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Introduction

NOKE : Nuclear Overhauser Effect

Because NOE can reveal 1H spins that are in proximity in 3D space, it is often used

to assist research on the stereochemistry of organic compounds
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This is a lecture on NOE as applied in small organic compounds
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NOE as mentioned in a textbook ..

When a spin is saturated with a Radiofrequency pulse, the signal of that spin and the
signal of the spins in spacial proximity to it , all change intensity. This NMR
phenomenon is called NOE.

spin (also known as cross-saturation)

........

NOE is a relaxation phenomenon caused by dipole-

dipole interactions

NOE

r N4
(r: spin-spin distance) For r < 6A

NOE can be observed

NOE[]r—6

NOE depends on the spin-spin distance and the tumbling of the

molecule
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The Difference NOE experiment

When a spin is saturated with a Radiofrequency pulse, the signal of that spin and the
signal of the spins in spacial proximity to it , all change intensity. This NMR

phenomenon is called NOE.

(A) With Saturation

{ NoE HI ... HS
(A)—(B)

difference

spectrum

HI HS IFDNOE

(B) Without Saturation

Dipolar interaction

Only the saturated and the nearby signals are

observed in the spectrum

HI'  HS

The experiment records Steady state NOE
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The Difference NOE experiment

Determination of double-bond stereoisomers
(cis, trans isomerism)

Irradiation

Ethyl crotonate
D C B A

E
CH3'CH2'O‘E‘CH=CH-CH3 (MW 114.14)
O

NOE observation after irradiation of CH3 (A)

N /” N S
/TN /TN

cis trans



The Difference NOE experiment

Irradiation
1H NMR E
D A
E D C B A
CH,-CH,-O-C-CH=CH-CH,
B C T
O
LA | L
7.0 6.0 5.0 4.0 3.0 2.0 1.0 (10 mg/0.55 mL CDCI3 )
ppm
Difference NOE spectrum
B C
400 MHz
> - v *v" f Saturation time 40sec
v T DA S S S o S S S S S S S S S S S A S S S Sn S S Sn e S o o o Scans 16
7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm



The Difference NOE experiment

Determination of double-bond stereoisomers
(cis, trans isomerism)

Irradiation

D C B A

E
CH3'CH2'O'E‘CH=CH'CH3 (MW  114.14)
0

Irradiation of CH3(A)= Observation of positive NOE on B and C

H3C\/O \ CHs
|-|\ i /H W
a \CH °
3

cis trans

Unfortunately, for the majority of cases ..



Troubleshooting with NOE

I cannot observe NOE!!

Check longitudinal relaxation (T1) !

In difference NOE: ser saturation time at 5 x T1

In NOESY: set mixing time at about 7'1

I\

Why relaxation time? ?

NOE is a relaxation phenomenon caused by dipole-dipol @
-
interactions



The Origin of NOE

NOE is a relaxation phenomenon caused by dipole-dipole interaction

I=1/2

‘1H ‘l‘H‘l‘t‘l_ excitation W
E‘D
|||||||| relaxat10n|||||||

Thermal Saturation
equilibrium state
2 proximal spins
J Driving
force
........ { R 1 of
relaxation

In solution dipolar interaction is the main relaxation mechanism
Important for NOE
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The NOE Effect

In the case of steady-state NOE:

Upon irradiation of signal S, the relative intensity increase
for signal I due to NOE is HI ... HS

n, 45 }=0.5

The maximum achievable

increase is 50% — Increase of signal Dipole-dipole

‘ ' . interaction
intensity 1.5 times (for fast tumbling molecule)

This is valid for the case we consider only two spins within the

= Be careful!! " molecule (2 spin system)..

In reality, additional relaxation pathways exist that cannot be ignored



Intramolecular interactions

The NOE Effect

In the case of steady-state NOE:

Upon irradiation of signal S, the relative intensity increase
for signal I due to NOE is HI ... HS

n, 45 }=0.5

The maximum achievable

increase is 50% — Increase of signal Dipole-dipole

‘ ' . interaction
intensity 1.5 times (for fast tumbling molecule)

Additional relaxation pathways

Intermolecular

(multi-spin system) ' ‘nteractions / diminished NOE!
So 1n reality..
The maximum theoretical value 50% becomes 0~25%

17



Experimental methods for the Observation of NOE

Type of NOE Method
steady state NOE Difference NOE

....... 2D NOESY
transient NOE 1D NOESY

(DPFGSE-NOE)

NOESY: Nuclear Overhauser Effect SpectroscopY

In difference NOEK: set saturation time at 5 x T1

In NOESY: set mixing time at about 71



The Difference NOE Experiment
(steady state NOE)

Upon selective saturation of a 1H signal, the system relaxes to a new equilibrium

state. The obtained spectrum in Difference NOE experiment reflects this new
equilibrium state (steady state)

N scan N+1 scan
90° 90°
1
H
i 4 BB & W BB &
H i H gt H gt
Irradiation ON Irradiation OFF
Irradiation time is the most The Difference NOE plll se

important parameter
portafit paramete sequence
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NOE Effect in Difference NOE Experiment

steady state NOE
Upon selective saturation of a 1H signal, the system relaxes to a new equilibrium

state. The obtained spectrum in Difference NOE experiment reflects this new
equilibrium state (steady state)

4
N
@)
E
1 N
: =
BZ B~
1H irr. 1H fesd 8
-
Irradiation time 1 > 3 4 K 6

Irradiation time/ 71
In Difference NOK: set saturation time at 5 x T1

— allow for relaxation via dipolar interactions to complete



NOE Effect in Difference NOE ExBeriment

steady state NOE Irradiation
Intensity change of C upon irradiation of A

E D C B A
CH3-CH2-O-ﬁ-CH=CH-CH3
@)
T1 (s)
A 3.2
"""""" e gs9
................................... D 4.5
10 20 30 40 50 E 3.8

Saturation time (s ) ) . .
(s) Estimate necessary irradiatioi

from T1
5.2x5=26 (s)

In difference NOK: set saturation time at 5 x T1

— allow for relaxation via dipolar interactions to complete
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Signal Intensity in 2D NOESY

transient NOE

RF pulses cause perturbation. The 2D NOESY spectrum captures the NOE that
develops during the subsequent mixing time

4

NOE
effect

0.871

2D NOESY pulse sequence >

In NOESY: set mixing time at about 71



1D NOESY

transient NOE

In 1D NOESY, a 1H signal is selectively perturbed and therefore the detected

NOEs concerned only this particular signal
90[1] 90[] 90|:|

Selective excitation
: J NN [ |
H \ mmE )

ool ”nunu

1D NOESY pulse sequence

NOE

HI HS

set mixing time at about 71



Signal Intensity in 1D NOESY

transient NOE

Selective excitation
intensity change of B upon irradiation of A :

E D C B A
CH3'CH2'O'ﬁ'CH=CH'CH3

O

71 (s)

| E >
| 5.2

o i i W S — - D 4.5

E 3.8

05 20 4.0 6.0 10.0 Estimate necessary irradiation
(s) time from T1

Mixing time Tm
5.9%x0.8=4.7 (s)



1D NOESY

E Selective excitatim.l

A : :

(A) b A _ _
E D C B A

l CH;-CH,-0-C-CH=CH-CH;

80 70 60 50 40 30 20 1.0 ppm

selective excitation of

o)
o, o )
..._.L._.L_.._.....__._..Y_.......... H\_/

80 70 60 50 40 30 20 1.0 ppm / \

selective excitation
A
of C

(©) “read * the spectrum as
""-*u’“‘;'\ ,,,’, ————— you read the Difference
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 NOE

. . . . . . . 0 ppm

1D NOESY spectrum

~N



2D NOESY

It reveals all the NOEs in the

molecule
D C B A
l
------------------------ AT
IH /“/}/ ' -
e A B
) p /S \
b d o C
1 4 D
IH (ppm)
® Diagonal @ Cross
peak peak




2D NOESY

E D C B A
CH;-CH,-O-C-CH=CH-CH;

D AE o)
A
N S Ethyl crotonate
£
"o : E
o . H —A A
o~ \ E
3. + L] —_— D x
& 80 70 60 50 40 30 20 10 [)
ppm
g_ o ' [ C B C
1. SR B
°" W(
©
2 . . - - - - - v 80 70 60 50 40 30 20 10 [}
80 70 60 50 40 3.0 20 Loppn? ppm

~Ny

Observation of NOE for the A--B, and A--C pairs
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Pick up the right NOE experiment

e Observation of all the
NOEs in the molecule

e Assignment not established

2D NOESY

~

® Observation of NOEs for a
particular 1H
1D NOESY
Difference NOE

Which one?




Points that warrant your attention

l

| Caveats with sample prepar:

Dealing with existed NOEs {

ation

that are not observed




Caveats in sample preparation

Intermolecular

(@ Concentration relaxation

avoid extremely high concentrations

(2 paramagnetic material

dissolved oxygen, metal ions

Paramagnet _..-induced
relaxation

weakened NOE effect

A simple and effective way to remove dissolved oxygen is to
inject N2 or Argon gas into the sample through a capillary
(degassing)
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Points that warrant your attention

I see no NOE..

NN
-
>,
S
[—

Parameters Setup: OK
Sample preparation: OK
But still..

A crucial point in NOE..

Is the relationship between dipolar interactions and
molecular tumbling

- —

NOE effect dependmsyon molecular tumbling



NOE intensity and molecular tumbling

7¢ = correlation time

0.5
WT:<<1 [] = Larmor frequency
N max
w l- I = 1 w Z' ¢
0 , ,\ | . |
. 0.1 1 10 100 : 1000
- ot Molecular S OW’
-05- Small compound tumbling Large compound
WwTe>>1

~N~

Relation between NOE effect
® and the product o zc



NOE intensity and molecular motions

7¢ = correlation time

0.5
WT:<<1 [/ = Larmor frequency
N max
(U l- I = 1 w z' ¢
0 I /r\ I I l
fast 0.1 1 10 100 : 1000
4 slow
< MoleC}llar )
-05- Small compound tumbling Large compound
WwTe>>1
-1

Relation between NOE effect
and the product o zc
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So..in case you cannot observe NOE

..despite optimal sample preparation and correct setup of
experimental parameters

(D change molecular motions ( zc )

’ Temperature, solvent (viscosity)

(@ change larmor frequency ()

© Measurement with a different magnet

(@ change experiment
~ ROESY




N

Change molecular motions (temperature)

1H

(f) b wmccC \ |

(e) ;‘L _ 120°C__ | Ez

@ e :

A

(b), 30 °C

_l[ Pha . Phe H,
Phe NH ..

(a) Om NH;
Phe OmLeul Val, Pro
90 a0 70

T
60

T 12 Y
S0 40 30
oom

1D NOESY spectrum (400MHz)

Gramicidin S
(MW =1141)
12mg / 0.6ml DMSO-d6
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Change larmor frequency

0.5 9

N max

Small compound

Large compound
10-8 10-7

T ¢ ()

For small compounds,
the stronger the magnet
the weaker the positive
NOE

10-11 10:10

920
700

€00

500
400

90 MHz

300 MHz

21

NOE effect as a function of zc and
magnetic field




Change larmor frequency

0.5

hma

300 MHz

- 0.5 -

NOE effect as a function of zc and
magnetic field




Try ROESY

Rotating frame nuclear Overhauser Effect SpectroscopY

Fhe
0 T R
" £ val
(c) 1D ROESY 90 °C Leu H. o ‘nf|"|lnL y
rhe NH PheH.  PheH; Pro | JN RN -
\[' —r v o" FT" u ;-) 'v :u{. T ‘ ) Pro
| I 1 N | " a
val. @ o ® >
(b) 1D NOESY  90°C hl >
-—nt S s e oo - \ .
n
r =
(a) 'H-NMR 90 °C . 4 -.
l | NOE ."._ 1'1: Is
B R

Y NOE observed in ROESY is called
ROE
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Points that warrant your attention

last but not least.....

NOKE is not easy at

*l Small compounds can produce negative
NOE?!

1 So close in space and they don’t give NOE..?!

all! | p



Q.

Small compounds can produce negative NOE?!

A. Itis known as Indirect NOE (three spin effect) and it is
observed when protons in a small compound display a

pai
Positivé¢ NOE
Selective )
excitation | HB HA
Selective excitation
HA HB HC HC o
3 1H’s almost on a straight line 1D NOESY cartoon
Three spin effect




Q.

Small compounds can produce negative NOE?!

1
8
5
6 3
DMS O
(a) 4 N\ _J\ .
PR PR PR REEEEEEEE FEEEEENA FEEER SRR
S S ~ Indirect NOE for proton at A
= position 6
. 6 11
R Te " 50 « 2 R T,
1D NOESY 4-methyl umbelliferone (10 mg /0.6 ml DMSO-d6, 400 MHz)
(a) Proton spectrum(b) 1D NOESY spectrum with selective excitation of 11-proton)

~N L
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Q. So close in space but they don’t give NOE..?!

A. When three nearby protons take a particular configuration,
then it is possible that you cannot observe NOE (triangle
problem?)

HB

HA HC

HA —— HB —— HC



Q. So close in space and they don’t give NOE..?!

HB
Positive rAB
NOE
rAC
HA
- Positive
NOE

Selective excitation

20

HC HB
HA
Selective excitation
1D NOESY;cartoon
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: ’t i 21

HB Indirect NOE HB
\. | rB(negatlve NOE) HA
Positive rAB C Selective excitation
NOE S HC =
“ b i —
HA rAC HC
Positive
NOE ~
Selective exgitation
FAB: rBC : rAC=1:1:1.26 ID NOESY cartoon

Sometimes despite the obvious proximity NOE, is not observed

20



Summary

1. On the experiment..

NOE is a relaxation phenomenon caused by dipolar

interactions
In NOE experiment it is important that you can manipulate this dipolar
interaction to your benefit

Setup parameters according to 71

In difference NOEK: set saturation time at 5 x T1
In NOESY: set mixing time at about 71

2. On the results

Observation of NOE indicates proximity in space but the
opposite is not always true. Non observation of NOE
does not necessarily mean that spins are far apart
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Q. How I can estimate 71 ? .. a simple method

relaxation/double pulse.jxp

i [ wa Inversion Recovery

o o

X
Changes in magnetization during the pulse sequence
M([) .
------------------ Mx)=M Il- 2cxp(——]
. (1

11

~[/null [] 144

An estimate of T'1

M([)) signal intensity as a function of [/
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Q. How I can estimate 71 ? .. a simple method

4-methyl umbelliferone

CH;

sl

HS5 s H3

7 O/ B/ - S R/ - SR/ 2 B/ - 1! 7 69 68 67 66 65 64 63 62 6.1 6 5.9 ppm
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Q. How I can estimate 71 ? .. a simple method

M(r)=M0{1-2exp(-TF)}

M) =

-1.0
1

T R D
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10



AA

Q. How I can estimate 71 ? .. a simple method

relaxation/double pulse.jxp

B V- B SLRY—=T VR

m O mosstowie.jeol.co,jp

@ @ 21—+ —: Asakura ‘7‘/]71:;: - A
— — > job: -
7 —+—: Asakura Z e o
i HRIE: Idle
o < WA - Current tuning information for Probe is missing or
Job 2 BOEM: - incomplete.
i N = g e e e e N
JobUA R [ wEP/LZ | [ i ® O @ FE: tau_interval X2
¥ test (1) 0:04 |4 | |ltest |DMSO-D6 ‘
¥ Experiment 1 EhE, PLAhE
double_pulse 0:04 —
J () None | (JUzKk

)

11l

tau_interval
relaxation_delay
repetition_time
dante_presat
presat_time

dante_pulse

(]

nstrument

O 1qU=PPLA

Y () ®r7L1 ‘
BETLA

L —

) w#7Lr

HEAE '10[5]

(4)

®TE '0.1[5]

[

T—Im Ia I

[7[51

vooouuL @
o N =@ » N

m

9.73215[s]

)

[9691s], 0.37276ls], 0.19307s], 0.115}} |

[ am

7[s] [relaxa(ion_delay

[Zlus]

E____i

][ Frotll ]/A

|
©

@ @ 7-sonmms

Lo—1\A > 50

EEE o) |

& Lock: 156 |

BRI 25.1[dC)

SAEQueue: 0 /J

(Delta V5.0)

Soliitione for Innovation » 101 ﬁ



Ne

Q. How I can estimate 71 ? .. a simple method

Curve Analysis Tool (Delta Ver. 5.0)

Curve Analysis

File Options

SEcICD)

Mode: [Nonlinearlnversion Recovery k]

[ Auo |

0.2 04 06 0.8

v
I
=
5
°
=
=l
a
©

R

8.076 —!
8.055

: parts per Million : Proton

abundance

Cpereapees

1.0 20 3.0 40 50 6.0 7.0 80 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20

X : seconds

f(inf) =

A
=

«[C

Expression:

f(t) = f(inf) - (1 - HO - exp(-t / T1))
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Thank You!
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