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Historical development >

1937 Rabi predicted NMR 1946 Bloch, Purcell first NMIRF@
bulk sample

1953 Overhauser NOE (nuclear Overhauser effect)
1966 Ernst, Anderson Fourier transform NMR
1975 Jeener, Ernst 2D NMR

1985 Withrich first solution structure of a small protein (BPTI)
from NOE derived distance restraints

1987 3D 13C, 15N isotope labeling of recombinant prote
(resolution)NMR + v
1990 pulsed field gradients (artifact suppression) b ;)
1996/7 new long range structural parameters:

- residual dipolar couplings from partial alignment in liquid
crystalline media

- projection angle restraints from cross-correlated relaxation
TROSY (molecular weight > 100 kDa)
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1H H NMR spectra of water
(First NMR Spectra on Water,
1946)

- 1H (First Observation of the
~ Chemical Shift, 1951) H NMR
- spectra ethanol




Introduction

e NMR is the most powerful tool
available  for  organic  structure
determination.

e [t is used to study a wide variety of
nhuclei:

>1H
»13C
> 1N
% 19




Nuclear Spin

e A nucleus with an odd atomic
number or an odd mass
number has a nuclear spin.
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Introduction to NMR Spectroscoli D

e When a charged particle such as a proton spins on its aX|s |t ms_;
a magnetic field. Thus, the nucleus can be considered to be a tiny
bar magnet.

e Normally, these tiny bar magnets are randomly oriented in space.
However, in the presence of a magnetic field B, they are oriented
with or against this applied field. More nuclei are oriented with the
applied field because this arrangement is lower in energy.

e The energy difference between these two states is very small (<0.1

Cal)- o= With no external magnetic field... | In a magnetic field...
A spinning proton
creates a magnetic field. t ‘,' ' s \
‘ . [

A N ' . v | l % ¢ |

/ | '

B.
The nuclear magnets are The nuclear magnets are
randomly oriented. oriented with or against B..




B, By
Axis of precession \__4 é
1

Orbit of precession

Axis of nuclear spin;
spin +1/2

Electromagnetic radiation
of same frequency as
precession frequency

Absorption of energy;
the nuclear spin “flips”
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Two Energy States

The magnetic fields
of the spinning
. : B state —
nuclei will align
either with the
external field, or B, hv = AE
against the field.

A photon with the $ oL state —
right amount of
energy can be
absorbed and
cause the spinning 10

Arvr~tEzan =~ £l A



RESONANCE

Two spin states in the
magnetic field!

e Energy needed to
cause a transition
E=hn 5
e When the energy 0f
the photon matches
the energy difference
between the two spin Magnetic Field
states an absorption of

energy occurs

ergy
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R = "/,

« Resonance: In NMR spectroscopy, resonance is -
the absorption of electromagnetic radiation by a
precessing nucleus and the resulting “flip” of its
nuclear spin from a lower energy state to a higher
energy state

e The instrument used to detect this coupling of
precession frequency and electromagnetic
radiation records it as a signal.

signal: A recording in an NMR spectrum of a nuclea¥



AE and Magnet Strength | &=

e Energy difference is proportional to the
magnetic field strength.

e AE=hv=vyh B,
2T

e Gyromagnetic ratio, v, is a constant for
each nucleus (26,753 s''gauss for H).

* Ina 14,092 gauss field, a 60 MHz photon is
required to flip a proton.

e Low energy, radio frequency.
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Magnetic Shielding

e If all protons absorbed the same
amount of energy in a given
magnetic  field, not much
information could be obtained.

e But protons are surrounded by
electrons that shield them from
the external field.

e Circulating electrons create an



e |[n the vicinity of the nucleus, the magnetic field generé*t‘e' by
circulating electron decreases the external magnetic field that the

proton “feels”.

e Since the electron experiences a lower magnetic field strength, it
needs a lower frequency to achieve resonance. Lower frequency is
to the right in an NMR spectrum, toward a lower chemical shift, so

shielding shifts the abso

An isolated proton

>~

A

nucleus
B

The nucleus “feels™ B. only.

ptio

m eae= L1

A proton surrounded |
by electron density

- magnetic field induced
&Q _~ by the electron
B (opposite to B.)

The induced field decreases the strength
of the magnetic field “felt” by the nucleus.

B.

N This nucleus is shielded. | 15




Shielded Protons

Magnetic field strength must be

increased for a shielded proton to
flin at the same freaiiencv.

/
/
A S
S N

A ¥

" @ 60 MHz
"

absorbs

l’-.
1y

14.092.0 gauss

naked proton
absorbs at 14,092.0G

electrons
shielding

effective
field
14.091.7 ,

¥ :
#60MHZ

does not -
absorb

12
LX)

14,092.00 gauss

shielded proton
feels less than 14.092.0G

effective
field
14.092.0

( 2 60 MHz
.\, .

absorbs

B,

14.0923 SAauUss

stronger applied field
compensates for shielding
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Depending on their chemical
environment, protons in a molecule
are shielded by different amounts.
=

more shielded. s
( S H—C—O0;

absorb at a higher fielc X p
\- /\ \< H | less shielded,
H ﬁ |

absorbs at a lower fielc
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NMR Signals

e The number of signals shows how many
different kinds of protons are present.

e The location of the signals shows how
shielded or deshielded the proton is.

e The intensity of the signal shows the

number of protons of t
e Signal splitting shows t

nat type.

ne number of

protons on adjacent atoms.
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The NMR Spectrometer
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The sample is dissolved in )
solvent in a thin NMR tube,
and placed in a magnetic field.

superconducting
magnet

In the NMR probe, the sample is rotated
in a magnetic field and irradiated with a
short pulse of RF radiation.

NMR console

NMR spectrum

workstation
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less shielded more shielded
lower field (downfield) higher field (upfield)

I 1

increasing magnetic field strength (B,) ———
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Tetramethyl silane

e TMS is added to the sample.

e Since silicon is less
electronegative than carbo
TMS protons are highly Chs
shielded. Signal defined as
Zero.

e Organic protons absorb

downfield (to the left) of the s
TN ciaganAal

T
HsC—Si—CH;
V4



Chemical Shift

e Measured in parts per million.

e Ratio of shift downfield from
TMS (Hz) to total spectrometer
frequency (Hz).

e Same value for 60, 100, or 300

chemical shift __ observed chemical shift (in Hz) downfield from TMS

(in ppm on the § scale) v of the NMR spectrometer (in MHz)
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Delta Scale

shift downfield from TMS (in Hz)

chemical shift, ppm 6 = , ,
spectrometer frequency (in MHz)

I I I I I I I I I I I
600Hz 480Hz 360Hz 240Hz 120Hz 0 Hz

0 9 8 T 6 53 4 3 2 l 0
ppm o I TMS
60 MHz

I I | | l I I | I I I
3000 Hz 2400 Hz 1800Hz 1200Hz 600 Hz 0 Hz

10 9 8 7 6 5 - 3 2 I 0

ppm o f TMS

300 MHz




TH NMR—Position of Signals

a. Shielding effects b. Deshielding effects
¢ An electron shields the nucleus. * Decreased electron density deshields a nucleus.
* The absorption shifts upfield. * The absorption shifts downfield.

proton proton + electron CH;CI CH,

\a . / \ downfield /
upfield
-
R
A B A A
A Increasing chemical shift Increasing chemical shift

Increasing v Increasing v
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TH NMR—Position of Signals

A shielded nucleus A deshielded nucleus
The nucleus “feels” EE | The nucleus “eels”
~ a smaller resultant field. | 7 alarger resultant field.
¢ | 2largerinduced magnetic field < asmaller induced magnetic field

B, B, |
¢ As the electron density around the nucleus ¢ As the electron density around the

increases, the nucleus feels a smaller nucleus decreases, the nucleus feels a

resultant magnetic field, so a lower larger resultant magnetic field, so a higher

frequency is needed to achieve resonance. frequency is needed to achieve resonance.
¢ The absorption shifts upfield. * The absorption shifts downfield.
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Location of Signals|  «....

e More electronegative | i——
atoms deshield more

& &

and give larger shift D [P
values. -' | .
e Effect decreases with ;_:I '_ g~ o
distance. | |
e Additional I " o

—1L —L]

electronegative atoms |

L]
cause increase In



Typical o Values

Type of Proton Approximate & Type of Proton Approximates
alkane (—CH,) 0.9 >C=C< [ 7
CH
alkane (—CH,—) 1.3 :
Ph—H o4
alkane ('—CH—) 1.4 ?
- Ph—CH, 2.3
("> R—CHO 9-10
—= 21 R— COOH 10-12
—C=C—F 2
S S R—OH variable, about 2-5
B e Ar—OH variable, about 4—7
(X = halogen, O)
R—NH, variable, about 1.5-4

W e
/C_C\H

Note: These values are approximate, as all chemical shifts are affected by neighboring substituents. The
numbers given here assume that alkyl groups are the only other substituents present, A more complete

table of chemical shifts appears in Appendix 1.
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=N

Aromatic Protons o 7-8 X =—3

circulation
of electrons
(ring current)

¥ induced field
/ “b _ \ reinforces the
— - >—H external field

H
\ N[l (deshielding)

T AL, TI—

: induced
induced magnetic field
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Magnetic induction of the pi electrons in an -
aromatic ring

Induced Induced local magnetic field of
circulation of pi_ the circulating pi electrons
electrons in the reinforces the applied field and
aromatic ring provides part of the field
necessary to bring aromatic
= hydrogens into resonance

Applied field

31



Vinyl Protons, 0 5-6

/ /\ Binduced
' 'lll,’\\\\‘\

\

\

/

B \/B induced\-/

=N

| /

\ 112

W™ | g™

induced field
reinforces the
external field

(deshielding)
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carbon double bond

Induced circulation

of pi electrons in_ \ 4

Induced local magnetic
/ field of the pi electrons
reinforces the applied field
and provides part of the
field necessary to bring
a vinyl hydrogen into
resonance.

the alkene

Applied field, B,
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[
Acetylenic Protons, o0 2.5

B quceq Shields
the proton

Binduccd\ Ainduccd

B,
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Magnetic induction in the pi bonds of a carb
carbon triple bond N

Induced flow of Induced local magnetic
electrons in the pi /ﬁeld of the pi electrons
system of alkyne is against the applied field;
it requires a greater applied
field to bring an acetylenic
hydrogen into resonance.

Applied field, B,
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=N

Aldehydic Proton, 0 9-10 | = |

N

induced field
reinforces the

El¢ctronegative _. external field
OoxXygen atom (deshielding)

\—/8 i nduccd\/
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0O-H and N-H Signals

e Chemical shift depends on
concentration.

e Hydrogen bonding in concentrated
solutions deshield the protons, so
signal is around 03.5 for N-H and
04.5 for O-H.

e Proton exchanges between the
molecules broaden the peak. a7



H

10,00 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
o (ppm)
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Number of Signals

Equivalent hydrogens have the same

Hz
600 500 400 300 200 100 0

0 0
| I

SRR A P RN NI PP I R SR ] L SRR EH

~ |cH;—0—C—CH,—C—CH,

1 1 ¥ | | | 1 | 1 | 1
i I i | | 1 } | } 1 |
| | | 1 | | 1 | | | | 1 | 1 | | 1 | |
.................................... e e e e e
f 1 1 [} ¥ ¥ ) T ] ) 1 1 1 i 1 T 1 T ]
I 1 | { i 1 i 1 } | 1 | I | | 1} i |
1 | | | ¥ | 1 1 1 1 1 T | | | 1 1
I | 1 | 1 { | 1 | | I i | | | i I
{
i

Py rrrrer e Prrrrer rrrens Presi o B s Frafy vy el SRR Bevdrere o ey o AL ALy ey

| ECCLOTNCEONY, (SO LVAEY. JECCEOOCCLICT VROV AR

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
& (ppm) )



Intensity of Signals

e The area under each peak is

proportional to the number of protons

in that group.

'H NMR

4
—y-—

40

~ qHy ™
{A\ i : \llﬂ \ > :

Il (,Hf—'()'—c—(,l-l M ACeS
S | A7

| qH, /

i Ly -—.‘“‘,'f - e e

! | f spaces

1l | e -
10 ] 6 5 4 .
8 (ppm)




How Many Hydrogens?

w p
, o N s

When the molecular formula is known, each
integral rise can be assigned to a particular
number of hydrogens.

'HNMR -
.......... 111 U ('\Ilj‘ FHEERENNEAENG IR REEENE S Uit et ves it
g | .,
CH;—C—CH; —C—CH; || L HEARN I
I' { R0 |u
OH | . |
6 spaces _ /) _
| | . tothl B |
. * - l \
— b4 ] -—
i & (L51 FEHE] HER 11 i
| T i
10 9 S 7 6 5 4 3 2 | {)

& (ppm)
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Spin-Spin Splitting

e Nonequivalent protons on adjacent
carbons have magnetic fields that may
align with or oppose the external field.

e This magnetic coupling causes the proton
to absorb slightly downfield when the
external field is reinforced and slightly
upfield when the external field is opposed.

e All possibilities exist, so signal is split.

42



H - 'H Coupling

You'll notice in the spectra that we’ve seen that the signals don’t app'e"ar“és §ihgfé
lines, sometimes they appear as multiple lines. This is due to H - *H coupling (also
called spin-spin splitting or J-coupling). Here’s how it works: Imagine we have a
molecule which contains a proton (let’s call it H,) attached to a carbon, and that
this carbon is attached to another carbon which also contains a proton (let’s call it
Hp). It turns out that H, feels the presence of H;. Recall that these protons are tiny
little magnets, that can be oriented either with or against the magnetic field of the
NMR machine. When the field created by H; reinforces the magnetic field of the
NMR machine (B,) H, feels a slightly stronger field, but when the field created by
Hg opposes B, H, feels a slightly weaker field. So, we see two signals for H,

depg&ﬁjlggqg the.alighmentof-by;s iTheisameaigotrue for Hg, it can feel either a

slightiytistirem pt@lﬁe\lﬁe‘ai@r ie da@%@tt@ewd@‘?iﬁéi%nce So, rather than see a single
adds 0 overal [H (subtracts from the' o

Imef-@@@ag smﬂéﬁq@rot S, wm@entwgwlms éeach

comes at hlgher frequency) comes at lower frequency) ||'|A ||'|B
_C_C_
HA HB ] 1
Hp is split into two lines because Hg is split into two lines because
it feels the magnetic field of H g. it feels the magnetic field of H .
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'H - 1H Coupling | &5
What happens when there is more than one proton~
splitting a neighboring proton? We get more lines.

Consider the molecule below where we have two protons

on one carbonjand one proton on another.

. Note that the signal produced
by Ha + Ha'is twice the size
of that produced by Hg '\

" T
Ha+ Hp Hp Ha—=C—6C~
Ha and Ha: appear at the same Hg is split into three lines
chemical shift because they are because it feels the magnetic
in identical environments field of Hp and Ha:

They are also split into two lines
(called a doublet) because they

feel the magnetic field of H g.
44



Why are There Three Lines for HB’?_.,

= v,/

H; feels the splitting of both H, and H,. So, let’s |mag|ne
startmg with Hg as a single Ime, then let’s “turn on” the
coupling from H, and H, one at a time:

Hpg if uncoupled, H g would appear as a
singlet where the dashed line indicates
the chemical shift of the singlet.

: - Now, let's "turn on" Hg - Ha coupling. This splits
the single line into two lines

Now, let's "turnon" Hg - Hy coupling. This H.—C——C—
<~ splits each of the two new lines into two lines, A [ [
but notice how the two lines in the middle

overlap. Overall, we then have three lines.

Because the two lines in the middle overlap, that line is
twice as big as the lines on the outside. More neighboring
protons leads to more lines as shown on the next slide.*




Spin-Spin Splitting in *H NMR

Peaks are often split into multiple peaks due to magnetic Wl
interactions between nonequivalent protons on adjacent carbons,
The process is called spin-spin splitting

The splitting is into one more peak than the number of H’s on the
adjacent carbon(s), Thisis the “n+1 rule”

The relative intensities are in proportion of a binomial distribution
given by Pascal’s Triangle

The set of peaks is a multiplet (2 = ci xt, 3 = triplet, 4 = quartet,
5=pentet, G=hextet, 7=heptet;,gi+ .-

1 1< doublet -------- L ‘

1 2 1= triplet ----e-eomeeeeeeaees
1 3 3 1= quartet oo J.U.L '
1 4 6 4 1~ pentet ----coeoe

1510 10 5 1~ hextet
1615 20 15 6 1<——— heptetoooeeeeeeeee m 46



Rules for Spin-Spin Splitting /

e Equivalent protons do not split each other \ ‘ P
H H H o
/ \ /
Cl1—C—H Cl—C—C—Cl
\ / \
H H H
Three C—H protons are Four C-H protons are
chemically equivalent; chemically equivalent;
no splitting occurs. no splitting occurs.

§ 20 Torece, e Cow

e Protons that are farther than two carbon atoms
apart do not split each other

H H H H
\ / \ /
C—C— C—(C—C
/ \ / X
Splitting observed Splitting not usually observed

& 2004 Themrmontrockx Cowm

a7



\

\\ l/ -\
%!
3.

1H NMR—Spin-Spin Splitting / ¢~

e e ol

\ N
If H, and H, are not equivalent, splitting is observedw

'Tia fHa |
_ﬁ:_ = _?_ﬁ:_
Hp Hy H, Hp
H, and H, are on the same carbon. H, and H, are on adjacent carbons.

Splitting is not generally observed between protons
separated by énore than three o bonds.

||
o Co

CH, “CHCH, CH,Z 02 CHCH,
al Is; of o
|"|a HI:} Hg Hb
2-butanone ethyl methyl ether
H, and H,, are separated by four ¢ bonds. H, and Hy, are separated by four ¢ bonds.

no splitting between H; and Hy, | no splitting between H, and Hy, |
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1.1.2-Tribromoethane

Nonequivalent protons on adjacent carbons.

Hz
[ 800 1500 1200
| | |

Br Br

Lo

Br—C—C—H")
ro\ Lk
H: H”/

1 1 | 1 | ] i L 1 L 1 ] | 1 1 1 1 | 1 | 1
6.0 55 5.0 4.5 4.0 35
o (ppm)



e R i

Doublet: 1 Adjacent Proton |

“!-

o

chemical shift of HP

Br Br Br Br
Br—C Br—C
H*
® opposes(Y)

H? reinforces field

field
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chemical
shift of H®

or

. o A
spins of H® protons: ? ? ‘ |
H® protons *

reinforce field

HY protons

oppose field
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Range of Magnetic Coupling

e Equivalent protons do not split each
other.

e Protons bonded to the same carbon
will split each other only if they are
not equivalent.

e Protons on adjacent carbons normally
will couple.

e Protons separated by four or more
bonds will not couple. 2



Splitting for Ethyl Groups

[

H—

\

P i

D |

| /

g

i H H PEERET— s EnE
il T ;
~ [H CH, —CH; === ! _ 2
1 \ T i
T < 2
P | -
i H H -“::—_...,S:::«p— J
] Nq\'-\_
] D
KA ES T 2Hs
) 8 7 6 5 2 0
d (ppm)
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/—OI\

Splitting for Isopropyl Grou

0Kz SOH2 | | B OH: SOHz f
. d A | : .y !
Hoadd " 0 Wi - |
/CH — C—CHj3 6 S
ent i ColllL
4 B v |
3 | J k |
+ 0‘*++H’— “ "/ +"f‘f""‘""'f"
5 2.66 b § : L4 125 118
NG
7 6 5 4 3 2 | 0
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A molecule with a terminal alkene

W H HO, CHs >
X
H \
H
\Ho)é(
I HO,
H H | \)</
H HO »
[ _HTX
3 5 -y a 3350 2 e
A molecule with a nine line splitting pattermn
Me
OH
" Nine lines, you just can't
¢ see two of them because
Me)><OH they are so small.
H H Me




Coupling Constants

e Distance between the peaks of multiplet
e Measured in Hz

e Not dependent on strength of the
external field

e Multiplets with the same coupling
constants may come from adjacent
groups of protons that split each other.
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=
Values for Coupling Constantg@*;

Approx. J Approx. J
|| H
—C—C— (freerotation) 7 Hz" 8 Hz
- H
H (ortho)
N P g
/C=C\ (cis) 10 Hz H
H H
2 Hz
H 7 H
C=C (trans) |5 Hz
>4 b (meta)
H
NG
e Y /H N /C\
C=C (geminal) 2 Hz C=C H 6Hz
3 ~N i Ny
H H
(allylic)

“The value of 7Hz in an alkyl group is averaged for rapid rotation about the
carbon—carbon bond. If rotation is hindered by a ring or bulky groups, other

splitting constants may be observed. .



Complex Splitting

e Signals may be split by
adjacent protons, different
from each other, with .
different coupling ‘c=c’

\Hb
constants.

e Example: H? of styrene
which is split by an
adjacent H trans to it (J =
17 Hz) and an adjacent H -

rictrnan 1+ (1 — 11 W)




d 6.6
Jchemical shift of H*

J.=11Hzfo— fe——{J =11Hz
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Spectrum for Styrene ==

OHz slom‘ OHz SOHz prs—— Oz SOHz | T
| H H
I o) /
C=C
[ ] N\
5 Hh

...................

&-Q-}-Q-Q-Q—.-*«-}- o-o-o-'—#—t—&—.-*—‘— e

578 S8 it 5256 514




Stereochemical Nonequivalence setss

e Usually, two protons on the same C are
equivalent and do not split each other.

e [f the replacement of each of the protons
of a -CH, group with an imaginary “Z”
gives stereoisomers, then the protons are
non-equivalent and will split each other.
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Dependence of Time

b - T — == /
: \

e Molecules are tumbling relative to the
magnetic field, so NMR is an averaged
spectrum of all the orientations.

e Axial and equatorial protons on
cyclohexane interconvert so rapidly that
they give a single signal.

e Proton transfers for OH and NH may occur
so quickly that the proton is not split by
adjacent protons in the molecule.
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Hydroxyl Proton

e Ultrapure samples of ethanol show
splitting.

e Ethanol with a small amount of acidic

Hz o ol [] 1
Hz
300 Eflﬂfl lllfl{fll 0 I e S V 300 200 100 0
[ | [ [
f i
I_I
|
4/—/ ‘ HO— CH,— CH, J
HO—CH,—CH I
2 i .JHJ
.
cechrrdrrboas bedavn e biecbin b b ibvevd b b v crbv e rbieel e by by |||.|II pvi bbby i |!I||I
6.0 5.0 4.0 30 2.0 1.0 0 6.0 5.0 4.0 30 2.0 1.0 0

o (ppm) d (ppm) 64



N-H Proton

e Moderate rate of exchange.
e Peak may be broad.

| :
L L B H.N—C— O —CH, — CH, -Ll £

10 4 8 7 i 5 4 3 2z I i




ldentifying the O-H
or N-H Peak

Chemical shift will depend on concentration

and solvent.

To verify that a particular peak is due to O-H

or N-H, shake the sample with D,0

Deuterium will exchange with the O-H or N-H

protons.

On a second NMR spectrum the peak will be

absent, or much less intense.
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Fourier Transform NMR

e Nuclei in a magnetic field are given a
radio-frequency pulse close to their
resonance frequency.

e The nuclei absorb energy and precess
(spin) like little tops.

e A complex signal is produced, then
decays as the nuclei lose energy.

e Free induction decay is converted to
spectrum. .
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Acknowledgement to those all for the very good
Images
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