NMR szilard fazisban

Igen széles jelek, mert a meghatarozo kélcson-
hatdsok a .solid state” NMR spektrumokban:

-dipole-dipole (homo-, heteronukledris)
csatolddas (direct, through space)

-kémiai eltolddds anizotropidja
-quadrupolar kélcsonhatasok
(csak quadrupolar magoknal)




A kémiai eltoloddsok iranyfiiggésének (Ac anizotropia) valamint a téren
keresztili homo- és heteronukledris dipoldris csatoldsok jelkiszélesito
hatdsanak elnyomasa

McConnell egyenlet: Ac o (y~x,) (1- 3c0s2®)/R3; y: mdgheses szuszceptibilitds

forgatdgaz

® Mdgikus szég: 54.7°

T
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A cirkénia mintatarto (rotor) elhelyezkedése a szildrdfazisd méréfejben



Minta bevitel/kivétel MAS mérdfejbe

Mintatarto (rotor) HR MAS probes with sample insert/eject capability
atmér6 max. forgasi sebesseég
1.3 mm: 67 kHz
2.5 mm: 35 kHz
3.2 mm: 24 kHz
4.0 mm: 15 kHz
7.0 mm: 7 kHz
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HR-MAS-NMR Spektroszkopia
(High-Resolution-Magic-Angle-Spinning)
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Chemical Shift Anisotropy

Nagy kémiai eltolddas tartomanyd magok, spin 1/2

B,

4 >

static 400 MHz 13C spektrum glycin
(por, 1H lecsatolt)

15 kHz

T N
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L0 S O B
200 150 100 50 0 -50



y COOH NCH,
MAS l

19 kHz |

_—

9 kH=z ‘

|
I

3.5 kHz | | |

A MAS forgatds hatdsa a
glicin (H,N-CH,-COOH)
keresztpolarizacioval (CP)
és protonlecsatoldssal
felvett szilardfazisd 13C

NMR spektrumdra

A forgatdsi sebesség na-
gyobb legyen mint az dtla-

golni kivant kélcsonhatas.

statikus ,
0 kHz Alld minta.
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IH — 13C magnesezettség dtvitel keresztpolarizdaciéval (Cross Polarisation)

[ —AE h B abundant
N{els0) _ %t c1-ap/kT 21- 1. 28 spins_
N(als6) 2 KT (e. g. "H)
Azonos 'H és 13C betoltottséghez eltérd
(spin)-hémérséklet tartozik: pl.: rare spins
(e.g. °C)
_ruBy _JeBo
e i = P =e e Meleg tartaly — hideg tartaly
P
5 1 Y+ giromagneses hanyados, YH/YC = 4/1
_ ¢t C — —
1. = Ny I, TC—ZSOOK—75K o =7B Yy-B#7.°B
fH

Hartmann-Hahn rezonancia feltétel:

YH'Bl(lH) = YC'B1(13C)

Hartmann-Hahn Spinlock-Experiments



Keresztpolarizacio (CP)

1H
Laboratoriumi 13C
koordinatarendszerben
® =7YB,
Yu ™4 Yc /
Frekvenciak (energiaszint-kulonbségek)
_— eltéroek
\' -
H 1 VC
Forgo
koordinatarendszerben B Hartman-Hahn
YuBin= YcBac

Az energia allitasaval a 13C
rezonanciafrekvenciaja az 'H
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Keresztpolarizacio (CP)

7
High Power
Decoupler

1H I Mixing
Time

13¢ Contact
Time

i

13¢

CT/‘

Hartman-Hahn
A keverési idd alatti kolcsonha-
tas (CT) folytan a 13C mdgnese-
zettség novekszik

®¢ = YcByc



Szilardfazisd 13C mérés CPMAS technikaval

90°  Spinlock/erés H lecsatolas

Impuls
M(H) 90,
81!1“'” " —— \ 1H
| | decoupling
: : contact
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A 13C CPMAS mérés optimalizdldsa a CH, + CH / CH; + C jelek
a Intervall, megkiilonboztetésére
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‘H§ Sﬁinloc" ML—«
AN
\ A ~ 30-100 ps




Glycin polimorfok 13C CP/MAS spektruma

178 176 ppm L45 44 43 42 ppm
kiléonbségek:

- chemical shift
- linewidth
-interaction with 4N

R a-glycine T —
178 176 ppm 45 44 43 42 ppm

R . —

e i e sanng

T T T T T T T T T T T T T T

T T
260 240 220 200 180 160 140 120 100 80 60 40 20 0 =20 ppm (Spektrumok nem

méretaranyosak
400MHz spectrometer, spinning speed 15 kHz Y )

a - and vy -glycine crystallised from water or 5% aqueous acetic acid, resp.



High Resolution NMR in the Solid State

13C CPMAS spectra of Cortisone acetate,
500 MHz; C,5H5,0¢

, o
Static no H decouplingm A -

Static with 'H decoupling

MAS with H decoupling

T T T T T T T T T
500 400 300 200 100 -100 -200 4300

P

AT | UKLU

T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

ppm



Cortisone Acetate: Discrimination of Polymorphs

13C CP/MAS spectra of cortisone acetate

IR

o T )

doubling/ of lines:

LI e | L
e || il

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

400 MHz spectrometer, spinning speed 15 kHz, measurement time ~ 40 min



Cortisone Acetate: Discrimination of Polymorphs

chemical shifts differ for all 4 forms

Form IV

doubling of lines:
Form Il 2 non-equivalent
lattice sites
J ¥
Form |
w (spectra not
drawn to scale)

yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy

13C CP/MAS spectra, expanded view on 75 - 10 ppm region



Cortisone Acetate: Identification of Polymorphs

Cortisone Acetate as purchased:
as

ourchased M mixture of form I and II

d Form Il

(spectra not
drawn to scale)

13C CP/MAS spectra, expanded view of 75 - 10 ppm region



Cortisone Acetate: Identification of Polymorphs

Cortisone Acetate in tablet
(pharmaceutical formulation):
identified as form II

tablet

most of active
substance lines
are resolved with
repect to
excipient lines

Form Il

0 1 O RN 1 Ry WU S W L . e

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm (SpeCtra not

drawn to scale)

13C CP/MAS spectra, full view



Cortisone Acetate: Characterisation of Polymorphs

13C-1H MAS-J-HMQC spectrum of cortisone acetate, form III

13C, 13C CP/MAS
. UM i ( JL « ——  spectrum

'H

v

. Fl-projection

th| V

-3
-2
1
0
1 ‘ ' ’
2 ' .'H l; |)’
3
4
5
6
73
8

T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 ppm

400 MHz spectrometer, spinning speed 13.717 kHz, contact time 400 pus



Cortisone Acetate: Characterisation of Polymorphs

13C-1H MAS-J-HMQC spectrum of cortisone acetate, form III

G, 13C CP/MAS
. «——  spectrum

H ..

/ F1-projection

T T T T T T T T T T T T T T
27 26 25 24 28 22 21 20 19 18 17 16 15 14 13 ppm

expanded view of 13C 27 ppm - 12 ppm region



Cortisone Acetate: Characterisation of Polymorphs

13C-1H MAS-J-HMQC spectrum of Cortisone Acetate, form III

G, 13C CP/MAS
ppm spectrum

-lH 4.2+

1.8 .— F1l-projection

I I I I I
128 127 126 125 124 123 ppm

expanded view of 13C 128 ppm - 122 ppm region



Iminodiacetamid Ph-N[CH,CON(C.H1).],
ionofor cink komplexe

B

S-S oSt [ S B o LS W S s
Cc=0 NCH
0 1
lpso ;'J " :‘E
X b
170 ‘IOU 150 140 130 120 65 60 55
(ppm) (ppm)

NOESY NCH2 °P; exoip‘ endo ip, exo op, endo
CbCl; M Komplex és szabad iminodiacetamid ionofaor

ol CP MAS 13C NMR spektruma

=

Ph-ortho 0 G. Téth, B. Balazs, Gy. Horvath, D. Magiera, H. Duddeck,
0 I. Bitter : J. Incl. Phen. Macr. Chem. 43, 145 (2002)
6.6
——— Kristdlyban deformacio folytan
49 4.8 47 4.6 45 44 43 ppm

megszinik a centrdlis szimmetria




| Kalix[4]arének sztereokémidja |

Upper Rim

kalix[4]arén konikus :
konformere Lower Rim

Stabil konformerek

Bitter I., Griin A., Csokai V.,
Téth 6., Balazs B., Horvath Gy.

Konikus  Részlegesen kénikus 1,2-Alterndlé 1,3-Alterndld



CP-MAS NMR Spektroszkdpia
(Cross-Polarisation-Magic-Angle-Spinning)
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CDCI; oldat
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F.Benevelli, J.Klinowski, |.Bitter, A. Grun, B.Balazs, G.Téth*: J.Chem.Soc.,Perkin Trans. 2, 1187, (2002)



5 vegyiilet 1,3-alterndlo konformerének 13C CP MAS spektruma

_P" helicitds

.M" helicitds

OCH,
OCH,

ArCH,Ar

CHZ_

CH,

IR I I LI I I I I

T " T T T T T T T T
170 165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90

8 8 75 70 65
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60 5
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Control of Spagetti cooking by NMR

Art of Cuisine

Patient  nestle (id=unknown, study=1)
= |mage Display

Effect of cooking time
(Was ist al dente?)

1) dry

2)1min.
3) 3 min.
4)5 min.
5) 10 min.

300 MHz 7T

Method: 3D Spin Echo MRI
Data matrix: 128 x 128 x 32
FOV: 5x5x 15 mm
Resolution: 39 x 39 x 468 um
TR: 200 ms

TE: 2 ms

SWH: 100 kHz
Averages: 1

Total time: 12 min




Control of Ripening process of cheeses by NMR

Tyrosine is

relative intensity

tyrosene

0.002500
0.002000 ///\\\
0.001500 1

0.001000

e

0.000500

0.000000 T T T T
0.00 20.00 40.00 60.00 80.00 100.00

weeks

converted to
phenylic acids
determining the
taste of the

cheese.
Phenylalanine is

not converted,
Concentration
increases with aging.

Beemster Gouda cheese
Different ripening stages

HR-MAS spectra NOESY-presat
400MHz spin rate 4.5 KHz
~ 5 minutes per sample

relative intensity

0.012
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0.008

0.006

0.004

0.002

0

phenylalanine

"
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DNP-NMR a Biomolekuldris NMR spektroszkdpidban

A Dinamikus Mag-Polarizacié (DNP) alkalmazasa soran a paratlan elektron (gyok)
extrém nagy spin-polarizaciojat visszuk at egy NMR aktiv magra, leggyakrabban
az 'H atomra. (Fig. 1)

Az elektronrdl kiinduld polarizacio transzfer az NMR aktiv magra ugy indul el,
hogy egy megfeleld polarizacidés reagenst (PA polarizing agent) alkalmazunk és
ezt megfelel6 ESR frekvencian (electron paramagnetic resonance, EPR) besuga-
rozva gerjesztjuk. A minél nagyobb hatékonysag elérése céljabdl a megfeleld
polarizacios reagenst kell kivalasztani, mikozben figyelembe vesszuk a DNP
mechanizmusat és az NMR muszer térerejét (frekvenciajat) is (Lasd Fig. 2).

Az H atomra atvitt polarizacié pl. a kereszt-polarizacié (cross-polarization CP)
révén tovabb vihet6 az alacsony giromagneses tényezdvel (y) rendelkezé 3C
vagy ®*N magokra is. Ennek eredményeként a rutin 'H kereszt-polarizacié alkal-
mazasaval elért érzékenység akar 658-ra is megnovekedhet.

A rutin, commercialis szilardfazisu NMR berendezéseknél a fenti technika a 9.4
Tesla térereju 400 MHz-es NMR miszerekt6l kezdédéen egészen a 18.8 Teslaig
(800 MHz) terjed6 tartomanyban hasznalhato.



DNP-enhanced solid-state NMR spektroszkdpia a gydgyszerkutatdsban

‘ /f, A 7:’; ]
R - | L 7
| @), N @
(a) | L -
(C) fﬁ A -
(b) ) > ()

Fig. 1. The commercial Bruker 9.4-T (400 MHz) or 263-GHz dynamic nuclear polarization solid-state NMR spectrometer setup at
the Ames Lab.. Continuous-wave 263-GHz microwaves are generated by a gyrotron (a) and transmitted via a waveguide (b) to
the magic angle spinning probe (c) housed in the 9.4-T wide-bore NMR magnet (d).

Sample temperatures of ~100 K are achieved by using cold nitrogen gas for sample spinning and sample cooling. The cold
nitrogen gas is delivered to the magic angle spinning probe in an insulated transfer line (e). The nitrogen gas is cooled inside of a
pressurized heat exchanger (f), which is fed with liquid nitrogen (g). The gyrotron control computer (h) can be used to turn the
continuous-wave 263-GHz microwaves on or off and adjust the microwave power

Magnetic Resonance in Chemistry, Volume: 56, Issue: 7, Pages: 583-609, First published: 28 November 2017,
DOI: (10.1002/mrc.4688)



Me(OH,CH,C),

Ph Ph
AMUPol TEKPol

TEMTriPol-1 BDPA

FIGURE 2

The molecular structures of exogenous dynamic nuclear polarization (DNP) polarizing agents.

(a) AMUPol, (b) TEKPolI, (c) TEMTriPol-1, (d) BDPA.

The cross-effect polarizing agents AMUPol and TEKPol typically provide the largest *H DNP signal
enhancements at fields of 9.4 T or lower. AMUPol is used with aqueous solvent mixtures, whereas

TEKPol is used with organic solvents.
TEMTriPol-1 and BDPA have provided the largest *H DNP enhancements at magnetic fields of 16.4 T and

higher



. o o(b) o e .," i (c) &b a5 «  ® Radical

" 00 _ 6 ey - < Tes (2% @ Analyte
FIGURE 3

Cartoons of dynamic nuclear polarization sample preparations illustrating the
distribution of analyte (yellow spheres) and radical polarizing agent (PA; red

spheres).

(a) The analyte is dissolved and homogenously distributed in the
radical-containing solution;

(b) an inhomogeneous nanoparticulate or microparticulate analyte is
impregnated with a radical solution and the PA is restricted to the surface of the

analyte domains;
(c) direct doping of the PA into the analyte particles



API Excipients @ Radicals ®

\ /

Co-dissolved solution or Co-mixed powder

Hot Melt Extrusion

Spray Drying

Low T

v g\ L Mﬁzﬁm

MICFOW&VG
MAS NMR DNP-enhanced spectra

FIGURE 6. Minta elOkészitési protokol.

Sample preparation protocols used to
directly dope amorphous solid disper-
sions prepared by spray drying or
hot-melt extrusion.

API = active pharmaceutical ingredient;
DNP = dynamic nuclear polarization;
MAS = magic angle spinning.
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FIGURE 9 Examples of challenging multidimensional solid-state NMR experiments enabled by relaved dynamic nuclear polarization
(DNP). (a) DNP-enhanced two-dimensional (2D) scalar *C-"*C double-guantum single-quantum (DQ-5Q) homonuclear correlation
spectrum of sulfathiazole obtained with the refocused INADEQUATE pulse sequence in a total experiment tme of 16 hr. MAS = magic angle
spinning. Reprinted with permission from Rossini et al. ") Copyright 2012 American Chemical Society. (b) DNP-enhanced 2D dipelar 'C-
19 -850 homonuclear correlation spectra of theophylline Form IT and the D signal buildup curves extracted from 2D spectra obtained
with different mixing times. The D) signal buildup curves are fit to analytical functions corresponding to ideal buildup curves penerated from
the carbon-carbon distances and dipolar couplings observed in the crystal structure of theophylline, Reprinted with permission from Mol lica
et al!"*" Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (¢) DNP-enhanced 2D *C-"*N cross-polarization (CP)-
heteronuclear correlation spectrum of a self-assembled 2'-deoxypguanosine derivative. Reprinted with permission from Mirker et al 57



Hatdrozza meg a CH;0O csoport helyét a 3.64 ppm-nél besugdarzott
NOE differencia spektrum (c) alapjan!

8Hz

2Hz

3H

6.9 6.8 . v 2H
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Oldészer: CDCI;+CD;0D



Végezze el a 13C jelhozzdrendelést a C,H-COSY spektrum alapjan!

124.0 1119 100.4 CcDCl; 55.8 CD;OD 310
CH tovdbbi kvaterner jelek:
cH CH; 174.5; 153.6; 131.2; 127.3: 107.5
CH J‘ CH,
C
L T
J " oC pPpm
. — i e c-2 1240
7} ’ 2 Cc-4 100.4
; Cc-6 1119
E“’ c-7 1119
% c-8 310
L CH;O 558
5 L Cc-3 1075
8 _—-COOH |1*
CHiO 5 2 32 /a - C-3a 127.3
10 \ [w
6 ) &2 [ C-5 153.6
l 7a L
4 M 7 ' o -
: ' , ! L < C-7a 131.2
7 ! ] C-9 1745




7.24d, 1H
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Presentation of NMR Data (500 resp. 125 MHz, CDCl;,

5

4

Assignment 1y (J) 13¢ HMBC responses NOE respon-
(13C partners) ses (1H)

| — 187.7 — -

2 — 133.4 — -

3 3.14,m 27.1 C-1,C-2,C-4,C-4a,C-9 4, 2'¢

4 294, m 28.7 C-3. C-4a, C-5, C-8a 3.5

4a — 143.0 — -

5 7.24,d(8.5Hz) 128.0 C-4, C-7, C-8a 4.6

6 7.48, t(8.5Hz) 133.0 C-4a, C-8 5,7

7 7.36,t(8.5Hz) 126.8 C-5, C-8a 6, 8

8 8.13,d(8.5Hz) 128.0 C-1, C-4a, C-6 7

8a — 133.5 — -

9 7.86, s 136.5 C-1, C-3, C-2'¢ 2'/6'

I’ — 128.3 — -

2'. 6 7.43, m 131.6 C-9, C-2'¢ 3,9, 375

35 6.96, m 113.9 C-1', C-3", C-4', C-5' 2'/6'. CH30

4 — 159.9 — -

CH30 3.85.s 55.2 C-4 3'/5




A nice experiment: H2BC

Heteronuclear 2-Bond Correlations

— feler6siti a 2 kotésen keresztuli korrelaciot

— elnyomja a tobbkotesen keresztuli korrelaciot
I

H |1——‘

I
2 —
X

I E] 5H5I|T|T3|TEI Tl E
| 7, 9. 0
Grad

for more information

www.crc.dk/nmr
A P . /\
VAV,

3rd order low-pass J filter for correlating *H and 13C nuclei
via YJy and *H-'H couplings. No 2], involved!
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20-Hidroxiekdizon dioxolanok NMR vizsgalata

20-Hidroxiekdizon (61H, 5'3C)
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20-Hidroxiekdizon + H-C-Ph ——»

C34H4807; Ms = 568; DBE =11
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NOE/ROE intenzitds novekedés a korrelacids id6 filiggvényében

1
n 65%
50% ﬁE
0.5 S 50% ROE
I 500 ~ 1000 Dalton, 500 MHz
0 | Nincs NOE
—0.5 - NOE
100%

—1 4 , ‘

0.01 L] } Irlliol:1 i ] lTllll]l 1 | Tllil‘]llo 1 ] llll1ll60

gyors molekuldris mozgds

lassd mozgds

TC (nS)



edHSQC + selROE 5.80s l

2pM 3 1 C:\Users\gtoth\data\TG\nmr \

L _JL L___#____ML bp M JU% Mﬂ

@ @0 11
163wl
aw | D @ g
@9 9 ]
@D
v l7w
5
3009
0 22
A
! )l \
’ J 105.1/5.80s Hﬁ-16 2.08
| |
*_{ "H‘\“I 7° - Eh )ﬁl.‘
*m‘ﬂ**1-“'ﬁw.»w”va’“vM A w» I W e W* ’W' JW W W*‘J
— r ; I

O \‘ T ‘ T T T T | I T T T T ‘ ‘ T T T ‘ T | T T

meta 7 6 5 4 3 2 F2 [ppm]

F1 [ppm]

40



Sematikus térszerkezet
IH kémiai eltoloddsok
H-29 selROE térkozelségei

Hyperchem 8.0
PM3 szemiempirikus
finomitott térszerkezet
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Bruker Avance 500 (2002); 5mm BBO (direkt) méréfej; S/N : 1H = 350, 13C = 230

MATCH tubes (mérécsoévek)
Atméré: 1, 1.7, 2.0, 2.5, 3.0, 4.25 and 5mm

térfogat == 0.1 ml 0.6 ml

edHSQC, HMBC mérésidd : 6 perc, selROE ns=32 >3 perc
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Extrém nagy felbontas az F1 (33C) tartomanyban a savszelektiv HMBC moddszerrel
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DFT geometria
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Irja fel a szerkezetet és adja meg az 'H (és 13C) kémiai eltoloddsokat, valamint a J(H,H)
csatoldsi dllandékat!
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Compound 34 has been isolated from the phenolic fraction of the plant Polygala arvensis. Its molecular
formula — determined by high-resolution mass spectrometry — is |CzIH2005. What is its structure?
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Fig. 4.25.1. 500 MHz 'H NMR spectrum of 34, in CDCl,; impurity signals are marked by "x"; S: solvent. The fol-
lowing signal splittings (doublets) have been determined: & = 7.82, 15.3 Hz; 6 = 7.72, 8.8 Hz; 6 = 7.40, 153 Hz; § =
7.23, 8.2 Hz; 3 = 6.96, 8.2 Hz; 3 = 6.76, 10.0 Hz; 8 = 6.38, 8.8 Hz; § = 5.59, 10.0 Hz. For an expansion see 1D
spectra in Fig. 4.25.3.
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Fig. 4.25.2.a 125.7 MHz ">C NMR spectrum of 34, in CDCl;; b DEPT135 spectrum; ¢ selective INEPT spectrum, ir-
radiation at the signal at § = 13.79. The exact values of the >C chemical shifts are: § = 191.9, 160.9, 159.7, 148.4,
146.8, 144.6, 130.5, 128.1, 127.4, 123.5,117.7, 115.9, 114.9, 114.1, 110.1, 109.4, 108.2, 77.8, 56.0, and 28.4.



0 o Fig. 4.25.3. Expanded
G o section of 'H,H-COSY
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Fig. 4.25.5 HMBC
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Fig. 4.25.6 HMBC széthdzds
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Table 6.25.1. Listing of 'H correlations in the HMQC and HMBC spectra of 34. C,,H,,Os DBE=12

'H signals at § = 1C signals at & = Long-range correlations at & =
(HMQC) (HMBC)

1.47 28.4
3.97
5.59
6.38
6.76
6.96
7.12
7.23
7.40
7.72
7.82

13.78 1D INAPT 109.4; 114.1; 160.9
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Isolation of Polyarvin, a Chalcone from Polygala arvensis.
Nat. Prod. Letters 12, 277-280 (1998)



