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General aspects of NMR-spectroscopy
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General aspects of NMR spectroscopy

Nuclear N\agnefic Resonance

NMR-spectroscopy observes the resonance interaction
of atomic nuclei with electromagnetic waves. The effect
is only detectable in a strong magnetic field. Every
atomic nucleus is observed separately and in addition
interactions between nuclei can be visualized. NMR
therefore corresponds well to the chemists view of a
molecule as atoms connected by bonds.
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Analytical method accompanying synthetic work
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Structure elucidation of natural compounds
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Basic principles of NMR-spectroscopy
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Basis of the effect of nuclear magnetic resonance is the
nuclear spin, that can be imagined as a mixture of
gyroscope and magnetic needle

>4+'=g
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A gyroscope has an angular momentum whose axis is stable
in three-dimensional space
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An alignment of the "magnetic needle” with an external
magnetic field is prevented by the properties of a
gyroscope, a precession begins
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Basic principles of NMR-spectroscopy

In case of the nuclear spin we

have a .quantum mechanic

gyroscope” and not all

orientations of the angular

momentum are allowed, in case of

high resolution NMR there are

only Two, hamed o and B state. Symbolic representation of

the two states of the spin
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The energy of the two possible states is not equal:
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Without an external magnetic field the spins
are dustributed in all directions
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When a magnetic field is present this leads to the
build-up of a magnetic moment due to an
orientation of the spin with a preferred direction
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Basic principles of NMR-spectroscopy

Net Magnetic
B Moment

P A ™ ¢ <o
ﬁ # 1""* Thermal

;' ; i “\ﬁ Equilibrium

The result is a Bolzman distribution and a net
magentic moment at thermal equilibrium, that,
however, does not give rise to a detectable signal
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Modern NMR experiments all use the ,,FT-principle” and
are based on the concept of . pulsed NMR". The reason
is the ease with that signal-to-noise can be improved

and the possibility of multidimensional NMR.

Hochfrequenz-Puls

FID FT
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Radio-
A frequency
Pulse

Net Magnetic

B Moment
A AN AT, The puls rotatestes
0 A Mo e every spin and thus the
1 i ﬁ Equilibrium het magneTlC moment
) A v intfo the x,y-plane

. : Peter Schmieder
F Basic concepts organics AG Solution NMR



18/93

The resulting magnetic moment points into the x.y
direction, no z-magnetisation is present.

Net Moment 1
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iy NMR Signal
X

After the pulse has stopped the magnetic moment
takes up its former precessional motion and induces
a current in the detection coil: the NMR signal !
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After digitisation an ,FID" is obtained...
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...That is converted into a spectrum by an FT
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Parameters in NMR-spectroscopy
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Chemical shift

Electrons around the nucleus shield it from the
external magnetic field, the more electrons the

weaker the field

B Beff = (1 - G) BO

AN
[\1 o=y(1-0)B,
\j 5= (0 = ) / ©g x 108
e electrons - (Gr'ef - G) x 106
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Each atom in the molecule gives rise to a resonance line
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The chemical shift depends on the chemical environment

N H . H
. H . F)O ],/,.,,,.,,,.,.,,.,.,,./.,,.,.,,.,./,.,./,.,./,,,

RN

etylenic

72 CH,
CH_:C

shielding —- ﬂ\ ™S

<— frequency —— 10 9 8 7 6 5 4 3 2 1 0

— magnetic field —

. : Peter Schmieder
F Basic concepts organics AG Solution NMR



An important factor
influencing the
chemical shift are
anisotropy effects,

that are created by
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Scalar or J-coupling

Electrons in the bonds between the nuclei mediate an

interaction, the scalar coupling

™ o
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Scalar coupling splits the signals according to the
number of neighboring nuclei

R,CH - CH,
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Coupling constants can either be homonuclear
(between like nuclei) or heteronuclear (between
different nuclei) and can either be direct (one-bond)
or long-range (multiple bonds)

2JHH 2JHC
ﬂ 1JHC BJHC
[ I [
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Direct couplings are usually one order of
maghitude larger than the so-called long-
range couplings

1Ty =276 Hz 1J,,,=125 .. 200 Hz 'Jpn=60..100 Hz

ZJHH:O..3OHZ ZJHC:O“ 20 Hz ZJHN:O.. 15 Hz
3\THH:O..20HZ 3JHC:O" 15 Hz 3JHN:O..8HZ
4JHH:O..3HZ 4JHC:O“2HZ 4JHN:O..1HZ
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Parameters in NMR-spectroscopy

Dipolar coupling

The nuclei interact directly through space via a

Yo &

dipol-dipol interaction

In solution NMR this

intferaction is averaged to zero

due to the fast isotropic

movement of the molecules
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But it does show up as NOE-Effect, that depends on
the distance between two nuclei

Since the intensity
drops quickly with
increasing distance the
effect can only be
observed up to 500 pm
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Multidimensional NMR-spectroscopy
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1D-NMR: 2D-NMR:
2 axis 3 axis
intensity vs. frequency  intensity vs. frequency (1)
vs. frequency (2)
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ID-NMR schematisch

Preparation

Detektion
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2D-NMR sequences contain two novel types
of time periods:
evolution time and mixing time

Preparation IEvoluTioI Mischung Detektion

(t) (t,)
evolution time: mixing ‘rime: |
a second frequency magnetisation is
dimension is created by transferred from spin to
indirect detection spin via intferactions

between spins
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Multidimensional NMR-spectroscopy

The two major advantages of multidimensional NMR are:
Improved resolution: Signals are spread over a surface
(2D) or in a three-dimensional space (3D, 4D)
Magnetization transfer: Signals result from the interaction
between nuclei. That can be interactions through bond (via
J-coupling) or through space (via NOE).

Taken together this eases the interpretation and the
assignment of the spectra considerably

. . Peter Schmieder
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Multidimensional NMR-spectroscopy

The indirect dimension is created by implementing an
evolution time in the pulse sequence that is
systematically increased during the NMR experiment

90, 90

Ilely kAt,

90, 90,

R A series of one-

jox » 20, at, dimensional experiments
I‘WNW" is thus created

90

%0, y
J kAt, I kAt,
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Each 1D differs from the previous one depending on
the evolution time

indirect detection (t;) direct detection (t,)
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A two-dimensional FID is thus created

Peter Schmieder
AG Solution NMR
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Multidimensional NMR-spectroscopy

The first FT yields an .interferogram”

Peter Schmieder
AG Solution NMR
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The second FT yields a 2D Spektrum

10 kHz

Peter Schmieder
AG Solution NMR
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-800

-400

~ For analysis of the
T data the spectra are

~  conhverted in contour
S plots
o
B
800 400 0 -400  -800
DI (Hz)
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More importantly the mixing time results in a

transfer of magnetization from one nucleus to

another, in most cases scalar coupling is used,
sometimes also the NOE-effect

2 ?J
JHH HC
m 1JHC BJHC
I I I
C C

H
[
[
H

L S T

OO wm T
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homonuclear spectra

Transfer of magnetization takes Transfer
place between like nuclei. Both axis H H
exhibit the chemical shift of the : °
same type of nucleus. If a transfer
has taken place, the signal has
different frequencies in the two
dimensions:

If no transfer has taken place, the '51 5,
shifts are the same in both

dimensions: diagonal signal
diagonal signal
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COSY and DQF-COSY accomplish a transfer via scalar
coupling, usually via not more then three bonds

COSY DQF-COSY

00
00
00
0o 9°
00

00
00

00 00
o0 00

. : Peter Schmieder
F Basic concepts organics AG Solution NMR



A problem can be created by overlap....

..but can be resolved
by another 2D
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A TOCSY also accomplishes a transfer via scalar coupling,
but via more then three bonds. But if there is no coupling
there is no transfer (e.g. via quarternary carbons)

short mixing time long mixing time
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A TOCSY can resolve overlap and does still work when
molecules get bigger

TOCSY
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Besides the transfer via scalar coupling there is the
possibility to transfer via the NOE-effect, i.e. viaa
distance dependent interaction through space

NOESY (o, > 1) NOESY (or, < 1)
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There is a problem with the NOE for a certain
combination of size and solvent viscosity

0 The theoretical
O
§ 1 _— intensity of the NOE
= ,
5 Is zero at o7, =0
>
+
m '
: H
D
< 5
H | | ] |
log(wr,)
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This problem can be solved by using the ROE, i.e.
the rotating-frame NOE in a slightly modified
experiment called the ROESY

ROESY

______________________________________________________________________________________

______________________________________________________________________________________

______________________________________________________________________________________

Intensitiy of the ROE

log(wr,)

Peter Schmieder
AG Solution NMR

3

Basic concepts organics

52/93



53/93

Multidimensional NMR-spectroscopy

heteronuclear spectra

Transfer of magnetization —Tansfer
takes place between nuclei of H X
different types. The two axis
show the chemical shift of the _
respective type of nucleus. If a Ocz

transfer has taken place, a

signal appears at the Oc3
intersection of the two
frequencies, without a transfer
there is no signal.

. . Peter Schmieder
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HMQC = Heteronuclear MultipleQuantum Correlation

O

s

O A signal indicates a
direct bond between
the proton and the
heteronucleus
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HMEBC = Heteronuclear MultipleBond Correlation

A signal indicates a correlation via two, three or four
bonds between the proton and the heteronucleus.

HMQC
Transfer via 1T
o
o
o
o
8H +—

Ox

HMBC

Transfer via "Jx

O

00 O

OO = via IJHX

O
Q0

0 Q0

O
00

44—

OH
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A first example:

An ,unknown" compound
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C1H,0, i.e. 6 double bond equivalents
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First we use all “ “ l l
information we can get ,—~‘~” , ‘
from the 1Ds ?

T T 1
6 5 4 3 2 ppm

A quartet and a triplet

with an intensity ratio Y i
of 2:3, that sounds /
familiar ? i h
4.0 35 3.0 25 2.0 15  ppm

E] | {
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That leaves us 7 protons which we find in the other
region of the spectrum

|

T T T
T 6 5

“ “w JL

splitting = 16.1 Hz

/

o

.4 6. 2 ppm

T
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In the carbon 1D we find 9
signals instead of 11

T T T T T T T 1
145 140 135 130 125 120 115  ppm

DMSO \

I | ' I | | ' ' ) ' )
160 140 120 100 80 60 40 ppm
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The first 2D we look at is the DQF-COSY

I ppm
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The region of the aromatic/olefinic
protons is more interesting
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Maybe the TOCSY helps ?
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But that looks identical to the DQF-COSY

E




The resolve the

discrepancies we

have to look into
heteronuclear data.

I | | | | | - [ PPM
CHMQC — [ T T .
- ____ bound to oxygen? |
__I_‘_T‘_\__| I "5:
I O I S R R
— -4+ - =4+ —|— —
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L L e
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— | T T 1 1T T _'.150
B Y R
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Comparing 1D and HMQC shows the quartenary carbons.
The upfield part of the HMQC looks o.k., what about the
aromatic/olefinic region ?

these could be 5 |

/

I : I = I i I : I

| ; l : | ' '
160 140 120 100 80 60 40 ppm
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The pattern resembles an aromatic ring with 5
proton-attached carbons
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An ,unknown" compound

So what do we have up to now ?
We have three spin-systems isolated from each other.
One is an ethyl group attached to oxygen, one seems to
be a trans-double bond and the last an aromatic ring

with 6 carbons.

Since we have 6 double bond equivalents the oxygen
most likely belongs to an carboxyl group.

. . Peter Schmieder
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The final answer is in the HMBC
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Now we look at the "crowded"” region

Here it helps to assume

that 3J.correlahons are :— j —:— :— — —: "
more intense than 2J e g
and 4J I T T T B )
The olefinic protons | :—IEE:— i _: LI
show correlations to PRI i - st SRR - SR O
the other olefinic I A T O T A O i
carbon but different | ']:';L R
pattern for the other T | : :_ T |

correlations
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Now we look at the "crowded"” region

R R N
. 4 T
In ‘rh.e aromatic rings SR Sl
things are more I Y R S B B o
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— T QO * e e T 7 T [ 7 130
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In the end we put the pieces together

to be revealed in the lecture.....
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A second example:

Privudin

. . Peter Schmieder
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the molecule

C11H13N203 Br'

Desoxythymidin
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1D-H
1D-13C
DEPT
DQF-COSY
TOCSY
BC-HMQC
3C-HMBC
BN-HMQC
N-HMBC

Application to privudin

the NMR experiments

1 min
1 h
10 min
90 min
20 min
10 min
50 min
3h
35h
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1D-IH-NMR-spectrum

HN 4i I
o%& *H

Ny

C,;HsN,O4Br >>//H/D
H/D
/

DMSO
¥
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1D-13C-NMR-spectrum

40.0 39.5 39.0 ppm

J l J . Jw - ,,WW-A\J -
1'I70 lflio 1£|50 11|10 1éo 150 1:;.0 1(|)0 9|0 8|0 7|0 6|0 5|0 4|0 3|0 ppmI
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DEPT-spectrum

\
|

N\
|

Jn

b ad vort oyl gy
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40 30 ppm

78/93

rVP

Basic concepts organics

Peter Schmieder
AG Solution NMR



@
00

@

6o
0o

10-
11

12

« Zuckerbereich.:

DQF-COSY

Correlation of
frequencies via 'H-1H
scalar couplings, only

two or three-bond
couplings give
crosspeaks
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il T omso DQF-COSY

2.0+

2.5 Hzo L]

o / HO

4.0+

4.5+

5.0 :
& %

5.5 3'OH

6.0+

T — S E——
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm
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R 3 4 5DMSO 2 TO.C.SY .

*1 e : > \ & (short mixing time)
H,0 5
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50 8" . '® . Correlation of

. 3.:’: frequencies via 'H-1H

scalar couplings,
ol o . o several transfersteps
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ol 3 4 5DMSQ 2 TQC,SY ,
°1 o : o o \ & (long mixing time)
2.5 H,0 0
4

3.5+ ° a os

. 09 6o 00 0
| o 0 0 oo 0
s o y O , {o . Correlation of
. oM frequencies via 'H-1H

scalar couplings,

ol . 0 . o several transfersteps

are possible

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm
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BC-HMQC
ppm
30
107 ZuckerbereicH;
50
60 - - K
3I
70 *
80 ].l
[ J \
s0. +4
100+
110 °
120 Correlation of
130- . frequencies via H-13C
1404 * scalar couplings, only
150- directly bound nuclei
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3C-HMBC

ppm
30

404

50

60
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1104
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!
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Zuckerbereich

Correlation of frequencies
via 1H-13C scalar couplings,
correlations via up to four
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gives a doublett
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Application to privudin

Assignment
'H [ppm] | °C [ppm] | N [ppm] BC[ppm] | BClppm] | N [ppm]
predicted dT dT
1 6,16 84,5 - 1 778 +82 85,1 -
2' 2,17 39,8 - 2' 399+51 40,4 -
3 427 69,9 - 3' 68,7 + 1,6 71,7 =
4' 3,79 87,5 - 4' 748+92 88,4 -
5' 3,62 61 - 5' 63,8 +0,3 62,4 -
1 - - 149,7 1 - - 142,7
2 - 149,2 - 2 156,8 + 10,6 151,6 -
3 11,92 - 157,7 3 - - 153,5
4 - 161,6 - 4 1357+69 | 1373 -
5 - 109,7 - 5 1175+31 | 1105 ) -
6 8,09 139.4 _ 6 1357114 | 1649 -
7 6,87 129,9 - 7 1326+ 6,9 - -
8 7,25 106,5 " 8 89,4 + 15,8 - -
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That's it

www.fmp-berlin.de/schmieder/teaching/selenko_seminars.htm

. . Peter Schmieder
E Basic concepts organics AG Solution NMR



