400.13 MHz)

Vspec’rr'omefer' 13C (100.61 MHz)

v HZ = 8 ppm X Vep ctrometer NUClEi (MHZ)

) .

What is the resonance frequency of a proton with a 4 of 8 ppm?

v Hz = 8 ppm X Vgpectrometer - H (MHZ)
v Hz = 8 x 400.13 = 3201.04 Hz

What is the resonance frequency of a carbon with a 5 of 8 ppm?

vHz =38 Ppm X Vspec‘rrome?er 13C (MHZ)
v Hz = 8 x 100.61 = 804.88 Hz

Helena Gaspar
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What is the chemical shif of a proton with a resonance frequency
of 1200 Hz on spectometer of 400 MHz?

vHz =38 PPm X Vspec’rrometer‘ IH (MHZ)
0 ppm =V HZ/ Vspec’rrometer‘ 1H (MHZ)
Chemical shift 8 = 1200/400= 3 ppm

What is the resonance frequency of the same proton on a spectrometer
of 500 MHz?

5 ppm is the same in both spectrometers

v Hz = 3 x 500 = 1500 Hz

) .

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017



38

iéncias

Mestrado em Quimica 2017-2019

Continuous wave (CW) ‘

v =y B, (1- o)/2I1 ~
/ Q
\ 0
Magnetic Field

N

Frequency

B, constant

Energy

v changes

Abs. E.

Helena Gaspar
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Continuous wave (CW) ‘

v =y B, (1- o)/21I1 ~

Energy

v constant

Magnetic Field

Abs. E.

B, changes

Magnetic Field

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Pulse NMR

\

E2 E2

El El
Absorption Emission

In an strong applied magnetic field a range
of radiofrequencies is absorbed in order to
exited all the proton nuclei in a molecule at
the same time

All the pulsed resonance frequencies
emitted by the molecule are detected

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Pulse NMR
.

The pulsed frequencies emitted by the molecule are
added together to give a complex summation wave

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Pulsed NMR

Relaxation mechanism - is a first order process,
the radiofrequencies signal emitted by the sample
decays exponentially- Emission spectroscopy

FT

v

) "

- 4+

Time

frequencies
FID free induction decay signal

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Pulsed NMR

1 H trd

o090
00000

Equilibrium

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Pulsed NMR

Fd
/2
&
1H trd
X E S ¥
t d1 p1

Excitation

Equilibrium Saturation
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Pulsed NMR

T2

x.b' a1 i

—o-o-o 000 000 —
00000 — 000000000

Equilibrium Excitation Saturation Relaxation

Pulse 90° T,/T,

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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° Bo
Nuclear Relaxation
x“’><\
Longitudinal Relaxation (spin-latitce ) T,
how fast the magnetization relaxes back along the z-axis
z z Z Z Z
X y X y X y X y X Yy

Transversal Relaxation — T,
how fast the spins exchange energy in the transverse (xy) plane

ARWA 2., y
NIZAV | SN\

X X X X

5
L1

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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NMR Line withs

W1/2= 1/71'.T2

Line with
with at half height

R R

fast Relaxation

-
JL

slow Relaxation

o Rapid Relaxation => line broad
o Slow Relaxation => rapid saturation => low intensity

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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NMR Sensitivity
Ratio Sinal/Noise
MEK - CDCI; l, i
\ || cHs
Signal« CH;
_ CH,
Noise
Iy \I
0 5 4 3 2 1 0
S/N =1/1_
Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Pulse NMR increase the ns ‘” H | S:N
sensitivity (iterative process ) 1 ‘ N ﬂ

| |
. ) 16 || || | |||‘ I‘ ||;| ‘| 71: 1
Resulting FID - cumulative FIDs )\ " A

ns - numbers of scans

To double de sensitivity (Sinal/Noise)

is necessary to acquire four-times more 4 | HU‘ Wl 34:1
S/N ¢ ns/? b
: oot i
pectrum resulting o of 2" FIDs (ns) H” |
LI MV"' 18:1

| l .
el il il | i
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Sensitivity depend on concentration

Exchange N
+

0O
S
E 1 1 1 1 1 1 1 1 1 1 I:I] 8
)
S/N 3
Poor SNR S

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Sensitivity depend on concentration

MEK - CDCl, MEK - CDCI, CH,
CH,
Ch; CH,
CH, CH,
o
55 4 3 b 1 UBIEIAI%IIEI=IEI]
ns=1 ns=800
1scan: 16 s 800 scans: 3h.30min

More time => more expensive!

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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o NMR spectrometer

I N, port

» Superconducting magnet (NbTaTi);Sn, is immersed in
liquid helium (4.2K=-268.9°C).

'Bore . _E

» The helium tank is located inside a bath of liquid nitrogen to
prevent the helium from evaporating.

> Inside the center bore the magnetic field is homogeneous
(9.4T for a 400 MHz spectrometer).

The probe head, contains the rf- and receiver coils, is

inserted from the bottom into the homogeneous region of
the magnetic field.

» The sample is inserted info the center bore and resides
inside the probe head during the measurement.

http://www.chemie.uni-hamburg.de/nmr/insensitive/tutorial/en.lproj/spectrometer.htmi

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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400 MHz (Bruker), Lab DQB-FCUL
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NMR in liquid solution

ey
Solvent
. 5 mM‘ereS
« Concentration (5 a 20 mg/400pL)
 Inert

« Good sample dissolution

«  Without !H signals (deuterated)

« Easy to removed (evaporated)

 Residual signals can be used as reference

 Deuterium signal used for “locking”
(stabilise the magnetic field of the NMR magnet)

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Most common NMR Solvents

Solvent

acetone-d,
acetonitrile-d;
benzene-d,
chloroform-d
cyclohexane-d;,
dichloromethane-d,
dimethylsulfoxide-d,
nitromethane-d;
pyridine-ds
tetrahydrofuran-dg

Boling Point °C  Residual 'H signal

55.5
80.7
79.1
60.9
78.0
40.0
190

100

114

65.0

2.05 ppm
1.95 ppm
7.16 ppm
7.27 ppm
1.38 ppm
5.32 ppm
2.50 ppm
4.33 ppm

7.19,7.55 & 8.71 ppm
1.73 & 3.58 ppm

13C signal

206 & 29.8 ppm
118 & 1.3 ppm
128 ppm

77.2 ppm

26.4 ppm

53.8 ppm

39.5 ppm

62.8 ppm

150, 135.5 & 123.5 ppm
67.4 & 25.2 ppm

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Deuteration of solvents is not "100%"
!H signals for the residual protons are observed

Cl

|
CI—(|3—D
Cl

chloroform-d 99% CDCl;

(|3I
CI—?—H
Cl

1H NMR €DCl,

Chloroform 1% CHCI,

CHCl,

residual protons -

A\

T T T T T T T T T T T T T T T T
7.5 7.4 7.3 7.2 741

7.0 [p

pm]

Helena Gaspar

Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1

Novembro de 2017
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Interpretation of !H NMR spectra

e Chemical shift
(depend on chemical surrounding - shielding)

How many types of H are in the molecule
® Signal integration

(signal area is proportional to the number of
proton that give rise that signal )

How many H of each type are in the molecule

e Signal multiplicity (spliting)
(splitting due to the surrounding nuclei)

What are the surronding nucleus - connectivity in the molecule

e Line widths

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Chemical shift

> Electronic cloud "shield” nuclei from the external field causing them to
absorb at a slightly higher energy (lower resonance frequency).

> Any effect on the density or spatial distribution of the electronic cloud
alter the degree of shielding and consequently the value of chemical shift.

Higher electronic density => higher shielding => lower frequency
=> lower chemical shift

Lower electronic density => higher deshielding => higher frequency
=> higher chemical shift

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Chemical shift - electronegativy effect

An electronegative atom lowers the electronic density of the proton nuclei
= higher deshielding (lower shielding) => higher resonance frequency

= => higher chemical shift
O-C-H

Compound CH;X X atom X Electronegativity  !H Chemical shift
CHsF F 40 4.26 ppm

CH;OH @) 35 4.30 ppm

CH,CI Cl 3.1 3.05 ppm

CH;Br Br 28 | o 2.68 ppm | Increased
CH3I I 2.5 2.16 ppm

CH, H 2.1 0.23 ppm

(CH3)4Si Si 1.8 0 ppm

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Chemical shift

Hydridization effect

sp3«< sp?< sp CH; < CH, < CH

Magnetic anisotropy

C-C Single Bond Cyclohexane Ax-Eq Cyclopropane?® Epoxide’

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Chemical shift - mesomeric effect

CHs CHj CH3 CH3
shielding
ortho
para
deshielding

No2
ortho
para

Monosubstituted Benzenes

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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NH
O
OMe
®
CHa
C
NO, 0
®
| | | | |

2.00

8.9

8.0

7.5
ppm

6.9

Helena Gaspar

Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1

Novembro de 2017




63

C | St Mestrado em Quimica 2017-2019

Chemical shift depends on the solvent
Ethanol - CDCl4

CH,
Solvation influences
the electronic cloud density
CH, JL OH
J
8 © s & 7 & 5 4 3 2 1 0
Ethanol -D-0 CH,
OH
CH,CH,OH
CH,

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Increased shielding by extranuclear electrons

v

Decreased chemical shift

Hz
C
C|3C- o o HaC HE(%-’ ‘H—(I:Hz (I:H3
— *, . , )
C=0 — —0 HeCo .CHz HaC-Si-CH
o ~=C HaC—MO2 A=0 T2 sz Herire s
H H HalC Ha CHz
1H H oM 3H 2H 6H 4H
H H
). H Lo Hat, CHs
H H et H2GT TGH2 =0 |HaC-C~CHa
5 cl” H H2CuCH2 | HaC CHs
6H 2H 4H 2H 4H

Different surrounding, different shielding, different ressonance frequency

Same chemical enviroments => same chemical shift

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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H CHa 2.23 CHs 1.65 HsC 0
! 6H Cl-CH,-¢—Cl 6H ! 365 205
CH3 \CH?) 3H 3H
nd ) 7.05
4H 3.70
TMES ZH TMES TMES

L | T T T T T T T T T T T T | L T T T T T T T T T T T T |

2 2 7 ) Ja q 2 2 1 o048 10 2 ] Z & Jal 4 3 2 1 04 10 =2 ] z [ ] d 2 2 1 0

. . < . . < .
Chemical shift Chemical shift Chemical shift

Same chemical enviroments => same chemical shift — chemically equivalent

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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different chemical enviroments => same chemical shift by coincidence!

SDBS-'H NMR spectrum (90 MHz) of methyl 3-cyanoproprionate in CDCI3
ocC
O
N J\ CH,—CH
NC CH; ocC 2 2
! L
I ' [T I T ' [T [T I o ' [T [ T T
11 10 3 2 7 S o 4 3 Z 1 o]
HSP-00-211 alalgg SDBS-'H NMR No. 3966HSP-00-211

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Acetone - CDClI;

Signal multiplicit
9 phicity 2XCH,

CH.C=OCH,

E é 1 .ql. 1 % 1 é 1 : 1
MEK - CDCI;

CH,
CH,CH,C=OCH.
CH,
g 1

R SEBDBREESeS S s S s

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Signal multiplicity
spin-spin coupling: equivalent protons

spin-spin coupling - protons on adjacent carbons will interact and
"split" each others signals into multiplets (through-bond interaction)

H

C
|
Mo Coupled c—t—c—H
Hydrogens |
O A Singlet
J

H
|
e Coupled c—t—r—H
Hydrogen |
o A Doublet
T Jl 3
Twio Coupled et —H
Hydrogens P e B Triplet

H o,
Three Coupled | Il 13
Hydrogens H_t|:_':_H . I | oy Quartet
H

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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spin-spin coupling - ressonances always split each other

CH iL CH—CH iL CH

doublet (d) 1:1 l T l T doublet (d) 1:1
CH J_L B JJ_L CH
2 l T CH2 CH H H u triplet (1) 1:2:1

doublet (d) 1:1

Il
cH, nin

triplet (1) 1:2:1 N H u CHB_ CHZ mmmw qir‘l’r_lf(q) 1:3:3:1
Il M
gt

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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spin-spin coupling: equivalent protons

n+1 rule - equivalente protons that have n equivalent protons on
the adjacent carbon will be split into n+1 peaks

n n+1l pattern intensities  Multiplet Symbol

0 1 1 singlet S

1 2 1.1 doublet d

2 3 12 1 triplet t

3 4 1 3. 4 1 quartet q

4 5 1. 4 6. 4. .1 bpentef m
multiplet m

A

friplet n=2 quartet n=3 pentet n=4 sextet n=5

multiplicity - the number of peaks and the pattern intensities

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Examples of multiplet Patterns

-CH.- -CH, —~CHy— —CHo—
quartet triplet triplet triplet
area =2 area=73 area = 2 area = 2
- CH,-CH;,
an ethyl group h r\ h X-CHp-CHp—Y
1:3:3:1 1:2:1 1:2:1 1:2:1
-(CHy);
.
quartet doublet —CH area = 6
"ﬁ.Cl_Ia saplhal
area = 1 area = 3

. arga =1
an isopropyl group

,
_CH-CHg T _
1:6:15:20:15:6:1 1:1

1:3:3:1 1:1

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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T
CcC—C

I
Tr—O—I
T—0O—I

0O=0
T—0O—I

I

I
TI—O—xI
TT—0O—xI

CH,CH,C=0CH,

i

—————————————————
0 5 A 3 2 1 0

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Group n n + 1 Multiplet Symbol Intensities

1
CH,4
1. 1
CH,
1w -2 1
CH,4

0O=0

T
II—O—I
TI—0O—I

CH,CH,C=0CH,

- r7r ~r1r - r - 1r - nr1r° - 1r -~ 1r >~ 1 1 " 1T " 1
0 g 4 3 2 1 0

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Group n n + 1 Multiplet Symbol Intensities

CH, o) 1 singlet
CH,
CH,
T
I
RARe;
H H

CH,CH,C=0CH,

S

1

CH,

5T T ]

r - 1 -1 1
1 0

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Group n n + 1 Multiplet Symbol Intensities 1
CH, o) 1 singlet S 1 1. 1
CH, 3 4  quartet q 1:3:3:1 1w 2 1
CH, 1 3 3. 1
H H O 1o 4. 6. 4. 1
0 CH,
TS
H H

CH,CH,C=0CH,
CH,

mSASSSSSSSS ——————
0 5 A 3 2 i 0

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Group
CH,
CH,
CH,

=

Helena Gaspar

n + 1 Multiplet Symbol Intensities

quartet

CH,CH,C=0CH,

CH,

CH,

Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1

1 1
1

Novembro de 2017
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Coupling constant J

_I'J'|_
I 1l et S B
I I 1 1 I
doublet triplet quartet quintet
LY i cl
Cl—C—C—Cl H—C—C— Ju = Iy
A L& a=enn
3,73 <>
TMS TMS
I
4ivi
11.5 =1 integration #
1 1 v ] ] ] v ] v ] 1 v 1 v ] v ] v T T T T T
B 2 4 3 2 1 0a B 2 4 3 2 1 aé

The J coupling (a/ways reported in Hz)
Jis constant is mutual (eg: J;, = J )

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Jis constant at different external magnetic field strength

400 MHz 1.89
2.00
2.08

r " 1 17 L 1 "1
o 2. 2.0 1.9

r " 1 " 1T "1 | 1 1 |
Ay 80 40 0

100 MHz

r = 1" 1T 71 | 1 I "1
0 2. 2.0 1.9

| L L 1 1 1 |
Ay 20 10 0

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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J is constant at different external magnetic field strength

60 MHz
OoN-CHy—CHo—CHg
300 MHz
|
r T T 1+ 1 1 1 [ [ r—rr—+r»°»~© & § §&r 7+ & & Tr T T T T 7T T rrrr 7 rrrrr T T ra
4 3 2 1
(ppm)
Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Group n n + 1 Multiplet
CH, 1 2 duplet

CH 2 3 ftriplet
I_llb IT'a Ha
ClI—C—C—H,
Cl CI
Hy,
4.05 4.00 3.95 3.90 3.85
5.85 5.80 5.75 5.70 565 ¥
\ A
| ! | ! | ! | ! | ! | ! | ! | ! | ! | ! |
10 9 8 7 6 5 4 3 2 1 0
PPM (0)

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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H, H,
| )
AB
- Jsa
6.1 Hz 6.1 Hz Hy H.,
1 6.1 Hz
Cl—C—C—H,

||
Cl Cl

5.76 ppm

3196 ppm

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1
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spin-spin coupling: non equivalent protons will couple independently

Mo Coupled
Hydrogens

Crne Coupled
Hydrogen

Two Coupled
Hydrogens

Thres Coupled
Hydrogens

- H
S
C=C A Singlet
i i
J
i H <F A I3
I
'::':\' ot e ' o B, Doublet
I i
H, e ds
;'J'; rr-"u‘
HE H .-": m'l". r:.- E‘-
N IJB IJB
HI.,':_ I I A Doublet
H, - :JE : : i : of Doublets
T Rt
E\ / i A A
— I L s
(.-"1 M, P af Doublet
Ha, C—He of Croublets

Helena Gaspar

Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1
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Br,CHCH;, He H
Three Coupled T H Thres Coupled —
Hydrogens H_"f_':_ Hydrogens
H o Ha -
splitting Patterns
Equivalent Splitting Honequivalent Spliting
ainglet
1 neighbor
doublet
N I (1:1 A A
- S T - ' - - -
o N _ donble l l l
[ “l = ﬂgj}ﬁﬁ‘;mﬂ douhlet
P -1 -9 - L 'L 4 dh
- w-.\__\_‘_-\- -____-" a-_\__\_q“h -._____.-' ., {121} {1111}; Y ,-Il lIl, ,lr lI-, ,-r l'-,
S [7 oo EERERRR
i | quaret double double douhlet
(173315 (1:1:1:1:1:10101)
(M+1 peaks) (2N peaks)

http://www2.ups.edu/faculty/hanson/Spectroscopy/NMR/coupling.htm

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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3+2
1+1 941
Doublet of doublets Triplet of doublets Cluartet of triplets
dd td not a dt qt notatq
J triplet> J doublet J quartet > J tiplet

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Typical coupling J

Structural Type J (Hz)
H—C-{C),—C—H ]
| (unless in a rigid
ideal orientation)
3
HaC—CHo—X Btoa J
HsC
3
EH—?'R' ato Y J
!
HsC
3
NN oto1z YV
.I:.,‘."r \‘,_I_, [depends on dihedral angle
and the nature of ¥ and )
w; .
_I‘?_Cx, 05fto3
H H
s, H 2
C. 12 to 15 J
-f'; H [raust be diasterectapic)

nJ (trough n bonds)
Structural Type J (Hz)
SN
‘t=c 12 to 18 3T
IIII." L
H H
r=c 7to 12 3T
PR
H
A
c=c 05tz 3T
fH
H
M,
c=c 5T
A 3to 11
= ‘\_" (depends on dihedral angle)
| J
—[I:—CEC—H 2fto 3
H
H A
R 6 to o
| m 1to3 J
X p Oto1l
H

Helena Gaspar

Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1
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4] homoalylic coupling - W

H
O
H H
H
H
"IABHIHZ JAB“'SHZ .IAB”THZ
Increasing strain
Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017



87

C | Siases Mestrado em Quimica 2017-2019

Summary H-H spin-spin coupling
> Equivalent protons do not exhibit spin-spin coupling to each other

> Equivalent protons (n) will slip the resonance signal of others protons
into n+1 peaks (multiplicity) with a coupling constant J

» Protons that are coupled each other have the same J

» Non equivalent (n) protons will split the resonance signal of other protons
independently into 2" peaks (complex multiplicity) with n different J

> Spin-spin coupling is normally observed between nuclei that are 1, 2 and 3
bonds away. But in certain situations can be 4 or even 5!

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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H H,,
. | OCH;
||\.‘H| r‘|'I‘|
il | [V Il
I“l"\ ( ‘ ‘ I\lll O
I [ [ [
R [\ - | . R N | o \\
628 624 620 616 612 572 568 564 560 556 HC\C_C/C\OCHS
HY  H
“ H, b a
t i
.II l‘ll\ I !fl He Ha Hy
_ . *., NJ W I\'T _ 3Jac =174 Hz
600 596 592 588 3. =10.5 Hz
ab —1VY.
). =1.5Hz
U L 1 Ll l
[ ! I ! | ! | ! I ! [ ! | ! I ' | ! I ! |
10 9 8 7 6 5 4 3 2 1 0
PPM(d)

http://chemwiki.ucdavis.edu/Organic_Chemistry/Organic_Chemistry_With_a_Biological Emphasis/Chapter__5%3A_Structure_Determination_I1/S
ection_5.5%3A_Spin-spin_coupling
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6.28 6.24 6.20 6.16 6.12

HC
3
Hc\ B /C“OCH3 -l ), =174 Hz Jt,ans\_/icinal
I\ /C—C\ M [ Joe = 1.5 Hz J geminal
1l Hg H, — »
i
|
|I |
II ||
|I \
NG double douplet dd
Hy
H,,
< > J,=10.5Hz J vicinal
|_L| '] J, = 1.5 Hz J geminal
I\I ||I'
||‘|||
II |
| I|I |I
NN

5.54 5.60 5.I56 double douplet dd

Helena Gaspar
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I |
f I._ |I 1 | O
_J _J y i
| | N ~0CH
600 596 592 588 e=c( 3
Hy Ha
H,

B = J.=17.4 Hz J,s vicinal

F -| - Jyp = 10.5 Hz J, vicinal

—_—

acC

double douplet dd
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CH, N
HO OH
Ho > OH
I
CH,
,Nq T CH,
8 s a4 3 =z 1 T 5
OH
)\ OH CHy
CH
i i
R e
OH
>< on
|
5 5 4 3 =2 1 g
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Magnetic equivalence/Chemical equivalence

A group of protons is magnetically equivalente when they have the same
chemical shift (chemical equivalence) and identical spin-spin coupling
(same J) to other magnetic nuclei in the molecule.

b
Hx Ha Hx o i Ha Ha
/?5;;/ Juse % Jase
£ H,
Hx Ha Cl " Hg Hg
| . Hy v
Magnetically equivalent Magnetically inequivalent
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H H
A

CHa CHs

Homotopicos*

H H
A

CH.~ ~OH

Enantiotopicos*

H HH Pn
CH:~ ~0O7 ™CHa

Diasterotopicos™

*in Portuguese

H:; Ph F"h% H The structures A and B are
e /( ACH identical. the two protons
CHa  CHs CH, B 2 are homotopic.
Same chemical shift
H,,' Ph thil The structures € and D are
e /’(DH CH OH enantiomers, the two
CHa c 2 D protons are enantiotopic.
Same chemical shift
CIlHH Ph H CIH Ph TI_'1e structures E and F are
; diastereomers, the two

CHa O CH: CH, 0 CH, protons are
E F diastereotopic.

different chemical shift

Helena Gaspar
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Coupled Spin Systems - Pople Nomenclature

A, B, C, D — nucleus strongly couple (Av /J< 10) (consecutive letters)
A, X, M — nucleus weakly couple (break in the alphabet)

A,, X, — subscripts give the number of nucleus magnetically equivalent

AA’, XX" — prime denote nucleus chemically equivalente but magnetically nonequivalent

Av /J (all in Hz) is > 5 first order
Av /J (all in Hz) is < 5 then second order

Av /J < 1 cannot assume first order behavior

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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2-spin system /\)OL
S
R R-O-CH,-Ph

MOH AB

ae] 3
pod 3

3-spin system

AX,
R1
R® \(\Fﬂ Az AXy & o AB;
RE

3-spin system

AMX
M m M i AB::JM/L I
X B A

https://www.chem.wisc.edu/areas/reich/chem605/index.htm

AB,

R 3

me

(]
M
.
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4-spin system

AX, AB;
AX, AXo AB, AB,
| A
Ao U
A2X2
A2X2 Azxz
AT AA'BB'

https://www.chem.wisc.edu/areas/reich/chem605/index.htm
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5-spin system

A2X3
T M iy

ABX,
Hye O

~

ABX, ABX,

ﬂﬂl M’uﬁ \ |

M LU'JL' L d__AM S VA

https://www.chem.wisc.edu/areas/reich/chem605/index.htm

N
CH, ~~ “OMe ABX,
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C;H,Br0
300 MHz "H NMR spectrum in COCls
Source: Aldrich Spectra Viewer/Reich

“&O f‘A\;.-FBr

"leaning"

"leaning”
L

AX,

S

ot b bt oo
38 3T 36 35 34 L
||||I|||||||||I|||||||||I|||||||||I|||||||||I|||||||||I||||||||I|I|||||||||I|||||||||I||||||
8 7 B 5 4 3 2 1 0
ppm
CsHqy4Bro;

300 MHz 'H HMR spectrum in CDCl
Source: Aldrich Spectra Viewer/Reich

P e Owﬁr

AZBZ
I TR AT RN A NN REENIR AR RN AN NI RARTIRERTR AN NI RERARNNE)
3.8 3.7 3.6 3.5 3.4 Mhn‘

8 7 6 5 4 3 2 1 0
ppm
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5D/Av is the error AB Quartet with iﬂt_reasiﬂg Vag AB Quartet with Jug = 10 HZ and vug = 0.1 ppm
in the measured Constant Jug =10 Hz at various spectrometer frequencies
chemical shift v, all printed at same Hz scale all printed at same ppm scale
AviJ 2D/Av |Vag=90Hz 500 MHz
Vag = 60 Hz
5 1.02
& F
A B
Vag = 40 Hz 500 MHz
A 103 Vag = 50 Hz
300 MHz
Vag = 30 Hz
3 1.05
200 MHz
2 112 Vag = 20 HZ JL
100 MHz
114 Vag = 10 Hz
e : : M
[T PO P TP YT OTITRR TN FOTRY T TR B RN NI B BN ANIN AN IO N I I R I
50 40 30 20 10 O -10-20 -30-40 0.1 - 0 vg 01
Hz © o Ppm
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Ie
¥
_Bk
-

10.0
Va Lt
ﬁl = 8.0 l |i | X L !4L
J Va Vg
5.0 ww - T l 1
VA Va
30 o | ‘J .
Yy Vg
(8)
2.0 A l T II c
Ya Vg
1.0 f'i".“"{“’
. W VB
0.5 == 'lll'
W
J Vy = Vg
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How to Analyse an AB quartet

Forlowv,; /J,; <4

Treat the pattern as first order for AB quartets
Second order analyse

with a large v,g / J,5 > 4

. Calculate v, and vg (spectrometer frequency: 300 MHz).

™~ - =] =9
. Determine the four line positions in Hz, and measure J.g ﬁi ﬁi ai ﬁi
[Jagl = (V1 -v2) = (va-vg) =10 Hz

. Calculate the center pDSitiDﬂ l::iﬂ Hl}:
Veenter = Ve '::1""2 + 1""2-} = 20241

. Calculate v,g.

.-'_"'L"."AE = _\/{1.-_1 - 1.'4:]. {1.'2 - 1.'3:]- =004 Hz

Va = Veenter + %2 Avag = 20291 Hz b

VB = Veenter - 2 Avap = 20191 Hz Jlk J \ Jlk
& S
A B

5, = valMHzZ = 6.76

~

ve!MHZ = 6.73 2050 2040 EDSDHEDED 2010 2000
ri

Og
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C15H1?N
300 MHz "H NMR Spectrum in CDCl,
Source: Aldrich Spectra Collection/Reich g

O

CHs

o

I-—-=

{PETSTRYPIY PP TS PP TOT |
31}2D1DUHZ

3.8 37 3.6 3.5

9.58

.||1|.||||.|l||||l||1||||||l||||J|
IIIlllllI.IlJIIII.]IlI |
7.3 3.10 -

Lo 13

% l\_- S
M BT B PRI R R A SR B S SN ARSI S B N S A SN S SR SN A SN S A S STErE AT A
g 5 4 3 2 1 0
ppm
https://www.chem.wisc.edu/areas/reich/chem605/index.htm
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ULisboa

Signal integration

The signal intensity is directly proportional to the number of nuclei causing the
signal (all absorption coefficients for a given nucleus are identical).

M H CHs
2.23
H~%:§7H 6H

>

= H3C H

ufl e 7.05

D 4H 6 1

5 4 ¥V TMS
4

Chemical shift

The rule is that peak area (integral) is proportional to the number of a given
type of spins in the molecule and in the sample (concentration).

The integral is superimposed over the spectrum as a “stair-step” line,

The height of each step is proportional to the area.
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Signal integration

A K
A - o 2.23 CHy 165 HiCx 0
) ! 6H Ci-CHC—Cl 6H ! 365 205
‘_E‘ _,? CHs ,.? TCHs 3H |3H
‘é HsC H7O5 ‘é) ‘é
Q Q
= 4H 6 ‘ £ 3.70 =
S5 TMS| 2H TMS |5 THS
49
LA DL DL LA L LA L LA LA B | L L L L L L e L LA DL DL B | L L | I L
O 9 8 7 & 5 4 3 2 1 0é 109 8 F & 5 4 3 2 1 0d Jo3 8 7 & 4 3 2 i
. . < . . ( .
Chemical shift Chemical shift Chemical shift

The relative area under the resonances:

7.05 and 2.23 ppm is 4:6 => 2:3
3.70 and 1.65 ppm is 2:6 => 1:3

3.65 and 2.05 ppm is 3:3 => 11
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: : : CH
Signal integration ’
CH,CH,(C=0)CH, CH.
CH,
E T T r Tl 1 r " 1 " 1 | | |
26:39:39 ° . ’ : ! °
CH, 139 39
26/26:39/26:39/26 — T
2:3:3
1:1,5:1,5 2 CH,
o CH,:CH, :CH,
2
55432—10 |

Helena Gaspar



106

C | ifktiveny Mestrado em Quimica 2017-2019

Relative quantification by 'H NMR

The integration (signal area) is proportional o the number
of moles of protons that originates resonance peak

I n n
compound 1 _ "*compound 1 > compound 1

H
I compound 2 ncompound 2 ncompound 2

n=m (g)/M (mol/g)

my I ng M,
— ==X — X —
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Determine the %molar of each compound in the mixture

CH,;CH,OH CH,CH,Br
CH,
3'.8 3f6 pg".»m 2. 7 ' .I4 ppm
1.8 I
1.35
5 4
CH3
1,8/2 = 0.9 mol ethanol 2.7/3 = 0.9 mol ethanol
1,35/2 = 0.68 mol bromoethane 2.0/3 = 0.68 mol bromoethane

% etanol = 0.9/(0.9+0.68) X 100 =57% % Bromoethane = 0.68/(0.9+0.68) X 100 = 43%

Helena Gaspar Métodos Avancados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Exchangeable protons

Alcohols (R-OH), amines (R-NH-), carboxylic acids (RCOOH),
thiols (R-SH) and amides (R-CO-NH-) are labile protons

* Broadened peaks (line widths enhance)
* Chemical shifts are critical dependent
(solvent, concentration and temperature)

“Labile protons do not have characteristic chemical shift ranges”

https://www.chem.wisc.edu/areas/reich/nmr/05-hmr-02-delta.htm
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Exchangeable protons

R-O-H + R’-O-H " R-O-H + R’-O-H

J/\L Fast exchange
e

Intermolecular interchange
d —/\ (broadened the peaks, lost of multiplicity)

8~ N Costemence
AT

J’\ j\ \\ Slow exchange
a

- _\\'4.1

Increasing rate of exchange —s=

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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Exchangeable protons

R-O-H + R’-O-H " R-O-H + R’-O-H

Pure Etanol (<99%) Ultra Pure Etanol
nmr speechrum for ethancl, CH3CH2OH - source SDBS CHs
(3)
CHsCH,0H
(2)
OH CH:
” TA

\ Integral|1 2 3

I ! I ' I ! I ! I ! ' ppm 35 30 25 20 15 1.0
5.0 4.0 3.0 2.0 1.0 1]
i B http://chem.ch.huji.ac.il/nmr/techniques/1d/row1/h.html

Water promoves a faster intramolecular interchange — lost of multiplicity

http://www.facstaff.bucknell.edu/drovnyak/Ethanol-Water_exp.pdf
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Exchangeable protons
R-O-H + D,0O - R-O-D + D-O-H

Partial "H NMR Spectrum of Menthol in CDCI;

‘ ‘; l,' 3 To identify labile protons
| | LI
4 + 1 drop D,O f ': | ‘_ '.f '\1 s
st I OH peak disappears
k. after D,O shake

36 34 3.2 30 2.8 26 24 22 20 18 16 14 ppm
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Exchangeable protons

Hydrogen bonding shifts the resonance signal of a proton to lower field

intermolecular R R
& 3+ & Cl)ﬁ— S—C|)
O H—0, ONE e o ONE e
R—C C—R ‘*~~\66/"' “*~~%—/H
\§& o+ & /7
O——H-rmr 0 | |
Carboxylic acids R Alcohol R

intramolecular

High concentration => more hydrogen bonding => high chemical shift
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Hydrogen bonding shifts the resonance signal of a proton to lower field

Chemical shift OH phenol in chloroform-d @ different concentrations

<::}}ﬂDﬁﬁ THME
100% 10% S5.0% 2.0% 1.0%

In CODClg
solution
.45 5,45 5,93 4,20 4,35
. l ' I ' | ' | ' I ' I ' | ' I
F & 5 < I = 1 O &

High concentration => more hydrogen bonding => high chemical shift
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Exchangeable protons

IH NMR HOCH,CH,OH

CH,

5.0 4.5 4.0 3.5 3.0

3 (*H) ppm

High Temperature => less hydrogen bonding => lower chemical shift
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Heteronuclear coupling
Spin-spin coupling takes place between all NMR active
huclei, not just between protons.

Coupling of 'H to 13C

13C has a natural abundance just over 1% and the major isotope (2C) is not
NMR active so very little of the proton signal is coupled. The coupled signal
appears as small satellite signals either side of the main uncoupled signal .

1T ¢ coupling constants= 115-250 Hz (usually 125 to 160 Hz)

Isotopomers - compounds having different isotopes of the same element
or having the same isotope in a different position

12CHCl, CHCl, CH,'3CH,CI
13CHCI, CDCl, 13CH,CH,CI

Helena Gaspar Métodos Avangados de Andlise, Bloco de Ressonancia Magnética Nuclear, Parte-1 Novembro de 2017
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13C Satellites

!H NMR CHCI, in Acetone-d6
12CHCl,
]JC_H \
< P
— 8.2 8.1 8.0 1.8 1.8 7.1

Isotopomer of the main peak  3CHCl; d
main peak PCHCl; s
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13C Satellites

Vicinal couplings between homotopic or enantiotopic protons 3J,, can often be

obtained by analysis of the 13C satellites.

A, spin system of the 2C isotopomer has become an ABX pattern in the

mono-13C labelled compound, where X is the !3C nucleus, and A and B are the

two vinyl protons, one on 13C and the other on 2C.

Spinning
side bands O OMe CgHz Oy CDClg
T 200 MHz
*Etljl OMe
*C Satelite ‘ 3¢ satelite 1/2,: OMe
| e i \ﬂ/ 07.8% of the molecules
/\|+ . O have '2C at both vinyl
“Jhn carbons
| n j‘ﬁ"“‘J s O
L-'\,-.:-l- '\,_._,
= H“ac)LOMe
1300 1200 1 15[] Tl
12
H/C\"(
8]
2.2% of the molecules have
2C at one of the vinyl
] carbons
rr e ey et e b et e b e e by b e e b e by e b et e e b ey by g 1y
& T 6 5 4 3 2 1 0

ppm

https://www.chem.wisc.edu/areas/reich/nmr/05-hmr-03-jcoupl.htm

Helena Gaspar
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13C Satellites

53 “a
BE 28
|| H H ||
cl° ~Cl
cl Cl

" = 1809 Hz

¥

I
-._.|_|_| = wdod HE

6.3 6.2 6.1 6.0 2.9 2.8 2.7
PR
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Coupling of 'H to 1°F

Natural abundance 100% 1=1/2

2T e STen ATy 4 =43Hz
O
2)= 48 Hz
b §
FCH CHs
50 4.5 4.0 35 30 25 2.0
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Coupling of 'H to D

Number spin states = 2 I'+1
I=1 (2H deuterium D), 3 spin states

Almost all deuterated solvents are not 100%

Signal Multiplicity= 2nI + 1

n =

0 1

| L d 4

2 1 23 2
L3 b 71T 6 31
4 41016 19 16 10 4 1

Signal Multiplicity

Multiplicity of residual protonated impurity
Solvent Impurity
Chloroform-d, CHCl, 7.26 n=0 singlet
Acetone-d, CD;COCHD, 2.05 n=2 pentet
DMSO-q, CD;SOCHD, 250 n=2 pentet
Methanol-d, CHD,OD 3.33 n=2 pentet

https://webspectra.chem.ucla.edu/NotesOnSolvents.html
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Chloroform-d CHC|3 Signal Multiplicity= 2nI + 1
n I=1
7.26 0 1
1 BRl
2 i 2.3 2 1 1.55 (H,0)
|
L | T T LI A S B B R N N L L LU I N A A B I B B B A
10 9 8 7 6 4 3 2 1 0
Methanol-d,
14 CHD,OD
3.31
[Frrrprrrv]
335 330 3.25
| L L L L B N N L L L L Y [ L Y L L L B N L L L (L R N N L B B B I AL B B B
10 9 8 7 6 5 4 3 2 1 0
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ppm

Acetone-d
cetone~dg CD,COCHD,
2.05
e 2.8 (H,0)
210 205 200 B
L e B e s B By L B B B T
10 9 8 7 6 5 4 3 2 0
Acetone-d, HOD Signal Multiplicity= 2nT + 1
HOH n I=1
/ 0 l
1 gnl
4 2 8 ks
285 280 278
. \ 205 2
| Fpm
s 8o 75 TO 65 &0 55 £0 45 +0 as 3o 25 20 15 10 os oo 05

HOH peak appears as a singlet at 2.82 ppm; HOD peak appears as a triplet at 2.78 ppm
Peak splitting is due to coupling from D nucleus with a coupling constant 2/, = 2.07 Hz

https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Aldrich/General_Information/double_water_peaks.pdf
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Interpretation of 'H NMR spectra
Chemical shift

(depends on the chemical surrounding) BrCH,CH,CH,

How many types of H are in the molecule
It's diaganostic of the chemical environment (shielding/deshilding)

Signal integration
(signal area is proportional to the number of
protons that give rise that signal )

How many H of each type are in the molecule

Signal multiplicity (spliting)

(splitting due to the surrounding nuclei)
What are the surronding nucleus - connectivity in the molecule

Line widths Allows to identify Labile proton
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IH NMR codeine (CDCl5, 400 MHZz)

313

04

.00 1.02 1.03

|
B ] 4 3 2 PPM
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