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ssNMR - NMR krystalografie

Komplementarita
XRD NMR




Rtg a NMR krystalografie pro farmaceuticky aktivni substance

B Principy NMR krystalografie a cile projektu
M Dilcivysledky:

B Princip dipolarni spektroskopie a urcovani strukturni fragmentu

B Usporadani molekul, strukturni motivy a segmentova dynamika (LT-
simvastatin)

M Faktorova analyza 'F, *C NMR data a XRPD dat amorfnich substanci
B Sul nebo co-krystal? "N CPPI NMR - jednoducha procedura



Predstaveni a cile projektu

@ Problem - obtizne predpoveditelny polymorfismus
H Biologicka dostupnost a krystalova struktura
H Patentove komplikace a spory

B Rozvoj nového vedniho oboru - NMR krystalografie

M Spojeni ssNMR, XRPD a molekularntho modelovan

M Rychla a spolehliva identifikace a strukturni analyza API

M Pochopeni jevu polymorfie ve vztahu s termodynamickym chovanim AP|

B Metodika NMR krystalografie - monitorovani farmaceutickych produktu
H Optimalizace pro prumyslové mérntko - minimalizace experimentalniho casu



Predstaveni a cile projektu

rtg a NMR krystalografie
e difraktogram -
ss-NMR i S TN, YRPD
strukturni a.xx
HERE A fragmenty 7
kontakty = \ 7
2 . i i MME parametry -
o THEN A R i [CASTEP)
el distance \ A S
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termodynamickym
chovanim?



Dilci cile projektu - prvni etapa

Vypracovani metodiky pro jednoduche systemy

B Urcovanistrukturnich fragmentu: '*C-'H kontakty a vzdalenosti pro rtg
B Simvastatin (C25) - fazove prechody a nizkoteplotni formy
M Lokalizace vodikovych atomdu
M Dynamika

B Metodicky aspekt - porovnani DSC, XRPD, ssNMR

B Rychla detekce a identifikace krystalovych forem

H "F NMR - vwpovidact hodnota spekter, porovnani s ¥C NMR a XRPD
M Posouzeni amorfnosti



Urcovani strukturnich fragmentu |

Dipolarniinterakce a meziatomova vzdalenost

Dipolarnt oscilace 13 MME signalu pro
typickou C-H skupinu

,_u_m

%HlE H@oo%ml%ﬁ,@n T P
A3 Dipolarni spektrum Skalowvani D

0,1 nm m_._ ]

12,5kHz o =4 —

o 2%

B O -dipolamTinterakéni konstanta zavisi na 170y, > o
5 =smfh =2

P

B [O-dpolamiinterakéni konstanta by mela byt .
konstantni pro viechny C-H pary w CH or CH- st &, = 0.816
skupinach, protoze vzdalenost je vzdy 0,11 nm

-koooa -200en g bd=]=1=1-] ioooa



Urcovani strukturnich fragmentu I

Separace lokalnich poli
Lee-Goldburg cross-polarization (LG-CP)

L L ___5 |

- 20
£ L] Iyl Hong, M. etat. J.Phys. Chem.B 106, 73755 (2002).
Wy
. : _
| | i - 0
|| pE5¢ G f
\ - 20 Recouplingof dipolarinteractions at+1 and+ 2 55B
T ¥ I - [ ! _....“.. T - [ L | . I . I £
180 160 140 120" 100 WO &0 40 20 ppm

B Ve wysledném 20 spektru jsou dipolariinterakee separovany pro
kazdy rozliseny uhlikows atom do druhe dimenze. Owviem ziskanym
dipolarmim profild dominujijednowvazebne dipolarni iterakee, které
jsou pro urcent struktury nevyznamné.




Princip dipolarni spektroskopie |

Zvyseni dimenzionality experimentu

Standardni 3D experiment
TH-HC FSLG-LGCP-HETCOR

13 long-range pairs 0=0 Hg-lg+lz-lg g 0 kH=
1H: +
- I T O ) o
1 90,35, FSLG AL (TPPH)
2 : .
M ratary o Sona-State NIVIR
S ..m_.wn JHIPC AS CZ
| 0 £ t o
Acquisition
6 130 t,
T ™

—_—

G.-J van Rossum, etal, J. Am. Chem. Soc. 122, 3465 (2000)




Princip dipolarni spektroskopie IV

Potlaceni nezadoucich signalu

e ,

Fozsirenyal experiment
REDCR rozfazowvany 'H-SC F5LG-LGCP-HETCOR

24 long-range pairs

iH: 0=10 xlg 0 g +lg-lg +lg-lg +g 0 kHz
90, 35, FiLG 160, FSLG FSLG
2 h K it _ LGCP
o0 ¢ H

=y SN

47 3 ¥, i a 1 3 1 ¢ s
L i # i # " = =|

6] ) 9 ? Y% t=3ddms o | | bR

“_. | | | | SR .,.._._. - | ] “ “ “

40 35 30 25 m..__ 15 10 : “ “ : _ p
: .

.;,,.,. : Yao XL, elal, J. Magn. Reson. 49, 139 (2001)




'H-13C kontakty: dipolarni spektroskopie

Rozsireny 3D experiment

REDOR rozfazovany 'H-"*C FSLG-LGCP-HETCOR s
amplitudovou a frekvencni modulaci LGCP

‘ Iiffgfi:?>>ﬁ?>€ 30 experiment

pRm 0.1 ms

e — e —
-
e

10

[ R B [ TR
mmm __h_ - m f ¥ oz
| __..dmn.ﬁm i . : : T

e -2

uu!m 3.0ms ¥ _

1 1 ;#cf_ L g EHE L,.u..m YR

10
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Strukturni fragmenty

Faorm 1l

3D 'H-13C FSLG-LGCP HETCOR

1 0.1 ms i
: B I § ) _“ it
b n LA L
5 — |
] _ b " / _“
L2
10 -
m_|
PP 0.5 ms _z_p_..: , o
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Structural fragments determined

from ssMMR spectra




Strukturni fragmenty - geometricka omezeni

13C-TH FSLG-LGCP HETCOR
vV porovnani s
XRPD vysledky

Upresnena XREPD struktura Strukturni fragmenty ziskane z sshMR spekter




Zcela rigidni systemy

James Bond, 1971, “Diarmonds are forever™,

Diamant je nejlepsi pfitel Zeny

Diamant

Dokonale krystaly a atomarni site

Y
*C HMR }\.\ % 2
o, [z

13C MAS HMR _

el e .

T ,{’C) relaxation time - upto 2 days




Nizkoteplotni formy Simvastatinu

DSC méfe ni

Simvastatin (Zocor®)

IIMVYANTATIE

i Form | Merck
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Nizkoteplotni formy Simvastatinu

Konformacni premeny a segmentova dynamika (frekvence)

Relaxacni rychlosti vs. teplota

o]
=) 100 - Foml  Form Il Form I
In[R 1]
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R
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Teplotni meny chemickeho posunu
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Nizkoteplotni formy Simvastatinu

Konformacni premeny a segmentova dynamika (amplitudy)

C2
e 109490 Hz S
4497 Hz a-foum 30K
JI0K
10960 Hz
4492 Hz 26K } . 396 K
1]
e \ b-form
5273 Ha | w.d o 11520 Hz i i)
g cgz.\v_é.g
11580Hz
78 He 2K 268K,
T T T T T 1
FLi it} [1] =1 -2 ppm T T T T T 1
0 10 i -0 -0 pEm
Segmenth EthuenelinkE Lacton cyde < Estertail D
Co-C11 Cé Ch 20
Orderparameters; Rootmeansquare ange (f.m.z.a.)
Formal 5=1-0.,99 £=0,98-0.97 5=0,97 % =0,37
o-2z° 6-58° wf & Three site jump 38:531: 31%ar~60% in
the cone
Formall S=1-0.993 5=0,93-0.92 %=0,97k 5= 0,46
o-z° 12-13° R Three site jump 4826 26% 0 ~ 547 in

the cone




Nizkoteplotni formy Simvastatinu

YT20 PC-'HFSLG-LGCP HETCOR
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A co prakticke vysledky?

Propojeni mezi ssNMR a makroskopickym
chovanim

Spektralni parametry, Makroskopickeé chovani
struktura, pohybove
chovani




Metodicke aspekty

Porovnani vysledku DSC, XRPD a ssNMR

D5C

BN UYARTATIR

Form |
o
= Form i
3 Form Il it
E o=
M i \gr\lu. Fun
“ |1|.|\.l\5(1|.|.|].|.|.\
- o
+
E 1 nEling
1 233K
] K
E17] : -u.n_ : |-_H_ ; -H_n_ ) n“ : Hr : Lu
Tampahiimb "L
*EFD
T aa.. = o— -
.__:.“”_.____. = 8 A . - e Foae
.“__"ﬂ._._u..1 |I|| |I ||a.| & oA ISR e |
E e R R I R =
..__.m.l_lﬂu.ll e T R T = = ¥ o
“_._..—..._.—.m ¥
...__.“.. T =
un.q.. el A
= =
am J==T
™ |

Formmil

Formll

Formalil

TIC CPAMAS MME

Form Il Form Il Form |
21 -] traa
Ppm ..._._+
29 .
] s C22
27 s L (CH,)
] -t i.-. ...o R TR TR
Mml. PO L R
” ++.-.+fi++i o 5 +++ + & + ® * - -
- e c23
] ot t.-. AAH—.—HWH—
24 5 L
15
13 4
] CM
.._.._m .-.+++i._.+i++ An—.—&”‘
] +”++++___-.._._.._._..__.__-:._
m_un T pest
7
m ] T T T T
210 230 260 270 230
T.K



Stabilita krystalove modifikace

Dynamicky disorder

B  Perindopril - Form I: thermodynamically most stable form - prepared by slow
crystallization from aprotic solvents orby moderate short-term heating of
other forms (always broad and narrowsignals detected in NME spectra)

B  Perindopril - Form ll: less stable form containing two symmetry independent
molecules in the crystal unit, irreversibly conwverts to the Form |

BECCPAMAS MNME
Co0 Coo
(17} (10}
FORM I
TR i i D ) ) S S T T T T T T T T T T
178 1% 1M P &0 5% 50 45 40 35 30 25 20 1% Ppm
ZH,
CH-1 ; CH,
COoH {z,8) CH-M (£1-23) _”,_M.”_ CH, «CH, CH,

%] COO CO0 {11] C CH. cH. (3,15] (193 (16
(7 (o ﬁUJ CH 20 145 CH. 3_ | | \,I,
(13 C i7]
FORM Il P E A S 1 T _

“_...__u “_...__m “_..._Tm PTEn m: ik 50 45 40 35 30 Z5 20 15 Pom




Stabilita krystalove modifikace

Dynamicky disorder

Perindopril - Form I: ca. 30% of molecules hawe
undefined conformation, the observed disorder is
dynamic (high amplitude segmental motion is
detected)

Order parameter determined from dipolar
spectra for some CH and CHZ sites (e.g. 55, 35
pEMm) §=0.55

Average fluctuation angle of disordered fractions
determinedusingrotational diffusion model:
0= 30-40"°

Upper bound of Gibbs energy of the transition
Form | <3 Form Il calculated from the order

parameters (i.e. increase in conformation entropy
at given temperature, stabilization energy):

H me
H ._m_.xH
AT =-6.7TkJ/mol

AT = L%M_u



Atorvastatin: poly(a)morfismus a lekove formy

BCCP/AMAS NME 19E MAS RIMR
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Atorvastatin: poly(a)morfismus a lekove formy

. Faktorova analyza
Relativni vaha subspektra Sqv
H\H. = M .-‘_____.m.v\ﬂ.rm_.q. Subspektrum 54 Subspektrum S, experimentalnim spektru
e AR T ErmAm IR i, 32 "
Jj=l e n 2 i i e e
s . i
Factor analysis 15 a e nar -
mathematical method =l o e
which can help us to i i e
describe large data series axt H 0 i e
by a single or small amount . 2w R [N BTN LR e v,
of factors (parameters). R e T P e . ) G

The factor analysis enables P F TR Pt g ot P

us to inde pe ndently g i
characterize each original l 5,

series of spectra by the

orthogonal base. The
orthogonal base is
composed from the set of
so-called “subspectra™ %. -
The statistical importance = = i
of each spectrum 13
expressed by the set of
singular numbers w;: the
relative presence of the
subspectrum % in  the
experimental spectrum j;
is  specified by  the
coefficients Vi. The
experimental spectrum Y;
15 then given by the R R W a
expression...
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Atorvastatin: poly(a)morfismus a lekove formy

Faktorova analyza PEOPIEIIIIFIIIEIIES
m?.:.x.f.ff..f. “_.r = crmMABEMA
M On the basis of the large database of 13C hi e
and "F MWR spectra the factor analysis can o w g
be used to analyze rapidly acquired ¥F MR Q 2 s
spectra to predict C CP/MAS NMRE spectra ___I\@/\ z(\J.\./H\)/%t b7

of disordered forms of atorvastatin. In this

way almost featureless ®F NMRE spectra o
provide site-specific structural information & Ji ;
(location of  sites  in molecule  of

atorvastatinthatare changed).

B The main success was that the correlation
between the spectra “C  and "YF of
amorphous sample was find in the result of
factor analysis. The behavior of changes
described by the subspectrum 54 of the 13C
CP/MAS MMR series and F MAS NME are in
a good agresment. This correlation  is

outline by the green (good) and red (poor) .
arrows between the graphs of reordered .
scores W, :
B The crucial subspectrum 54 indicates which _— :

sites  in molecule are most  strongly TR A DR G
influenced by this changes and the

structural  nuances  of  semicrystalline

polyrmorphs can be determined.

:iiif:::::
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Sul nebo co-krystal? (Patentové spory?)

Klasifikace ruznych krystalovych forem

Polymofy (je dnoslozkove , konformace Viceslozkove formy

ne bo pakovani : s : :
P ) Y 4 protiont (napf. baze je profonizovana, HCl,

e E Farmia | \.‘ 2 kys, salicylova, kys, stavelova..
e ——— - Solvat @I - rozpoustédio [ethanol, aceton, DMSO......)
e 5
_E_E koA | N = Hydrat S - rornoustsdlo (voda)
) . B Rt

- = gxcipient [mocovina)

Co-krystal a jeho typicka priprava Co-krystal nebo sl anebo co-krystal sal?

Mocowvina a 5-fluorouracil, Theophylline a kyselina salicylova.

ﬂw«rﬂw}ﬁu

Constuct ion

W
. l / \.

Urea S-fluocrouracii

Z hlediska patentové ochrany mohou byt j& wiechny sole
patentowany. Z chemického hlediska souvisi s mirou
protonizace dusikového atomu.



Sul nebo co-krystal?

Decoupling
20"y, {TPPM}

BN CPPI/MAS NMR - identifikace -N- jednotek

B Predpoklad |: experiment umozni rozlisit dusikowe atomy
podle poctu blizkych wodikowich atomd, & to bud
vazamych  klasickou  kowvalentni  wazbou nebo  wazbou
vodikowvou skrze volny elektronowy par.

B Experiment je zaloZen na faktu, ze lze 19 - PP
invertovat polarizaci dustku M, ktery . ba2 b et
ma ve swém okoliH atomy. 1 ; ﬁxz\x E . - NH34-AlS

B iagnetzaci neprotonzovanych M nelze 0.5 i [ HH, * BHZ+- Gl
3 ) g = b &
__._{mJH_Eﬁ § - i o 3 2 = MH4+C|
B Skupiny MHs* & NH4* snadno rotuji - : % | NHy i & MH+His
amezenou inverze polarizace 04 - e R * : RS
B U skupin NHz &1 NHz*: rychla inverze ¥ idne . + NH3+His
B Zatimoo u o oskupin MH 21 KH* je tato 0.2 7 - pu.m..ﬂ._w, B b . N diGLY
schopnost ponékud oslabena 0 i % 1, HH x = NH3+-diGly
T A T T T 1 =
B His a His.HCL (NH 104 pm, NH* 10&8pm] m_”_mw 5 mm%.am 00 380 & NH-ProGl
B Predpoklad 11:, lze nalézt podminky, =l & + g ARG TR . & NHZ+ProGhy
kdy bude rmozné jednotlivé skupiny £ o i
o TR -0.4 A £ * pakypro
snadno, rychle a spolehlive rozlisit pri " "
minimalni spotrebe experimentalniho 06 - e
Ao : i Base
ne- 2 MHZ+-Pro




Sul nebo co-krystal?

Decoupling
20"y, {TPPM}
crP M

15N CPPI/MAS NMR - identifikace -N- jednotek

B Predpoklad |: experiment umozni rozlisit dusikowe atomy
podle poctu blizkych wvodikowch atomid, a to bud
vazanych  klasickou kowalentni wazbou nebo  wazbou
vodikowvou skrze volny elektronow par.

Acuisition
t,

Zavislostintezity 1*N MMRE signalu na delce Pl periody

B Experiment je zalozen na faktu, ze lze
invertovat polarizaci dustku M, ktery Baze il
ma ve svemn ckoli H atomy.

B Magnetizaci neproton@ovanych N nelze
invertovat 40 ppm

B Skupiny MHs* & NH4* snadno rotuji -
amezenou inverze polarizace gf:i{f!it?
B U skupin NHz &1 NHz*: rychla inverze

B Zatimco u skupin WH &i WH* je tato
schopnost ponékud oslabena

B Predpoklad I1:, lze nalézt podminky,
kdy bude mozné jednofiivé skupiny ?if%;{, é

30 ppm

snadnao, rychle a spolehlivé rozligit pri

minimalni  spotfebd experimentalniho _ e T T, J R _ :
bl F P BO G0 40 20 0 -20 ppm BD G0 40 20 0 -20 ppm




Funkcni NMR

JonasT. Kaplan , Joshua Freedman and Marco lacobani,
Us versus them: Political attitudes and party affiliation
influence neural response to faces of presidential
candidates, Neuropsychologia (2006)

|

10 demokratu

L L

®
-

10 republikanu

L o

Aktivace casti mozku zwsi pritok krve. Potreba kysliku

R

se projevi wisim obsahem oxvhemoglobinu a poklesem
deoxvhemoglobinu (paramagneticky). Aktivovana mista

majisilnéjsisignal - switl wice nez mista deaktivovana.
Mardstintenzity je ale jen 1-5 %.

It mizght be suggested that personal opinions about these individual

politicians rather than their actual political persuasion might also

influence activity in the brain. Howewer, it is probably best o keep

out of any political office that has its own MRl machine, especially
if you're not ane of us,
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