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NMR (Nuclear Magnetic Resonance)

- All atomic nuclei have spin quantum number "/".

1 nucleus
0 12¢, 16Q, 28g;j. .

- Each nucleus can have 2/+1 linearly independent spin states 1/2 H, 13C, 15N...
In absence of Bj: degenerated 1 2y 14
) H, "*N...
In presence of By: splitted

atomic - Certain atomic nuclei (#0) have a property called spin.

nucleus

O : atomic nucleus (/I=1/2) ) )
direction of B

—3» : spin
B state 2\
5 ;{ .- - (higher energy) nucleus Y

53( = 'H 268
\O\ IR a state c 6.73

}O/ (lower energy) — 19¢ 25.2

BO= B0>0 h,-\//
NE = Fgr — —BO By —19.39T
21T =v('H) = 400 MHz

When the electromagnetic wave which has the exactly same energy as AE,
the nucleus absorbs the energy and get excited (resonance).
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Magnetization Vector

. . z z
direction of By direction of By
. Y
Nuclei
X y X y
By exerts a torque on a nucleus. magnetization
The nucleus rotates by the torque vector

and the motion is called Larmor precession.

z z z
M, =M, M, = Mycos@ M, =M,
M, =0 M, = Mysin@ C M=0
Mo resonance relaxation
I
X W @ y X y X y
energy detection
signal
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(i) longitudinal relaxation (T4 relaxation)

z z z
M,=0 M, =M,
SN relaxation
[ —_—— —_——
a-pinene
immediately after equilibrium state H,: T{=5.3s
90° pU|Se Hb: T1 =3.3s
(ii) transverse relaxation (T, relaxation)
X X
relaxation
_> y —— ‘ Yy —— y
immediately after
90° pulse The transverse relaxation is observed as a free induction decay (FID).

NMR machine measures this FID.
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Chemical Shift

Bo

The nuclei is affected by its electronic state.
The electronic effect is proportional to By and it's calculated as oB,.

(o:shield constant)
Therefore, the exact frequency is calculated as yBy(1-0).

z z z
slow fast
90° pulse
—_— —_—

A

(o}
fast slow
(o}

B w_

Op>0p First NMR measurement? Modern NMR measurement®
H H e
OH
H H i
ethanol { = B

NE#ILZDT=0DE S EENMRTSI =y, Claridge, T. D.W. &, TRMA. BIIEHF R
2) Arnoid, J. T.; Dharmatti, S. S.; Packard, M. E. J. Chem. Phys. 1951, 19, 507.
3) Gerothanassis, |. P.; Troganis, A.; Exarchou, V.; Barbarossou, K. Chem. Educ. Res. Pract. 2002, 3, 229.



NOE

NOE (Nuclear Overhauser Effect):
the transfer of nuclear spin polarization from one to another via cross-relaxation

Bo
o BABX example

MGOzc HX

T lT—_BA"X Tl—-—aABx @ P

~N
P, TT \\‘ "' apd
A,X: 'H (no J coupling) ATX
<transition: A or X> <transition: A and X>
—5— BaBx
W,
BaOx aaBx BAGX__‘WO —»—— apBx
AaOx —Y_ ap0y
W,A W, *: observed on 'TH NMR W,,W,: observed on NOE spectrum

AHEZDODE S EEENMRT I =v%; Claridge, T. D.W. &, MR#A. AJIEHF R
Wang, Y.; Nagai, T.; Watanabe, |.; Hagiwara, K.; Inoue, M. J. Am. Chem. Soc. 2021, 143, 21037.
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Prof. Gareth A. Morris

Prof. Gareth A. Morris

1972~1981: B.D., Ph.D., and research fellow
@Magdalen College Oxford
(by Prof. Ray Freeman)
1982~: Research fellow @Manchester
2014~: Fellow of Royal Society

Award:

RSC Corday-Morgan prize and medal in 1988
Leverhulme Fellowship in 1996

Russell Varian Prize for NMR in 2011

Reserach Topic: NMR Methodology
‘INEPT (Insensitive Nuclei Enhanced by Polarisation Transfer)

-DANTE (Delays Alternating with Nutation for Tailored Excitation)

Musaey, D. G.; Kaledin, A.; Shi, B. -F.; Yu, J. -Q. J. Am. Chem. Soc. 2012, 134, 1690.



NOE Measurement in Complex Natural Product

In many cases, 1D-NOE experiment has a big problem of over-lapping

1.9-1.7 ppm: 3 protons (H1283, H16a, H7f3) are overlapped.

NOE experiments (H1283): H16a and H7[3 are also excited.
—Many signals are observed.

H123
H6 excitation
A
H1283
H16a
H783
7 L 1 | I 1 | T T 1 ] ] l 1 | I l ] 1 | I 1 | 2 1} I 1 1 | l 1 || ]
3.6 x - 2.8 2.4 2.0 1.6 il 0.8 ppm

—Development of NMR method for the selective excitation of "one" peak is
essential for structure determination
Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



Selective Excitation Pulse

Based on Heisenberg's uncertainty principle, the frequency of pulse spreads (1/At)

-Pulse in the typical 'TH NMR

Fourier

transform
ﬁ

= wide range of frequency
At

strong pulse

-Selective pulse

ﬁ
-_ J \
At At
weak pulse Gauss pulse
Problem: >V

- the range of selective pulse is 70 Hz (insufficient)
- single use of this pulse is limited (the advantage of pulse field gradient (PFG))

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.
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Pulse Field Gradient (PFG)

Pulse Field Gradient (PFG): changing B, around a sample with gradient

slower slower

PFG  Bo-A D Bo-A
e —>

>

> By > By
Bo | (U > By+A g D By+A 9

Jik

000

faster faster

defocus
faster
opposite
Bo+A "PFG
S ) —

slower

- 00

ERILZD-ODE R FEENMRT I =v%; Claridge, T. D.W. &, fTREA. BEJIEF R
Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



Combination of Selective Excitation and PFG

90° pulse
J ‘180° selective pulse Pulse sequence: vav
1
H

1. 90° non-selective pulse '
2. pulse field gradient
3. 180° selective pulse
4. pulse field gradient

G G, G4 G4: pulse field gradient X y
(the same gradient) W,
—3» within the selective pulse
y —>» out of the selective pulse
: Xy plane
¥\
X :
slower slower
@ BO_A BO_A
180° selective
PFG pulse PFG
— BO —_— — BO
Bo+A Bo+A
\ @ ° \ @ \ ° \
faster faster
after 90° Blue vector
non-selective pulse selectively refocused
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Adiabatic Pulse

Adiabatic pulse

- Relatively weak 180° pulse

- The frequency of pulse gradually changes

- This pulse can be thought as a "sweap pulse" z

A

v-p v v+p

This pulse can be represented by 180° pulses that occur when the frequency matches.

V+p v+>:/4 VHp \:{,_,_p
adiabatic
v pulse v' \ » ‘ SE———
v-p (v=p)—(v+p) “v-p “v-p “v-p
\_/ beginning of middle of end of
adiabatic pulse adiabatic pulse adiabatic pulse

ABIEZ OO DE R EENMRTI=v%; Claridge, T. D.W. &, MIRMA. BIIEF iR
Pelupessy, P. J. Am. Chem. Soc. 2003, 125, 12345.



GEMSTONE

90° pulse 180° selective pulse
J Tp Tp
adiabatic adiabatic
pulse pulse
¢ — IS
Gy G, G, _G_
—0G1q

T,: constant time (defined before NMR measurement)

G4, G,: pulse field gradient

<key point>
G, and the range of adiabatic pulse is matched.

. ] bw bw
range of adiabatic pulse: (1/ - )2“) ~ (v + 7)

~

"‘/GlL

27

bw =

v = frequency of the signal of interest (Hz)
L = sample length (cm)
G, = field gradient (G/cm)

Pulse sequence:

. 90° non-selective pulse

. adiabatic pulse in the presence of PFG (G,)
. another PFG (G,#G,)

. 180° selective pulse

PFG (G,)

adiabatic pulse in the presence of PFG (-G,)

OGhWN =

—» 'H with the frequency of v

@ v—-bw/2
JdCE

/ @ v+bw/2
\_/

—Desired TH can be excited all area in the sample,
while other 'H isn't excited at all or partially excited.

Gy

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.

Angew. Chem. Int. Ed. 2021, 60, 666.



Spin Defocus

90° pulse z
Tp Tp: constant time
1 (—) (defined before NMR measurement) v-bw/2 \';
adiabatic  pyjse sequence:
pulse 1. 90° non-selective pulse U
c — I 2. adiabatic pulse in the presence of PFG X y
G range and vector: (v+tbw/2)—(v-bw/2) e interest 'H
y —>» not interested 'H
(closed chemical shift to interested 'H)
: Xy plane
X
adiabatic  G1 v-bw/2 v-bw/2 v-bw/2
pulse v-bw v-bw v-bw
and
PF
—Gﬁ) v — v — v
v-bw/2 v-bw/2 v—bw/2
v+bw/2 v+bw/2 v+bw/2
\_/ \_/ v \_/ v _/ v
after 90° beginning of pulse middle of pulse end of pulse
non-selective pulse adiabatic pulse started from adiabatic pulse excited adiabatic pulse excited
P v+bw/2 the frequency of v the frequency of v—bw/2

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



Selective 180° Retention

180° selective pulse

-180° selective pulse: excites both blue H and red 'H

1
H Pulse sequence: . . . o
3. another PFG (G#G,) (their chemical shift are very similar) _
4. 180° selective pulse ‘G,-180-G,, pulses don't affect on the relative phase of
5. PFG (G,) peaks within the selective pulse.
¢ G G
2 2 180° selective
u pulse
' ' \'
v-bw/2 : v-bw/2
G, 4 V-G, G,
v-bw/2-G,
PFG (G,) PFG (G,)
— \4 — —
v-bw/2
v+G,
\_/ \_/ v-bw/2+G, \_/ \_/
after G4/PFG ' after second G,

frequency of each 'H turns
back to v and v-bw/2, respectively

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



[T

Tp: constant time
(defined before NMR measurement)

adiabatic
pulse

C—

adiabatic -G

pulse
and
PFG (-G,)
—

Pulse sequence:
1. 90° non-selective pulse
2. adiabatic pulse in the presence of PFG

\

beginning of pulse
adiabatic pulse started from
v-bw/2

v+bw/2
\'

\"; .
v—-bw/2

v-bw/2
v-bw

\

half of pulse
adiabatic pulse excited
the frequency of v

v+bw/2
\

v —
v-bw/2

v-bw/2
v-bw

\

end of pulse
adiabatic pulse excited
the frequency of v+bw/2

Refocus of Desired Peak

v+bw/2

\'
v-bw/2

v-bw/2
v-bw

Blue 'H refocused

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



Comparison of VI-CSSF and GEMSTONE

Excitation profiles: the range of frequency which the pulse can excite

(a)VT-CSSF (previous chemical shift selection method)"

..,,,.}Hl!,”

total experiment times: 111 min

(b)) GEMSTONE?
total experiment times: 4 min

P Pa—

v y—

: .llll » & s
. r—————— .
LT NN AT BEAE B R R S L B R B

50 40 30 20 10 0. -0 -20 -30 -40 .50

5 Hz
GEMSTONE can be the new critical method for chemical shift filter.

1) Robinson, P. T.; Pham, T. N.; Uhrin, D. J. Magn. Reason. 2004, 170, 97.
2) Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



1D GEMSTONE-NOESY (1)

90° pulse 180° selective pulse 90° pulse 90° pulse

1HJ'f/T'pﬁ O f\TﬁI gl —]

» adiabatic adiabatic «+ adiabatic adiabatic
. pulse A pulse —-A, pulse B o pulseC .
: € ot
c — — B -
' G, G, G, G. . Gj '
: o1 :
) GEMSTONE ' 1D NOESY '

pulse A: narrow range (bw), pulse B,C: wide range (all 'H)
<strategy>

For 1D NOESY, selection of excited 'H is necessary.

In this experiment, the selection step is conducted by GEMSTONE.

z z
adiabatic
90° pulse pulse B
= —> —>
@ X y X y
Ue)
after GEMSTONE

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.
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1D GEMSTONE-NOESY (2)

90° pulse

N ]

E adiabatic adiabatic E
:(pulse B Trmix pulse C »:
: B
: G; :
, 1D NOESY :
y 4 y 4
relaxation
(Tmix)
q

¢ NOE
X y X

y

-During the mixing time (1,,;x), blue vector got relaxation.

—NOE is observed (transitional NOE)
—Magnetization vector with NOE (magenta) is generated.

-Adiabatic pulse C with PFG disappears some noise, while

desired vector isn't affected by the pulse.

z y
adiabatic
pulse C
with PFG(G3) T 90° pulse
— —

y X y X \‘ y

FID

data collection

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.

Angew. Chem. Int. Ed. 2021, 60, 666.



Example of 1D GEMSTONE-NOESY

17B-estradiol 120 18

1P

Mo 123
a) normal 1D NOESY .,l.. i L

b)-d) 1D GEMSTONE-NOESY
b) 16a selective = 8
c) 123 selective
d) 7B selective 78
e) TH NMR spectra N

7Ta

sample: 62 mM in DMSO-dg ) ~
experiment times: 12 minutes

ok A_ALA_ALLM

] I T T [ T T I I T L] T l T T T ] 1 T T T T T l T I T I T I T

3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 ppm

Selective excitation is achieved and clean NOESY charts are obtained

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



GEMSTONE: new NMR method for chemical shift selective filter

GEMSTONE-NOESY: new NMR for determining the stereochemistry of organic compound

S [ =1 §
>E

MeO
batrachotoxin resiniferatoxin puberuline C
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NOE (Nuclear Overhauser Effect):
the transfer of nuclear spin polarization from one to another via cross-relaxation

B, N-A

—— BaBx
AN A,X: 'H (no J coupling)
, ‘\\ Total number of molecule: 4N
" A A \‘
pAqxﬂ; ‘\\ N anB The energy of Bpay and Bpay: almost the same
' K APX" =the number of possession at Baax and apfx: N
‘A A,
\\ ," The excitation energy (a—): almost the same
‘oo =difference of the numebr at each state is same: A
A X Apdx
N+A
N-A N-A
BaBx —5— BaBx
N W,
Bacx By Bacix <—W N ABx
0
a0y L ap Oy
N+A N+A
W,A,W,%: observed on "TH NMR W,,W,: observed on NOE spectrum

AHBIEZ OO DE S EENMRT I =v%; Claridge, T. D.W. &, MIRMA. BIIEF R
Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



NOE (2)

N j\ j\
X A

N+A/2+x

N-A/2-x

saturation of X signal

X i P

-A -
BaPBx N-4/2

w,* N+A/2+x X A
N W, relaxation positive NOE
N N+A/2
Baa
AT %aBx N-A/2+x
OOy 0 <A
N+A N+A/2
N=A/2+x Wo N+a2x | X A
equilibrium state
<A 0 /\
N+A/2-x X A
W, relaxation negative NOE

AHEZDODE S EEENMRT I =v%; Claridge, . D.W. &, MR#HA. AJIEHF R



VT-CSSF

180°
90° pulseselective pulse 90° pulse 90° pulse Pulse sequence:

1. 90° non-selective pulse

1 I v2 ‘I 2 I I 2. PFG (Gy)

H 180° 3. 180° selective pulse

non-selective pulse 4. 180° non-selective pulse

5. PFG (-Gy)
6. 90° non-selective pulse
7. PFG (G,)

G _G__- G, 8. 90° non-selective pulse

t: increment of VT-CSSF
NMR experiments repeat several time changing t.
—Overall experiment time is relatively long.

1) Robinson, P. T.; Pham, T. N.; Uhrin, D. J. Magn. Reason. 2004, 170, 97.
2) Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



Example of GEMSTONE-NOESY

(a)

5.4 4.6 3.8 3.0 2.2 1.4 ppm

17m a) '"H NMR of 1 and 17-epi 1

b) conventional "TH NMR
c) pure-shift NMR
17M

(e) AN d-g) GEMSTONE experiment

(f) “ 14

14
16

(9)
J\_JL/\

WW*TWW

104 100 096 092 0.88 ppm

(d)

Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



Example of GEMSTONE-NOESY

‘b) 9a -~ 6b

NWMWNW
15b 16

(@ 20 -

T Ln BN L A R A B A B B R R A B R A R R R ™

240 225 210 195 180 165 150 135 120 105 090 075ppm

AHBIEZ DO DENEEENMRT I =v7; Claridge, T. D.W. &, TIR#MA. BIIEHF iR
Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666. 29



Auto Lock

Magnetic field (Bg) is generated by superconductive magnet.
However, B, easily changes due to some effect (called drift).
—Measuring By and correcting the distortion: Auto lock

nucleus | Y 2H(D) is also detectable on NMR.
1H 12 26.8 Its frequency is very different from 'H.
24(D) 1 4.13 —The signal of D in the solvent is used for Auto lock.

R
CYCLOHEXANE D12 L 2 L Idl@
- D7 o (o)) &) 2] 3
MS0.D6

B,' %?u;\?fnl.)uono.:vpnopmonm [th]@].u-toswgi E] ROt AL
‘ = 2 .
me;)s-::lrnélrlﬁen t l CHLOROFORM.D !OE‘“ El"—‘ﬁln'{ || (RERRETLITRRER)
a | User Shims Il System Shims : Il II o || Rrh[;tsh Sllil:i_. i

I '

Auto Shims

\_/ \_/
sample in d-solvent

Recall || AUTOSHIM OFF

| SHIM_Z4




Shimming: correction of B,

Bo

<1/400,000,000 Hz
difference is required

z axis: Z1, Z2, Z3...
XY plane: XY, X2-Y2...

BRIEZD=ODOETEENMRTI=vY; TAWA. BIIEH R 31



Data Processing and Broadening Factor (BF)

X X
relaxation detection
FID
immediately after
90° pulse
__t _
FID : I(t) = Io(cos 2mupt)e” T2 - e~ (BE)E
BF: broadening factor
oo
—2mitx
) = e dt ‘
F(z) / I 1+7T5-BF
—00 N =
b

AHEZDODE S EEENMRT I =v%; Claridge, T. D.W. &, MR#HA. AJIEF R
Kiraly, P.; Kern, N.; Plesniak, M. P.; Nilsson, M.; Procter, D.; Morris, G. A.; Adams, R. W.
Angew. Chem. Int. Ed. 2021, 60, 666.



Understanding for ”Tesla”

sie

£ i b

T S .
s bk refrigerator magnet

co il = &..‘:@ | i

Neodymium magnet
1.25T

Water has a property of diamagnetism.
(In presence of strong magnetic field, water repels to the field.)

—Animals (they have much water in their body) can defy the gravity.
16 T k

Berry, M. V.; Geim, A. K. Eur. J. Phys. 1997, 18, 307.

Ig Nover Prize (2000)



