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Introduction Setting the scene

What is pure shift NMR?

Conventional 'H spectrum
v Chemical shifts (5y)

J m I ”’1 ‘II 1“ ||I || h u M v Homonuclear couplings (Jyy)
g 7 6

! ! | I !

5 4 3 2 1 v' Heteronuclear couplings (Jyx)

Ideal 'H pure shift spectrum

x Homonuclear couplings (Jyy)

x Heteronuclear couplings (Jyx)

H H IH ‘H ‘ v' Chemical shifts (dy)
5 4 3 2

'H chemical shift / ppm

A pure shift spectrum is one in which peak positions are determined
solely by chemical shifts



Introduction Setting the scene

Why is pure shift NMR useful?

Conventional 'H spectrum
@ Signal overlap

J m BE MMM = Poor spectal resolution
8 7 6

5 4 3 2 1 @ Challenging spectral analysis

Ideal 'H pure shift spectrum

@ Reduced spectral complexity
H H IH m ‘ @ Enhanced signal resolution
5 4 3 2

@ Easier spectral analysis

'H chemical shift / ppm

Spectral simplification



Introduction Setting the scene

How could we get a “perfect” pure shift spectrum?

'H chemical shift / ppm




Introduction Setting the scene

How do we get a conventional NMR spectrum?

Evolution during FID

90°

Oy Jux  Jum

'H NMR 'H

experiment v v v

01 02 03 04 05 s
'H NMR lFT
spectrum
g 7 6 5 4 3 2 :

'H chemical shift / ppm

v Chemical shifts (5y)

v Homonuclear couplings (Jyy)

v" Heteronuclear couplings (Jyx)



Introduction

Setting the scene
How do we get heteronuclear decoupled NMR spectrum?

TH{"X} NMR
experiment
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Introduction

Setting the scene
How do we get heteronuclear decoupled NMR spectrum?

Evolution during FID
Oy Jux  Jum
IH{nX! NMR
experiment

v x v

Hard 180° »X pulse ~ 20 us

Lo
v s
‘I H v "‘ Fa
1 A ll ‘1 " A f “‘ i :f. . .
H i ¢ LI/ T NSNS Sampling interval (DW) ~ 50 us
1 H
‘1 . l"l‘ '!: “ ;l \.’; s
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I< > Heteronuclear spin echo Hx——
@ @ -refocuses Jyx 180°
/ - 6y and Jyy evolve
Spin Echo
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Introduction Setting the scene

How could we get a “perfect” homodecoupled NMR spectrum?

Evolution during FID

Ideal o) Ji
IH{lH} NMR H ; o
experiment v x

N ) Undesired
= , - effect
5180" 180° 180° © 180° § 180° { 180° | 180°
253 L
-« = o
~ " pwn I< pwa2 :
A = > » Homonuclear spin echo 180°
~— ' '
-refocuses Oy
L Jpix @@ @@ - Jyy evolve 'H « B
‘y" 4 b Spin Echo



Introduction Setting the scene

How could we get a “perfect” homodecoupled NMR spectrum?

Evolution during FID

Ideal 5 J
IH{{H} NMR H f fH
experiment v v

H

ol U

We would need a decoupling element:

(currently)

available

-refocuses Jyy
-leaves 6y to evolve

-last few us



Introduction Setting the scene

How far are we from a “perfect” pure shift spectrum?

Conventional
IH NMR A M A

Ideal
pure shift
Experimental
pure shift
- Ju{




Key concepts

How do we get an experimental pure shift NMR spectrum?

Homodecoupling element

J-refocussing element

hard active spin
180°pulse  refocussing

Tl I Tl TZ ASR T2

Jyy 1s refocused while 6 evolves
(for active spins only)

Active spin refocussing

BS S BIRD PSYCHE

Homodecoupled FID

Chunking data acquisition

Chunk duration (t.) << 1/,

Acquisition methods

Interferogram Real-time

st B
17 experiment



Key concepts Summary

How do we get an experimental pure shift NMR spectrum?

Homodecoupling element

J-refocussing element

hard active spin
180°pulse  refocussing

Tl I Tl TZ ASR TZ

Jyy 1s refocused while 6 evolves
(for active spins only)



Key concepts J-refocussing

How do we remove the effect of J; couplings only?

Q We need a decoupling element that:
- refocuses Jyy

O
@ - leaves 6y to evolve
[ J-refocussing element
hflrd active spin
180 pulse refocussing

Tl I Tl T2 ASR T2

}

Divides the available spins into:

- active (observed)

- passive spins (non observed)

Chem. Phys. Lett. 93, 504 (1982)



Key concepts J-refocussing

The concept of active and passive spins

Conventional ‘H NMR

All spins are

active
M (observed)

5.8 5.6 5.4 5.2 5.0 ppm

90°



Key concepts J-refocussing

The concept of active and passive spins

Band-selective 'H NMR

Only blue spins
are active
(observed)

5.8 5.6 5.4 5.2 5.0 ppm

90°
Divides the available spins into

- active (observed)
- passive spins (non observed)



Key concepts J-refocussing

The concept of active and passive spins

Band-selective pure shift 'H NMR

Only blue spins

are active
” (observed)

5.8 5.6 5.4 5.2 5.0 ppm

hard active spin

180°pulse  refocussing Divides the available spins into

- active (observed)
- passive spins (non observed)

Tl I Tl TZ ASR TZ




Key concepts J-refocussing

The concept of active and passive spins

Pure shift 'H NMR

Different spins
from different

molecules
are active
(observed)
5.8 5.6 5.4 5.2 5.0 ppm
hard active spin

Divides the available spins into
- active (observed)
- passive spins (non observed)

180" pulse  refocussing

Tl I Tl TZ ASR TZ




Key concepts

J-refocussing

Active spin refocussing (ASR) elements

'

hard active spin
180°pulse  refocussing
T, I T, T, ASR T
| N
Band-selective Zangger-Sterk BIRD PSYCHE
180° 180° 90° 180° 90° B 8

‘H,\/\,\

Shift selective
180° rotation

Slice and shift
selective
180° rotation

180° rotation
of protons
coupled to 13C

Flip a fraction
sin’P of spins



Key concepts

J-refocussing

General mechanism for J-refocussing

3

‘JHH

Spin echo

hard active spin
180°pulse  refocussing
r h
T, I T, It ASR T
Spin echo || Sel. spin echo
- - - +
: - | - >
. J

refocuses o,
but
not Jyy

refocuses both

oy and J,
(for active
spin only)

Sel. spin echo




Key concepts J-refocussing

General mechanism for J-refocussing

hard active spin
180°pulse  refocussing

------------------------------------------------

oy + i+ - - + 1+ 6y evolves
L T +i+ Jyy is refocused
J-refocussing element (for active spin only)




Key concepts J-refocussing

Controlling J-refocussing time position

Jyy 1s refocussed
after a time 21,

AT, ' i ASR T A 21
Ift,#0
oy + i+ - i - + + i+ +
RTS TR A I s S A A S A
180"
‘ Jyy 1s refocussed
A I T, ASR T. A ‘ right after A
Ift;=0 ‘
Oy + - +
Juu : - 1

The timing of the J-refocussing element is carefully designed to
have full control of when Jyy is refocussed (by changing t,)



Key concepts

How do we get an experimental pure shift NMR spectrum?

Homodecoupled FID

Chunking data acquisition

Chunk duration (t.) << 1/,



Key concepts Chunking data

How do we remove the effect of Jy; coupling during FID?

We need to apply a J-refocussing element

homodecoupling element hard active spin
O after each acquisition 180°pulse  refocusing
@Y © oint
J P T, I T T, ASR T
o
—— / ‘ \
L BS ZS BIRD PSYCHE
J 150" - 90° | 180“1 90° B B
_ S "H / 5 H "/\’§ H I2J"‘I2J”"I 'H .
G, C I G,

ASR duration (ms) 1-100 1-100 5-10 20-40

Not Sampling interval (dwell time) ~ 50 ps

(currently)
possible




Key concepts Chunking data

Point-by-point data acquisition (first approach)

Analogous to 2D NMR

J,,, refocuses

J-refocussing

B VAVAVAVE L\AN \

“]HH

[ L J,, refocuses

Jyy 1s refocused in
the first data point of
each increment

t,=n/DW

Chem. Phys. Lett. 93, 504 (1982)



Key concepts Chunking data

Point-by-point data acquisition (first approach)

Analogous to 2D NMR

{:r.e@sa.s&ins/—\ Reconstructed pure shift FID
- W

ye )

1 1 1 1

4 3 2 | ppm

t,=n/DW

182 MHz 'H pure shift spectrum of ethanol
Extremely
long Experimer}t time ~ 24h FID data points = 8192
(impractical) (8192 t; increments) (2.5 Hz resolution)

Chem. Phys. Lett. 93, 504 (1982)



Key concepts Chunking data

Exploiting the relative slowness of J;; evolution

Jyy evolution for a AX spin system Point-by-point data acquisition
|- J,,, refocuses
}
0.8 1 W
0.6 1
0.4 1
= 0.2 J,=3Hz
g 0 — — Ju=10 Hz
§ 0a- : 0.06  0.08 time [s]\ J,=15Hz
0.4 Chunking data acquisition
-0.6 Ju refocuses
'
-0.8 1
!
-1 - !
(IS —
T 1%
.“‘ ..‘..‘
™ 5904 ] )
0-949 . Jyy evolution T
Y 10% during the chunk <— chunk duration (7)) << 1/J,,
0.88+
s 10 time [ms] is negligible (~200 data points per chunk)

J. Magn. Reson. 124, 486 (1997)



Key concepts Chunking data

Chunking data acquisition (speeding things up)

J,, refocuses J lf refocuses Pure shift FID
v
1.00+ [, 0
= 1% concatenation
L >
1]
0.944 3%
10% <.
0.884
1.=10 ms
180°
# Jyy is refocussed
A I T, ASR T A right after A
If T = 0
oy + - + +
JHH = = +
Jyp 1s refocussed
O after a time 27,
‘:v o i 'It
A L ASR T A It
~ Ift, 0
" Oy + i+ - i - -
L ST T U S S S U
fs W
e The timing of the J-refocussing element is carefully designed to
have full control of when J;; is refocussed (by changing t,)

Angew. Chem. Int. Ed. 49, 3901 (2010)



Key concepts Chunking data

Chunking data acquisition (speeding things up)

J,, refocuses Jlil refocuses Pure shift FID
v
l 00- [
1% q concatenation
= >
0
0.94- 5%
* 10% <
0.88 ¢ > c
1.=10 ms
‘]}fl refocuses J. refocuses
v
l OO' B P il L LD,
1% "
s .-"'" '."‘-. 0 ‘ concatenation
0944 7 5% >
I .-- ! :
' + 10%
088' ‘ > T
1=20 ms ©
Refocussing Jyy Allows to acquire Reducing experiment time
in the middle chunks twice (half number of chunks are
of the chunk longer needed for achieving the same
N FID resolution) D

Angew. Chem. Int. Ed. 49, 3901 (2010)



Pure shift key ideas

J-refocussing element

hard active spin
180°pulse  refocussing

Tl I Tl TZ ASR TZ

Jyy 1s refocused while 6 evolves
(for active spin only)

Chunking data acquisition

J,, refocuses

v

Chunk duration (t) << 1/,
Jyy refocused in the middle

Pure shift methods

Active spin refocussing

BS ZS BIRD PSYCHE
180° 180° 90“_1180;90“ p p
Y, VA W 1 1 [
G e I G,

Divides the spins into active (observed)
and passive spins (non observed)

Acquisition methods

Interferogram Real-time
" HM'»I‘.'I .
1™ experiment |“||‘ ‘ll\ r‘\ |‘I‘\ - ‘Hs‘\““ﬂ“i ‘u‘H‘J\'JH'Jﬁ' ] W
/ fyr v
HU ‘|‘I‘ il : ‘\‘W)
2™ experi m f\
o \l“l\\“‘u‘ﬂl‘s‘l"‘.‘ { v y

NN 4
AN Pure shift FID

AR N
3rd experiment \NAAD N
AT ™
PUVY NN
\\\\\'\ _/
. hp A h —
4" experiment L"H‘\.“I\U‘ W——{



Pure shift methods

Acquisition methods

Interferogram Real-time




Acquisition methods Chunking data

Pure shift acquisition methods

Interferogram approach Real-time approach
a set of experiments a single experiment
(2D data set)

1*! experiment W\/\/\ W\/\/\ W A
ond experiment /V\M
Pure shift FID

4th experiment \/\/\/\/\

Chunk duration (t.) << 1, (t.~10-20 ms)

Jyg-evolution refocused in the middle of the chunk



Acquisition methods Interferogram

Interferogram pure shift experiments — 2D acquisition

Analogous to 2D NMR

T
>
t,=0 J J-refocusing |
0.5 05 1
l t - SW SW, SW,

4 4 ; ; [

oy |+ + - - + +

- - + +

JhH

7

i 4
1,=2/SW, J é J-refocusing é ﬂ MMMNW\A
. ' i

1, =n/SW,

Increment in ¢; delay (1/SW,) is
set to the duration of the chunk
.= 1/SW;

J. Magn. Reson. 124, 486 (1997); Angew. Chem. Int. Ed. 49, 3901 (2010)



Acquisition methods

Interferogram

Interferogram pure shift experiments — 2D acquisition

Analogous to 2D NMR

0.25 0.25 1
| T, | SW, SW, SW,
S « —
] ] T T, T,
=0 J J-refocusing | I«LI&M ASR «:V\NWWV\NV\)
) + - - ++ +
H J.. IS refocused
JHH - |- - + + + “HH )
in the middle of
4 5 . )

the chunk
t,=1/SW, Jé, J-refocusing 2

; : t t,
2 : ;
T S 2=

7

7; is normally set to ensure that
1= 2/SW, J 2

4 Jyuy 1s refocused at the midpoint
2 1 ‘NVVV\NVV\M of each chunk
! i

Increment in ¢; delay (1/SW,) is
set to the duration of the chunk
.= 1/SW;

J-refocusing

1, =n/SW,

J. Magn. Reson. 124, 486 (1997); Angew. Chem. Int. Ed. 49, 3901 (2010)



Acquisition methods Interferogram

Interferogram pure shift experiments — 2D acquisition

4 )

> Special data processing is needed
1=0 J J-refocusing |

Extract first chunk of
each increment

- \

Assemble them sequentially
(reconstructed pure shift FID)

l / l
5 : Pure shift

t,=2/SW, J <L> 4refocusi¢ «—2 » n signal

4L
t,=1/SW, Jé J-refocusi

%ﬁ\

t,=n/SW,

Reconstructed
pure shift FID

T, S

chunking artefacts

Acquiring pure shift data in chunks of duration t_ gives rise to J-sidebands
\_ (“chunking artefacts”) with a spacing 1/t.in the spectrum )

J. Magn. Reson. 124, 486 (1997); Angew. Chem. Int. Ed. 49, 3901 (2010)



Acquisition methods

Speeding things up

-

Interferogram approach Real-time approach

a set of experiments a single experiment

15 experiment

WA o
nd oy periment |
n T

Pure shift FID
3" experiment W\/\/\

4™ experiment \/\/\N\




Acquisition methods Real-time
Real-time pure shift experiments — 1D acquisition
. _— )
Single shot acquisition
T, /2 T, T,
<> <“—> t“—>
Excitation n nn J-refocusing h n n n n n n A J-refocusing AMARAAA J-refocusing IV,

UUW VUVTTTVY WUVUVUW

Pure shift FID

Pure shift FID acquired directly
(special data processing is NOT needed)

\_

Pure shift
signal

o

chunking artefacts

Acquiring pure shift data in chunks of
duration 1, gives rise to J-sidebands
with a spacing 1/1,in the spectrum

J. Magn. Reson. 218, 141 (2012)



Acquisition methods Real-time

Real-time pure shift experiments — 1D acquisition

J-refocussing in real time

Jyy refocuses Jyn refocuses

T, T, ASR 7T, Excite T, T, ASR rzmlh T, ASR IZW
n in/2
o + - + + 0 ++ - - ++++ - - + +
J - - + + J -l = - +++ 4+ + + - -
If 1,=0 If 1,#0

Jyy is refocused
at the midpoint
of every other chunk

Jy 1s refocused

at the midpoint

of each chunk
(except the first one)



Acquisition methods Real-time

Resolution in real-time pure shift spectra

T, /2 T, T,
<> <« <“—>
Excitation \ n n n, ASR ASR AAAANAAR I ASR
Y VY VYV
UUVU VVVUVUT
number of  number of length of the FID line-width at half height
Digital resolution chunks  FID points

0.16s 39Hz

: 8 3200
Increasing the

number of chunks

1 16 6400

Improves digital
resolution

l 32 12800

Problems with

irreproducibility | 1.28s
from chunk to 64 25600 M—- 0.6 Hz

yve
T

chunk occurs



Acquisition methods

T, /2
<>
Excitation \ n n n , ASR

ASR Slow decay

Small steps
Sms
20 ms >
30 ms ’

Fast decay

Big steps

50 ms '

Real-time

Resolution in real-time pure shift spectra
TC
«—>
K AAAAAANN | ase bt
AL
Signal resolution
1.4 Hz
Longer J-refocusing (ASR) elements
1.7Hz 1

T T T
392 390 3.88

More signal loss by relaxation

}

FID to decay faster (broader signals)
+

Generates discontinuity from chunk
to chunk (bigger chunking artefacts)



Acquisition methods

Pros and cons

Interferogram approach Real-time approach
= A set of experiments @® A single experiment
@® Low SNR /experiment time @ High SNR /experiment time
= Special data processing @ Direct Fourier transformed
* Chunking artefacts “ Chunking artefacts
@ Smooth FID decay @® FID discontinuities

@ High spectral quality @ Variable spectral quality



Pure shift methods

Active spin refocussing

BS S BIRD PSYCHE

180° 180° 90“] 180‘|90" B B
AV VR A S = Vo=

G C I G,

Divides the spins into active (observed)
and passive spins (non observed)



Pure shift methods

Active spin refocussing (ASR) elements

Divides the spins into active (observed) and passive spins (non observed)

O hard active spin
R © o :
@« 180" pulse  refocussing
o
( Tl I Tl TZ ASR T2
_/L— | §
Band-selective Zangger-Sterk BIRD PSYCHE
0 1 0 (4]
150 180 90° 180° 90 5 5

H 2\

Shift selective
180° rotation

Slice and shift
selective
180° rotation

180° rotation
of protons
coupled to 13C

Flip a fraction
sin?f of spins



Pure shift methods BS/HOBS/BASH/BASHD

Band-selective — BS, HOBS, BASH and BASHD

* The selective 180° pulse refocuses only protons within its

q A/\,\ bandwidth (active spins)

* One (frequency selection) or several resonances (band-selection
or multiple-frequency selection) can be homodecoupled

% amide NH H,
: L g
ST b | L

I I I I I I I I 0

8 7 6 5 4 3 2 1 l TN J)K
.da’ S('H|) / ppm O
T L : T
o,
&3 llnlﬂ ““ || Cyclosporine

8 7 6 5 4 3 2 !

S('H) / ppm

Chem. Eur. J. 19, 17283 (2013); J. Magn. Reson. 241, 97 (2014); Chem. Commun. 50, 25127 (2014)



Pure shift methods BS/HOBS/BASH/BASHD

Band-selective — BS, HOBS, BASH and BASHD

180° * The selective 180° pulse refocuses only protons within its

q A/\,\ bandwidth (active spins)

* One (frequency selection) or several resonances (band-selection
or multiple-frequency selection) can be homodecoupled

* Need to avoid exciting coupled protons

« Suitable for the analysis of molecules with well-separated
regions (peptides and proteins) and isomeric mixtures

*Hﬁ LERe
e, .

6 5 Cyclosporine
8('H) / ppm

Chem. Eur. J. 19, 17283 (2013); J. Magn. Reson. 241, 97 (2014); Chem. Commun. 50, 25127 (2014)



Pure shift methods BS/HOBS/BASH/BASHD

Band-selective pure shift methods

180°
1 ,\/\,\ * Compatible with both real-time and interferogram acquisition
H

Real-time BS experiment Interferogram BS experiment

4

TC TC
90" 180" F 180" o0 3 90° % 180" 180" & o
+—> <> 4+—>
'H | A/\A WJ ’/\A m 'H I I A/\A m‘]mmmww"'“.”-,-\,-Mw‘f".”"\.'f""|l|'rl‘||vlﬂ
jUvY "“”U\"‘U‘a.‘luh,‘
A A A A G, A An A
G, G,L G, G, Jn G, GG, G,

Chem. Eur. J. 19, 17283 (2013); J. Magn. Reson. 241, 97 (2014); Chem. Commun. 50, 25127 (2014)



Pure shift methods BS/HOBS/BASH/BASHD

Sensitivity in band-selective pure shift spectra

180° H TH
A/\,\ « Excellent sensitivity w0, 1 Sl
1 c N
H o g l 'EC’/CHE
Hac/ | \\\C/ \\\\‘CH
|
HC\C/C\N/CH
Sensitivity
1H NMR L M 100 %
_ | \ Jo x1
Real-time
ne xl
Interferogram |
x15

| | T T | [ T T | | [ T | |
85 80 75 70 65 60 55 50 45 40 35 30 25 20 ppm
8('H) / ppm

Chem. Eur. J. 19, 17283 (2013); J. Magn. Reson. 241, 97 (2014); Chem. Commun. 50, 25127 (2014)



Pure shift methods

Zangger-Sterk (ZS)

« Simultaneous application of a selective 180° pulse and a weak

180°
' ,\/\,\ pulse field gradient

e Slice and shift selection

* Each active spin is refocused in a narrow region (slice) of the
G I sample

* Coupled spins cannot be refocused within the same slice

J. Magn. Reson. 124, 486 (1997)

ZS



Pure shift methods

Zanger-Sterk (ZS)

« Simultaneous application of a selective 180° pulse and a weak

180°
' ,\/\,\ pulse field gradient

e Slice and shift selection

* Each active spin is refocused in a narrow region (slice) of the
G I sample
* Coupled spins cannot be refocused within the same slice

J. Magn. Reson. 124, 486 (1997)

ZS



Pure shift methods ZS

Broadband excitation — shift selection — band selection

Broadband Frequency selection Band selection

90° 90°sel 90°sel

IH 'H ]H

All frequencies are A narrow range of A wide range of
excited in the frequencies is excited frequencies is excited
whole active in the whole active in the whole active

volume volume volume



Pure shift methods ZS

Shift selection - slice and shift selection

Shift selection Slice and shift selection

90°sel
90°sel

o T VR | N e ——
54 50 46 ppm ' '

\ 4
v

By

In absence of PFG B, is constant along z-axis In presence of PFG B, varies linearly along z-axis



Pure shift methods ZS

Broadband excitation — shift selection — band selection

Broadband Shift selection Slice and shift selection
90° 90°sel 90°sel
IH ]H IH
G, ==
G,

& 7 6 5 4 3 pp @7 85 4
i 1IN 11
All frequencies are A narrow range of Different frequencies
excited in the frequencies is excited are excited in
whole active in the whole active different parts of the
volume volume active volume



Pure shift methods ZS

Zangger-Sterk (ZS)

« Simultaneous application of a selective 180° pulse and a weak

180°
' ,\/\,\ pulse field gradient

e Slice and shift selection

* Each active spin is excited in a narrow region (slice) of the
G I sample

* Coupled spins cannot be refocused within the same slice

* Broadband pure shift spectrum

'H NMR II /\;I !
meui,‘__ f H\gﬂ_(j\}ll\ JM_ - __;,‘J-L LR li.\__ I
ZS pure shift ” ” \
N i_JW. quwM{,MWL*-JJ(J'—‘ﬁ I.WL -
50 45 40 3. 30

J. Magn. Reson. 124, 486 (1997)



Pure shift methods

ZS

Zangger-Sterk pure shift methods

180
'H A/\A

G

Real-time ZS experiment

@:«J

T

[+

180°

90"
"H I ,\/\,\

ﬁ«}

]

n

* Compatible with both real-time and interferogram acquisition

Interferogram ZS experiment

o0 & 100 180 L o
- | X
1 « ‘
H A\ ‘_’WWWWW il
GZ ﬂ AQ [ — AN
Gl GIG2 G 2

J. Magn. Reson. 124, 486 (1997); Angew. Chem. Int. Ed. 52, 7143 (2013)



Pure shift methods

ZS

Sensitivity in Zangger-Sterk pure shift spectra

» Active spins only come from a slice

180°
'H ,\/\,\

* Low sensitivity

* Proportional to the slice thickness

G,
Av
v v v Vv
: 1

Az

Selectivity and spectral range required

Slice thickness:
Ay = Aw
zZ = G

Gradient strength:
= Av
=5

Bandwidth of the
selective pulse (Aw)
dictated by the
separation of the
closest coupled
spins

Selectivity «—> Aw
will determine the sensitivity Av — >—’ Az <— SNR



Pure shift methods

ZS

Sensitivity in Zangger-Sterk pure shift spectra

* Low sensitivity

180°
H ,\/\,\

G

Sensitivity

100 %
I i l U

'H NMR

e J\Ml lJ\ \ Jb\ A X

Real-time

I 1.9 % M4

J 0.4 % | I‘

Interferogram

l“ ~ hl L M l x2048

| | | | | I | | | | |
75 70 65 60 55 50 45 40 35 30 25 20  ppm



Pure shift methods BIRD

Bilinear rotation decoupling (BIRD)

« Protons are active if attached to 13C (or !°N) and
passive if not

« BIRD* inverts only protons directly coupled to 3C

(or 1°N)
13C

|‘-(_--
1) 5 (6 )
“C-bound proton T :;- ¢ \> — ; Active spins
X T y) x X Ty \x ‘l Y inverted
) )
2 < _T_ 2N I aNPaNraYa ~ AN r/""-_T_-'H‘\_ . .
C-bound proton £ <7 Yy € \ r\ > 1<K Passive spins
x Tyl x Ty X x Ty |x Ty “unaffected”
./ \—/

Chem. Phys. Lett. 93, 504 (1982)



BIRD

Pure shift methods

« Protons are active if attached to 13C (or !°N) and

Bilinear rotation decoupling (BIRD)

90°

1

180°
I2_

1

2]

90°

passive if not

« BIRD* inverts only protons directly coupled to 3C (or

JHX

'H

15N)
» Isotopic dilution ensures that their coupled partners

13C

are not inverted

AN

VAR W
NN
=/ N\_/
) HC\\ //CH

7 INA
: HZHZ\%HN\M
AV W
H/C|C\\ //N
=/ \_J
; HC\\ //CH
_/
O/C
J A
2 NG )
AN
/K\ 5—35
H/C|C\\ //N
=7/ \_J/
i HC\\ .//CH

N
Y o s @
H/C|C\\ //N
=/ \_J
T\

%

? HZHZ\%HN\M
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H/C|C\\ //N
=/ \_J
O\

_/
O/C

J A

2 =t

AN
AV
H/C|C\\ //N
=7 \_/
/N



Pure shift methods BIRD

Bilinear rotation decoupling (BIRD)

90" 180" 90 « Protons are active if attached to !3C (or 1°N) and

! 1 L
J 2] I 2. L passive if not
'H « BIRD* inverts only protons directly coupled to 13C (or

15N)
B I » Isotopic dilution ensures that their coupled partners
are not inverted

o« Protons attached to the same 13C are not decoupled

H .
H O e—CH from one another — geminal protons appear as doublets
HONZ%  HC </
V.C/ . FC
o} C C >
H3C/ \H/ \(‘3/ \TH
HC\C/C\N/CH
H
HLC H.C
AN A HC
TH N on
& /EZ\HZC7CH % /g Z\HZC_(‘:H & e (|:H
HORZ, ~HC > HORZ HC S H AN
\-T/ \N/ HC\ \.T/ \N/ HG HO, C/HC\N \HC/
9y __CH, " _—CH, |
o C c Hie o c ¢ H,C H _—CH,
-~ e X ~ RN o] o} o} H,C
HsC Y T (|:H HsC Y ¢ \TH H;c/ \f XN \(le
HC c CH HC c CH
N ONF N ONF NN



Pure shift methods BIRD

Bilinear rotation decoupling (BIRD)

90° 180° 90’ « Protons are active if attached to !3C (or 1°N) and

! 1 L
J 2] I 2. L passive if not
'H « BIRD* inverts only protons directly coupled to 13C (or

15N)
B I » Isotopic dilution ensures that their coupled partners
are not inverted

* Protons attached to the same 3C are not decoupled
from one another — geminal protons appear as doublets

I1H NMR

I v L i_,Ll_ll J M HZC\

~
°2
. H " HaC—CH

Pure shift BIRD HOQC/HC<: A
2y o ML A e

| ” 6| 2 6 | 5]88’ e Y\T/ kf’m 6 °

l v HC\C /C\N _CH




Pure shift methods BIRD

Sensitivity in BIRD pure shift spectra

90° | 180° | 90" « Compatible with both real-time and interferogram
acquisition
IHJ PAN I 2J L o
* Low sensitivity
I » Limited by the natural abundance at 1.1 % 3C (0.37 %
e in 15N)

Sensitivity

1H NMR
] NIJ ) | ‘ | 100 %

Real-time pure shift BIRD




Pure shift methods

BIRD

Sensitivity in BIRD pure shift spectra

Conventional 'H-13C HSQC

Compatible with both real-time and interferogram
acquisition

Low sensitivity

Limited by the natural abundance at 1.1 % 13C (0.37 %
in 1°N)

No sensitivity penalty in HSQC experiments

Real-time pure shift 'H-13C HSQC

M AMA_
- b
4 ) o : ]
2a 2a
71543 e . 3
i a': Sensitivity oa
£ 4
& 7301 s 100 % 54
& ] e 0413 28 o ‘45 2B
23
- o SB o 3[:5
7] 00 0
76'0-"'Es'é""""s'é"" """" 38 36
- 51H/pprﬁ | &'H/ppm



Pure shift methods PSYCHE

Pure shift yield by chirp excitation (PSYCHE)

« Simultaneous application of a low-flip angle (B) saltire chirp

PP
'H pulse and a weak pulse field gradient

* The refocussing of the Jy; couplings is achieved by the
G simplification of coupling patters using low flip angle pulses
’ (similar to anti-z-COSY experiment)

* Only a fraction sin2f of spins (active spins) are “refocused”

Angew. Chem. Int. Ed. 53, 6990 (2014)



Pure shift methods PSYCHE

Pure shift yield by chirp excitation (PSYCHE)

« Simultaneous application of a low-flip angle () saltire chirp

PP
'H pulse and a weak pulse field gradient

* The refocussing of the Jy; couplings is achieved by the
G simplification of coupling patters using low flip angle pulses
’ (similar to anti-z-COSY experiment)

* Only a fraction sin2f of spins (active spins) are “refocused”

Angew. Chem. Int. Ed. 53, 6990 (2014)



Pure shift methods PSYCHE

The effect of flip angle

Diagonal: 100 %
Off-diagonal: 100 %

Decoupling factor = 1

\_ J

Calculations from M. Foroozandeh




Pure shift methods PSYCHE

The effect of flip angle

F2 Ippm, il

Diagonal: 60 %
Off-diagonal: 36 %

Decoupling factor = 1.7

\_ J

Calculations from M. Foroozandeh




Pure shift methods PSYCHE

The effect of flip angle

Diagonal : 33.3 %
Off-diagonal : 11.1 %

Decoupling factor = 3

\_ J

Calculations from M. Foroozandeh




Pure shift methods PSYCHE

The effect of flip angle

F2 lppm)

Diagonal : 14.3 %
Off-diagonal : 2 %

Decoupling factor = 7

\_ J

Calculations from M. Foroozandeh




Pure shift methods PSYCHE

The effect of flip angle

100

= ° 90}
B=15 -
80F
c:é 70
E 60 -
'S_.é: S50
E
£ 40r
g
g 30f
X15 20}
;’\\99“‘\ 101
2 Ry O ) % é 1|0 15 zlo 2|5 30 3|5 4'0 4|5 50
flip angle / degrees
Diagonal : 3.5 % . .
Signal of interest
- i N 0 . .
Off-diagonal : 0.12 % « pure shift signal
Decoupling factor = 28.6 Unwanted signals

* Recoupling artefacts

Calculations from M. Foroozandeh



Pure shift methods PSYCHE

Pure shift yield by chirp excitation (PSYCHE)

« Simultaneous application of a low-flip angle (p) saltire chirp

PP
'H pulse and a weak pulse field gradient

* The refocussing of the Jy; couplings is achieved by the
G simplification of coupling patters using low flip angle pulses
’ (similar to anti-z-COSY experiment)

* Only a fraction sin2f of spins (active spins) are “refocused”

Angew. Chem. Int. Ed. 53, 6990 (2014)



Pure shift methods PSYCHE

Swept-frequency (chirp) pulses

Generally they sweep the frequency across the spectral window in a linear fashion

180° chirp Low-flip angle chirp

) e

Low frequency On-resonance High frequency

! ! ! !

| lJ y [

8 6 4 2 [ppm]

Calculations from M. Foroozandeh




Pure shift methods PSYCHE

Pure shift yield by chirp excitation (PSYCHE)

pr P « Simultaneous application of a low-flip angle (B) saltire chirp

'H pulse and a weak pulse field gradient

* The refocussing of the Jy; couplings is achieved by the
G simplification of coupling patters using low flip angle pulses
’ (similar to anti-z-COSY experiment)

* Only a fraction sin2f of spins (active spins) are “refocused”

o0 L 1800 000 o000 L
, 2 1 — S Signal of interest
'H | I V VAR * pure shift signal
¢ %1 %ﬁ ' R O Unwanted signals
| ‘ » Recoupling arte
+Ol F =

Angew. Chem. Int. Ed. 53, 6990 (2014)



Pure shift methods PSYCHE

Spatio-temporal averaging

 Wanted signals (pure shift singlets) have time-invariant phase

« Unwanted signals have time-dependent phases

\

B(z)=B,+G(z-z,) JL ) ‘}PL - J \gg;

A

e
. M:O
-

o)
- M:O
e

T T T T T r T T T T T T
7.6 7.4 7.2 7.0

Calculations from M. Foroozandeh



Pure shift methods PSYCHE

Pure shift yield by chirp excitation (PSYCHE)

Simultaneous application of a low-flip angle (B) saltire chirp

'H pulse and a weak pulse field gradient

* The refocussing of the Jy; couplings is achieved by the
G simplification of coupling patters using low flip angle pulses
(similar to anti-z-COSY experiment)
* Only a fraction sin2f of spins (active spins) are “refocused”
* Only compatible with interferogram acquisition (statistical

excitation)
90° % 180° tl
w =1 —=/— WMWM/\
il
G, A Aa A
G, GG, G, G,

Angew. Chem. Int. Ed. 53, 6990 (2014)



Pure shift methods PSYCHE

Sensitivity in PSYCHE pure shift spectra

« Sensitivity depends on the fraction of spins (active spins) that

gr B
'H have been “refocused”

« It depends on the low-flip angle: sin2f3 2

G

'H NMR
Sensitivity
A A 100 %

Interferogram pure shift PSYCHE

—Tr - - - 1 - - 1 - 1 - T - 1 -
2.2 2.0 1.8 1.6 14 1.2 ppm

Angew. Chem. Int. Ed. 53, 6990 (2014)



Pure shift methods

How can we combine all these elements?

Interferogram

t1 t1 :

o

I

Ml
‘\“ I “"““\‘M

Real-time
T T
2 2

Excite i»l ASR <l>

BS ZS BIRD
180° 180° 90"7]1 80;90"
'H _AAL 'H AAL o Ea B

"m“ ““\HHMHM

o TR
\‘\“ I ‘”\‘\“‘““‘

PSYCHE

Excite [ ASR

n
BS ZS BIRD
180° 180° 90"7]1 80;90"
'H _AA.L 'H _AAL o e B




Pure shift methods
General overview: sensitivity of each element

Acquisition mode

Interferogram Real-time

T T

t, t, 41, 2 2

excite- = ase-2- Wl E““e[ ASR
: _\I\I\I:‘I‘llll‘w“ .IIII‘I“‘"‘-ul‘l"‘\I\\I:ulll-l‘l‘“""'““ [ n
1
. 100 %
Jnumber of increments
Active spin refocusing methods
BS ZS BIRD PSYCHE

90" 180° 90°

2 100 % 0.5-10 % 1.1 %



Outline

Introduction

Key concepts

ASR elements

Acquisition
methods

Applications

Setting the scene

J-refocussing

Chunking acquisition

Interferogram

Real-time

Band-selective
Zangger-Sterk
BIRD

PSYCHE



Applications

Structure analysis

1D pure shift NMR experiments for structure analysis of
small and medium sized molecules

9NMe

N
10Me ~_ o 8Me 3 NMe\ _3NMe
10 60H N
0
120H0y =
%, O10H 2 4]
13]_12Me 4Me B

Azithromycin [’

"l u II - N

il

Jala

(antibiotic) *©0 [ o O~
2Me N0 wom } w :
0 ‘
0 YT
10.0 8.0 6.0 4.0 2.0 0.0
& 'H (ppm)

Angew. Chem. Int. Ed. 52, 7143 (2013)

Conventional
IH NMR

Pure shift
real-time ZS



Applications Jyx measurement

1D Pure shift NMR experiments for fast and accurate
extraction of heteronuclear coupling constants

2
1) JErms)

4J(F]-HS)
48 47.2 3 114) 3.7
Pure shift s
interferogram
2
7S ~ - H 3
W ------- | ' 1 H 5
47 46 45 44 ppm 33 32 31 30 29 28 ppm F H
JH H,
Epifluorohydrin
Conventional
IH NMR
U J L J;
4'7 46 45 44 33 32 31 30 29 2'8 ppm

RSC Adv. 4, 15018 (2014)



Applications

Enantiomeric studies

1D pure shift NMR experiments for
enantiomer and diastereomer studies

: @5

+.R+S
R

Mixture of enantiomers

Chiral solvating agent (CSA)

13.5Hz

@
+
@5

Mixture of diastereoisomeric complexes

26.8Hz 444
32.7Hz SR S R o
SR u —
Pure shift .
. * *
real-time BS
S R
s R S R s R
Conventional
H H3|
PRy "
20 28 27 26 25 24 23 22 1.7 ppm

ChemPhysChem 15, 854 (2014)

SR
AAS AAS

Pure shift signals

1- aminoindan
(racemic mixture)



Applications

Dynamic studies

Pure shift NMR experiments to measure
relaxation times in overlapped regions

Inversion-Recovery: T,
measurement
Conventional IR

Lk ok,
Wans

T 0.06s 0.1s 0.25s (0.5s 1s 2s 4s 8s

WWFYMM@M

......

Pure shift
real-time BS IR

1 CH3

H i5 Estradiol
7 (steroid)

J. Magn. Reson. 244, 30 (2014)

PROJECT: Determining T,

measurement
Conventional
PROJECM .
Pure shift
real-time BS 5 87
PROJECT
| I 5|.6 5|.4 5|.2 5|O 4 8 ppm

12ms 66ms 126ms 156ms 246ms306ms 456ms 606ms906ms 1,2s 1,5ms

Total echo time (t,)

Cyclosporine A ° g ©
(peptide)



Applications Mixture analysis

1D pure shift NMR experiments for the study of complex mixtures

Conventional selective Pure shift interferogram
1D TOCSY selective 1D PSYCHE-TOCSY
Menthol
- M
Neomenthol
Menthone

il

Peppermint oil

22 1.8 14 1.0 ppm 22 1.8 1.4 1.0 ppm

RSC Adv. 6, 100063 (2016)



Applications Structure analysis

Homonuclear 2D pure shift NMR experiments for structure
analysis of small and medium sized molecules

Conventional TOCSY Pure shift Pure shift F;-PSYCHE
F,-PSYCHE TOCSY TOCSY and indirect
covariance processing

MMML £
E . . . e - |5
N . . . . ° [
Fe . . ) -

[ ] . » «®

. . e ° o "1
L | <
© . L©
M a B T o o
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~ o~ L
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22 20 1.8 1.6 14 12 F2/ppm 22 2.0 1.8 16 1.4 12 F2/ppm 2.2 20 1.8 16 1.4 1.2 F2/ppm

OH
Estradiol
(steroid)

J. Am. Chem. Soc. 136, 11867 (2014)



Applications Structure analysis

Heteronuclear 2D pure shift NMR experiments for structure
analysis of small and medium sized molecules

Conventional Pure shift real-time Conventional Pure shift real-time
1H-13C HSQC 1H-13C HSQC 1H-15N HSQC 1H-15N HSQC
—2) - b) 0 ia) » b) vao 41
] 20 2 90 4 V40 132
71.54 3a 3a <% E K16 132 K16 k19
= L 0 95 4 F19
£ 1 E 1004  =mdomtss || S
g 73.09Q s 58 £ 405 3 82 80 78 82 80 78
S - = 3 . .
9 1 ® 4 2p b 2B | % 1101 ‘ ‘ c . ’
o o 000 o 0 5 S '
74.5 45 40 115 3 o &0 5 0 &
1™ 3p ¢ 3p 120E Jegetes Sedes
N -'_ e e TN ~—132 —_ . _r. _____
76.0 - 00 ° 125 i K15'}._ V_Z;\m 132 ' Ki6 V40\m:32
LML BN LA LA A R A S B R | BRI BRI BB B T T T r T rrrrrrrrrrrrrI TTr T T T T T T T T T T T T
3.8 3.6 3.8 3.6 84 80 76 72 68 84 80 76 7.2 6.8
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OH OH
6 6
4| HsC s H o 4| HsC s H o
H H
HO 3 H == HO > OH
3] H OH 1 3| H OH |1 15N-labeled
H OH H H beta-amyloid peptide 1-42
o-D(+)-fucose B-D(+)-fucose

Angew. Chem. Int. Ed. 52, 11616 (2013)



Applications

2D Pure shift NMR experiments for accurate determination of

1J.y measurement

one-bond heteronuclear coupling constants

- H7/C7a,b M
t ¢-ocH; ] L
. 60" ppm
Conventional wcs | H2IC2 " c2 W
1H-13C CLIP-HSQC 07 . ] s [ 46 45 4.4 43 ppm
80 = T @& >
H4/C4 l |
Jas H6/CBa,b '\
100- c4 NJ LWM_J
T | I T T i | T T 1
50 45 40 35 30 25 ppm 44 43 42 41 ppm
ppm
w H7/C7ab
s0{ | LMUML B
b -OCH; .
60~ ' i
HS/C5 . H2/C2 .
Pure shift 04 e BN ‘ e . 46 45 4.4 43 ppm
interferogram 80 £ ! ) >
H4/C4 «—
IH-13C CLIP-HSQC . Harc [h e |
el H6/C6a b L%J
100_ ! l ! l | ' T C4 —NTJ 1 I 1 1 1
50 45 40 35 30 25 ppm 44 43 42 41  ppm

J. Magn. Reson. 239, 110 (2014); J. Magn. Reson. 239, 130 (2014)



Applications nJ.y Mmeasurement

2D Pure shift NMR experiments for accurate determination
of long-range heteronuclear coupling constants

Conventional Pure shift real-time BS
1H-13C HSQMBC 1H-13C HSQMBC

Cyclosporin A

[ ] »
1707 o ov "’ ! 0
" ] [}
[ ] L] ] ]
172 -
[} ]
1744 4 " o W w, | ! "
ppm 6.0 5.5 / 5.0 60 55 / 50
4 Y
173.6 - -
>0 I or o " "Jen |
173.8- Jour |
174.0- W .l | *_Q
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174.2 e ~ Lkt Sl :
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J. Magn. Reson. 238, 63 (2014)



Applications 1D,y measurement

One-shot determination of residual dipolar coupling (RDCs)
using pure shift NMR experiments

ok Wl Ak Ll ke

L-150
[ A ] H W
P N 1t Y L
Pure shift ' ' 50 H\ H\—H
real-time - - o CT 1T
. H 1 /
J-resolved . Fos0 11—* |
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J. Org. Chem. 81, 11126 (2016)



Applications Mixture analysis

2D pure shift NMR experiments for the study of
complex mixtures

Conventional Pure shift real-time
1H-13C HSQC 1H-13C HSQC
-8
-8 -3
93.5 Ultrahigh resolved NMR =-.
94.0_; - -
40 39

0CD;
Spectral | Aliasing U , QM A NUS
Ib

v La/. Na/lb /T
=g 777? o
GZL Homonuclear Decoupling g o o
40 39 40 39

Chem. Eur. J. 21, 7682 (2015)



Applications Diffusion studies

Ultrahigh-resolution diffusion-ordered spectroscopy

Conventional Pure shift

DOSY interferogram
PSYCHE-iDOSY

Vitamin Dy

MW“"\ I I I (secosteroids)

c
c o
Q S~ o
"' “M*w a PSYCHE q-; ...... PPN SO é
§ E — > Il g ppl | E
' | a a 1 a
< HO
Provitamin D,
Chemical shift Chemical shift ( zoosterol)

Angew. Chem. Int. Ed. 85, 15579 (2016)
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Example data: download from our website
http:/ /nmr.chemistry.manchester.ac.uk/pureshift

W W

W w W W
Home Research People Publications Vacancies Downloads

Manchester NMR Methodology Group

Home

Workshop on pure shift NMR

Copies of slides for the talks given at the Workshop on pure shift NMR, Manchester, 12th Sept 2017 can be accessed via this link.

A data archive containing pure shift pulse sequences, processing software and sample experimental data is available for download via this link.

Workshop on pure shift NMR - slides

Gareth Morris - Welcome, introduction and history - pdf - pptx

Peter Kiraly - Interferogram and real-time acquisition methods - pdf - pptx
Laura Castanar - Zangger-Sterk and band-selective methods - pdf - pptx
Mohammadali Foroozandeh - PSYCHE - pdf - pptx - zip including avi videos
Ralph Adams - Other pure shift and related methods - pdf - pptx

Mathias Nilsson - Practical implementation - pdf - pptx

Adolfo Botana - JEOL pure shift implementation - pdf - pptx

Vadim Zorin - MestreNova pure shift implementation - pdf - pptx

Eriks Kupie - Bruker shaped pulse implementation - pdf - pptx

Workshop on pure shift NMR - downloads

Data Archives, including instructions, sequences, parameter files and example data

Bruker
Software only { < 1 Mb): Pure_shift_archive_Bruker_software_only.zip.
Full {262 Mb): Pure_shift_archive_Bruker.zip.

Varian

Software only( < 1 Mb): Pure_shift_archive_Varian_software_only.zip.
Full {256 Mb): Pure_shift_archive Varian.zip.
Manual: UoM_PureShiftNMR_Varian_Manual_rev1.pdf.

External Contributions
DIAG package{ < 1 Mb): DIAG_package_Geneva.zip.

The Bruker and Varian/Agilent pure shift data and software archives can also be downloaded

from DOI:10.17632/w9nz44cyft.1 and DOI:10.17632/rgj4jwcsnz.1 respectively



http://nmr.chemistry.manchester.ac.uk/pureshift
http://dx.doi.org/10.17632/w9nz44cyft.1
http://http:/dx.doi.org/10.17632/rgj4jwcsnz.1

Example data: download from our website
http:/ /nmr.chemistry.manchester.ac.uk/pureshift

*
Publications Vacancies Downloads

Manchester NMR Methodology Group

Home

The NMR methodology group is jointly supervised by Gareth Morris and Mathias MNilsson, and currently has 13 members. Our research concerns the development
of novel technigues in high resolution NMR spectroscopy, and their application to problems in chemistry, biochemistry, and medicine. In many cases this work
leads to new pulse sequences and software tools, some of which are freely available here.


http://nmr.chemistry.manchester.ac.uk/pureshift

Download from our website:
http://nmr.chemistry.manchester.ac.uk

Home Research People Publications Vacancies Downloads

Manchester NMR Methodology Group

Downloads

Pulse Sequences

We are currently preparing many of our pulse sequences, parameter sets, example datasets and processing macros for the website. Some are available here
but if you would like to use any of the other the sequences, as described in the publications section, please email us. The majority of sequences are available

for Varian systems and we are gradually writing the Bruker variants.

The pulse sequences and any macros reguired for data conversion can be accessed from this part of the website.

Workshops and presentations

The slides from some of the workshops and presentations given by group members are available from this part of the website. There is a pure shift NMR

package available for download as part of our 2017 workshop on pure shift NMR.



http://nmr.chemistry.manchester.ac.uk/pureshift
http://nmr.chemistry.manchester.ac.uk/pureshift

Download from our website:
http:/ /nmr.chemistry.manchester.ac.uk

Home Research People Publications Vacancies Downloads

Manchester NMR Methodology Group

Workshops and Conference

Workshops

UNICAMP 2018 - Introduction to diffusion NMR
SMASH 2017 - Pure Shift NMR Workshop
Manchester 2017 - Pure Shift NMR Workshop
SMASH 2014 - Pure Shift NMR Workshop

Conference tutorials
EUROMAR 2018 - Pure Shift NMR


http://nmr.chemistry.manchester.ac.uk/pureshift
http://nmr.chemistry.manchester.ac.uk/pureshift
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