NMR Experiments for
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Introduction

Selecting experiments for assignment:

1. what type of information do you want?
. chemical shifts
. coupling constants
. correlations

2. what type of spectrum do you want?
. quick
. sensitive
. high-resolution
. information-rich

3. choose/maodify/invent an experiment



1. 1D Carbon NMR

. 1D carbon spectrum
. 1D carbon spectrum (proton decoupted)
. APT*
. DEPT*
2. 2D proton NMR
. COSsY
. DQF COSY¥
. long-range COSY
. TOCSY
3. 2D carbon NMR
. INADEQUATE
4. 2D proton-carbon NMR
. HMQC

. HMQC (proton-decoupled)
. multiplicity-edited HSQCG

o HMBC*
. HSQC
. HETCOR
5. Therest
. 1D analogues

. macromolecules, solids, multinuclear




1D Carbon NMR

1D spectrum
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reveals'3C chemical shift interaction
AND J., interactions (1-bond and multiple-bond)



1D Carbon NMR

1D spectrum

*high information content but low resolution antsé&vity
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sspectrum reproduced froModern NMR Spectroscoplyy Sanders and Hunter



1D Carbon NMR

proton-decoupled 1D spectrum

H decouple

reveals'3C chemical shift interaction
*J-y interactions are removed (decoupled)



1D Carbon NMR

proton-decoupled 1D spectrum

*high resolution and sensitivity but lower informegt content
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sspectrum reproduced froModern NMR Spectroscoplyy Sanders and Hunter



1D Carbon NMR
APT

*Use 1), interaction to change sign of peaks and providdipligity information.
Decouple 1), interaction during acquisition for high resolutiand sensitivity.

H decouple
”CJ I \ A fe
TR
C CH CH, CH,

APT negative positive negative positive




1D Carbon NMR
APT
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sspectrum reproduced froh®0 and more Basic NMR Experimeritg Braun, Kalinowski and Berger



1D Carbon NMR

DEPT
ealternative to APT
sbetter sensitivity than APT
*Quaternariesot visible
C CH CH, CH,
DEPT-90 absent +100% absent absent
DEPT-135 absent +70% —50% +35%




1D Carbon NMR
DEPT
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sspectra reproduced fro8tructure Elucidation by Modern NMR (workbodly Duddeck and Dietrich



1D Carbon NMR

Summary
1D spectrum 1D spectrum APT DEPT
(proton decoupled)
slow sensitivity *high sensitivity and slow sensitivity *high sensitivity
sinformation-rich resolution multiplicity multiplicity
ecrowded spectra | *low information content | information information
squaternaries *no quaternaries
visible




1D Carbon NMR

. 1D carbon spectrum

. 1D carbon spectrum (proton decoupted)
. APT*

. DEPT*

2D proton NMR

. COSsY

. DQF COSY¥

. long-range COSY

. TOCSY

2D carbon NMR

. INADEQUATE

2D proton-carbon NMR
. HMQC

. HMQC (proton-decoupled)
. multiplicity-edited HSQCG

o HMBC*

. HSQC

. HETCOR
The rest

. 1D analogues

. macromolecules, solids, multinuclear




2D Proton NMR
COSY

*UseJ,,, interaction to correlate protons connected by 2+l
sCorrelations represented bgoss peaks 2D spectrum

<4— diagonal peak

Hag 4G-fH---------- ¥9 <— cross peak

sspectrum reproduced froModern NMR Spectroscoplyy Sanders and Hunter



2D Proton NMR
DQF COSY

sImproved lineshapes and resolution
*Singlet (uncoupled) peaks suppressed
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sspectra reproduced froModern NMR Spectroscoplyy Sanders and Hunter



2D Proton NMR
long-range COSY

ecorrelations via small,, enhanced
e.g. allylic couplingW andpara coupling in aromatic rings
eshort-range correlations may be weakened
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sspectrum reproduced froh®0 and more Basic NMR Experimeritg Braun, Kalinowski and Berger



2D Proton NMR
long-range COSY

H,—H; para 5-bond correlation
5Jyn < 0.5 Hz

sspectrum reproduced froModern NMR Spectroscoplyy Sanders and Hunter



2D Proton NMR

COSY - inorganic example

«1IB—11B COSY spectrum of [AB¢H, ]  ion
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sspectrum reproduced froModern NMR Spectroscoplyy Sanders and Hunter



2D Proton NMR
TOCSY

scorrelations betweedll protons within spin system (not just those directiyipled)
suseful when key COSY cross-peaks are obscured
suseful for assigning resonances in side-chainsatkins

spin system

*COSY cross peaks: A—B , B—C
*TOCSY cross peaks: A—B , B—&hd A—C



2D Proton NMR
TOCSY

*TOCSY spectrum af-butyl
acetate

e e o
2 Spin systems v e s

_________

sspectrum reproduced froModern NMR Spectroscoplyy Sanders and Hunter



2D Proton NMR

Summary

COSY

DQF COSY

long-range COSY

TOCSY

*lH-1H through-bond
correlations

emostly 2-bond / 3-
bond correlations

sthebest standard COSY
experiment

*high resolution and
narrow lineshapes

singlet peaks suppresse

egood for obtaining
correlations whed, is
small

suseful for seeingpong

g ange correlations, e.qg.
4-bond allylic, and “W”
and “para” correlations in
aromatics

*shows correlations
betweerall protons
In same spin systemn

enarrow lineshapes




1D Carbon NMR

. 1D carbon spectrum

. 1D carbon spectrum (proton decoupted)
. APT*

. DEPT*

2D proton NMR

. COSsY

. DQF COSY¥

. long-range COSY

. TOCSY

2D carbon NMR

. INADEQUATE

2D proton-carbon NMR
. HMQC

. HMQC (proton-decoupled)
. multiplicity-edited HSQCG

o HMBC*

. HSQC

. HETCOR
The rest

. 1D analogues

. macromolecules, solids, multinuclear




2D Carbon NMR

*Use thel. interaction to correlate different carbon nuclei.

13 % 13¢

*A nice way to trace out the carbon skeleton obryanic molecule

o... but to do this you need pairs'8€ nuclei
...the chances of this are 1.294..1% = 0.0121 %
...sosengitivity islow!



2D Carbon NMR
INADEQUATE

*Usel].. interaction to correlate neighbouring carbons
*Useful when sensitivity is not an issue
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sspectrum reproduced froh®0 and more Basic NMR Experimeritg Braun, Kalinowski and Berger
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2D Carbon NMR
INADEQUATE
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figure reproduced frorBpin Choreographyby Ray Freeman



1D Carbon NMR

. 1D carbon spectrum

. 1D carbon spectrum (proton decoupted)
. APT*

. DEPT*

2D proton NMR

. COSsY

. DQF COSY¥

. long-range COSY

. TOCSY

2D carbon NMR

. INADEQUATE

2D proton-carbon NMR
. HMQC

. HMQC (proton-decoupled)
. multiplicity-edited HSQCG

o HMBC*

. HSQC

. HETCOR
The rest

. 1D analogues

. macromolecules, solids, multinuclear




2D Proton-Carbon NMR
options
*Use thel,. interaction to correlate proton and carbon shifts.

]_H % 13C

*Great variety of experiments
Do we want 1-bondJ(,- ~ 130 Hz) correlations or just multiple-bond coat&ns 0, ~
0-20 Hz) ?
*Detect on proton or carbon?
*Switch J,,¢ interaction off during acquisition for higher restbn?
sLeavel, interaction on during acquisition to retain infotroa?
*Do we need taneasure |- values or just see the correlations?
*Removel,,, interactions in spectrum?



2D Proton-Carbon NMR
HMQC

*Usel], . interaction to correlate protons with neighbouragbons
*Proton detection for high sensitivity
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sspectrum reproduced froh®0 and more Basic NMR Experimeritg Braun, Kalinowski and Berger



B
2N
w
If
-2
&
T ﬂﬁq‘ g

6 Sadd |
4 T3 :
£ - g i
T g
I‘ r I
: g --ig——---—- - 50
i % - 100
1 ] |
H Iug " .
2 ——j‘ " " : ; 9 '
i 'r‘ bor
3 ——*; : . Ei | a i ;;150
, g |
1 — f {
3 L { & Ko

*spectrum reproduced froff®0 and more Basic NMR Experimeridg Braun, Kalinowski and Berger



2D Proton-Carbon NMR
HMQC with decoupling

*Usel], . interaction to correlate protons with neighbouragbons...

»...but decoupletd,. interaction during acquisition for simpler spectrum
and enhanced sensitivity
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espectrum reproduced frof0 and more Basic NMR Experimeriig Braun, Kalinowski and Berger



2D Proton-Carbon NMR
multiplicity-edited HSQC
*HMQC-like spectrum

scontains multiplicity information
«20 minutes

C CH CH, CH,

me-HSQC absent positive negative positive

espectrum reproduced frof0 and more Basic NMR Experimeriig Braun, Kalinowski and Berger



2D proton-carbon NMR
multiplicity-edited HSQC
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2D proton-carbon NMR
HMBC

*Use?J, ., 3], etc. interaction to correlate protons with moreatis
carbons.

*Usually acquired without decoupling
sLow-pass filter to suppress one-bond correlations
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sspectrum reproduced froh®0 and more Basic NMR Experimeritg Braun, Kalinowski and Berger
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*spectrum reproduced froff®0 and more Basic NMR Experimeridg Braun, Kalinowski and Berger



2D Proton-Carbon NMR
HSQC

*Similar to HMQC

«J .., splitting absent iR3C dimension (useful if carbon spectrum is crowded)
spreferred technique in protein NMR
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sspectrum reproduced froh®0 and more Basic NMR Experimeritg Braun, Kalinowski and Berger



2D Proton-Carbon NMR
HETCOR

*Usel], . interaction to correlate protons with neighbour@agbons
sLess popular alternative to HMQC

«Carbon signal detected, which means sensitivitgush lower ...
o...but useful when high resolution is required¥@ dimension
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espectrum reproduced frof0 and more Basic NMR Experimeriig Braun, Kalinowski and Berger



2D Proton-Carbon NMR

HMQC — Iinorganic example

L «IH—57Fe correlation spectrum
(A * Vo(tH) ~ 300 MHz

o Vo(3"Fe) ~ 9.7 MHz
| >’Fe (Hz)
P — =70
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sspectrum reproduced froh®0 and more Basic NMR Experimeritg Braun, Kalinowski and Berger



2D Proton-Carbon NMR

Summary

HMQC

HMBC

me-HSQC

HSQC

HETCOR

«H-13C one-bond
correlations

estandard method for small—
medium size molecules

«1H-13C 2/3-bond
correlations

«H-13C one-bond
correlations

swith multiplicity
information

«IH-13C one-bond
correlations

*mainly used for
biomolecules

«H-13C one-bond
correlations

stypically lower
sensitivity than HMQC

*high resolution in3C
dimension




1D Carbon NMR

. 1D carbon spectrum

. 1D carbon spectrum (proton decoupted)
. APT*

. DEPT*

2D proton NMR

. COSsY

. DQF COSY¥

. long-range COSY

. TOCSY

2D carbon NMR

. INADEQUATE

2D proton-carbon NMR
. HMQC

. HMQC (proton-decoupled)
. multiplicity-edited HSQCG

o HMBC*

. HSQC

. HETCOR
The rest

. 1D analogues

. macromolecules, solids, multinuclear




Further experiments
1D Analogues

«Almost every 2D experiment has a “selective” 1[@lague, e.g. 1D COSY
sexperiment time can be much shorter than for 2D
*“target” multiplet must be resolved

target multiplet
coupled to target

1D COSY spectrum /

1D spectrum

sspectra reproduced frohttp://rmn.igfr.csic.es/guide/tutorials/specdatagspra/dis_selco.htmby Teodor Parella
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Further experiments

Macromolecules

»100s of experiments designed for assigning macilecutes, e.g. proteins,
carbohydrates

Solids

splenty of equivalent experiments for use on ssédples, seecture 4

Multinuclear NMR

sexperiments described can be used throughoutethedic table, not just
for carbon and proton




Conclusion

«1000’s of NMR experiments have been developed
sabout a dozen are really useful

sthe rest are occasionally useful...

o...andnearly all of them are available in the department!



Useful Reading

General and Organic:

*Modern NMR Spectroscofithe workbook is also useful), by J.K.M. Sanderd BrK. Hunter

*100 and more Basic NMR Experimeridg Braun, Kalinowski and Berger (a practical guidr Bruker users)
«Structure Elucidation by Modern NMR (workbodby Duddeck and Dietrich

*Spectroscopic Methods in Organic ChemidiyWilliams and Fleming

*Carbon-carbon and C—H NMR couplindps, James L. Marshall (coupling constants)

sthe literature, e.gVlagnetic Resonance in Chemistry

Inorganic:
*NMR Spectroscopy in Inorganic Chemistry (Oxford i@iséry Primer),by Jonathan A. Iggo
sseveral books in department library (look for “tmuiclear” in the title)

Proteins:

*Protein NMR Spectroscopy: Principles and PractimgCavanagh, Fairbrother, Palmer and Skelton

Introductory NMR theory:
*Understanding NMR spectroscqpy James Keeler
*Nuclear Magnetic Resonance (Oxford Chemistry Prypsr P.J. Hore
*NMR: The Toolkit (Oxford Chemistry Primeby P.J. Hore, Jonathan Jones and Stephen Wimperis



