Nuklearni magneticka rezonanc¢ni (NMR)
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Nuklearni magneticka resonance (NMR)

+ strukturné analyticka metoda
+ NMR metoda vyuziva jader atomu s nenulovym jadernym spinem:

zastoupeniv

izotop pirods [%] jad. spin (1) ‘ S o

" __ i Jlgderny.spm je z'awsly na slczzenl
: jadra z jednotlivych nukleonu:
H 0.0156 1 - lichy potet nukleonu nebo sudy
"B 81.17 3/2 poéet nukleonu s lichym poétem
13¢ 1108 12 neutront a protonu
— nenulovy jaderny spin

g o e - sudy pocet nukleonud s lichym
°F 100.0 12 poétem neutron( a protond
28i 4700 12 — nulovy jaderny spin
Nnp 100.0 172

- izotopy s nulovym jadernym spinem (napi. 12C, '8Q) nejsou aktivni v
NMR spektroskopii

""""" T LA LLLLLLLLL | frrrrrTT
i
CH;—T—CH;—OH
CH;
(CHa),Si
I
l L FERTY FRRERETETI | L
4 3 2 1 0
ppm (5)
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Princip nuklearni magnetické rezonance (NMR)

Existence spinového rotacniho momentu daného izotopu prvku
(spinoveé kvantové cislo I 0)

= Jaderny magneticky moment |l = “-{1 h/2r

1. je-li NUKLEONOVE éislo liché, I=%*n (n=1,3,5..)
H 13,C 15N 17,0 3P

2. je-li NUKLEONOVE ¢&islo sudé a PROTONOVE liché, I =1, 2, atd.
2H 14.N

3. jsou-li obé éisla suda, /=0
12.C 16,0

Princip nuklearni magnetické rezonance (NMR)

Pfirozené zastoupeni a absolutni citlivost vybranych izotopl jader

jadro I vyskyt (%) abs. citlivost
1.H s 99.98 1.00

2.H 1 1.5 102 1.45 106
13.C 1, 1.11 1.76 104
5N A 0.37 3.86 10°
7.0 5/2 3.7 10-2 1.08 10-
19.F 1 100 0.83
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Elements Accessible by NMR
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Courtesy of Schering AG

Contrast Media Enhancement of the Liver

unenhanced T1 - agents

Courtesy of Schering AG

Contrast Media Enhancement of the Liver

unenhanced T2 - agents
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« chovani jadra v magnetickem poli:

Applied magnetic field
+

- vektor magnetickeho momentu p jad.
spinu kona precesni pohyb o Larmorové Precessiona| A
- oror d

frekvenci v

— generuje mag. pole kolem jadra

o ®
®

: Spinning
nucleus

e Y| oo

No field With field

- aplikace vnejSiho mag. pole B, (indukce) vede k rozdéleni jader:
a) vektor 1 ve sméru B, — spin =+ % (B)
b) vektor u proti sméru B, - spin =-"% (a)

Princip nuklearni magnetické rezonance (NMR)
Rozdil energii dvou spinovych stavu (/= 2) vs. B,

| B Spin state

/ AE 5 AE

By=1.41 tesla s | |,4_

a Spin state
{a) (h) (c)

AE = hv Bo

rezonanéni podminka 1) —
2r
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- rozdil mezi dvemi spinovymi stavy (+%2 a -7z pro | = 2) zavisi na
sile mag. pole B, — s rostoucim B, roste energeticky rozdil mezi

hladinami
1 Proton Spin Energy Differences
v ek N T T
, Gf=—_T l100 200 270 360 500
[MHz) ‘i_“—-—-i_i__ 4‘ l 1
‘_-_‘_‘_-_-_-_‘_‘—!—-
-—_‘_‘_-_‘_‘_‘_‘—!—
— 1
2,34 4,75 6,35 8.46 11.75
o B, (tesla)

- rozdil populaci jader na en. hladinach +%2 (N,) a -’z (N,) je velmi
maly (prebytek jader na hladiné +%%)

pro N, = 106 ‘ N,-N,=100 pfiB,= 12T, T = 300K
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«— Increasing AE (kcal mol~)
2.0-0.1 104 1078
<«—| Increasing ¥ (cm™")
IP2 107 1?0 101
Far infrared Microwaves Radio waves
Rotational transitiong Rotational transitions N”{-lp‘?r. i
transitions
T T |
100 1 mm 10 100 Tm

«— Decreasing A

absorpce zareni = absorpce energie

Y A E druh
510" [200 nm [600 uv 1cm-10 m (5m~60 MHz)
1,7 .10° [600 nm [ 200 VIS o . i
57 Tz {60 = radiové zareni
(near) . . , .
10° 10 um |12 IR u jader v magnetickém poli
, (medium)
10 0,1mm |1,2 (napf. H=1,4 T = 14000 G)
10 1mm |0,12 mikroviny
2.10° 5m 5107 radiové
viny

AE=hy=h#H=hZH
I 21

v je gyromagneticky pomér (tabelovan), | spinové kvantové Cislo.
Absorpce = reorientace vektoru magnetickeho momentu. Pocet

takovych moznych stavu jadra S = 21+1.

Boltzmannova distribuce
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jadro prvku I S=21+1
H 1/2 2
12
13c 0 1 —AE
C 1/2 2 ni 0l
TF 172 2 — =€
3Tp 2| 2 n,
“N 1 3
75 37 5 ~ 0,999990 !!! (pro UV-VIS << 1)
3Cl 3/2 4 tzn. 9 z 2 .10° neni excitovano

= nizka citlivost oproti UV (nutna dokonala instrumentace)

Radio Radio
frequency frequency
transmitter receiver

g I | e

Magnet Magnet
/ — H >

A simplified diagram of a continuous wave NMR

Transmitted

' Incident k
i a0 bl."_"ﬂ m | h"".‘ll'l'l 5 T — 3
Y U J oee —

5 | .
Eiectn}magnetic smpie Detec tf_J I'I | p—
frequency generator and amplifier
Rotating Signal
RF pulse sample tube decay
with time | mmaem=es

generator ~ RF detector

Joes EL7

Computer :\:a_\,:

analyzer




19 H—C—Cl Hgo = 70,500 gauss
1 H |
| 35cl
3?(:'
-I,. C 2
| 1 |
300 282 a3 : 29'4{ 0
<— MHz ! |
45.7 24.5
CFCI
“F ) CeF
WF, i PhCF e p= MeF

1 t 1 1 t t
+200 162 0 —64 -163 -200 -272 =300
- —

Scale given in ppm with respect to the reference compounds
31p
H,PO,4(85%)
i t t 1 t

+250 227 140 3 0 -238 -300
< —»
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Zakladni charakteristiky '"H NMR spektra

» pocet signall potet chemicky neekvivalentnich jader
+ poloha signald chemicky posun ( & [ppm])
- §tépeni signalu  nepiima spin-spinova interakce ( J [HZ])

- intenzita signalu  pocet chemicky ekvivalentnich jader v signalu

@ 2H
H ~
| (B
(T-l—(i}—(lllr(_fl
Cl TMS
|
(h)
1H I
”“ (a) |
_.'|'IL|l_ | _." o
58 57 | . 40 39
_ 1 L
8 7 6 5 4 3 2 1 0
oy (ppm)
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« v dusledku pritomnosti e a jinych atoml okolo jadra dochazi k jeho

ovlivnéni:
By ‘
L]
B= Bu
1
elektrony kolem
jadra vytvafi mag.
} pole pUsobici proti
- 6 =By-cp, SMEr vné&jsiho
’ mag. pole B, —
nizsi  energie k
\ ‘ excitaci
L L
B=Bg-oBptBn

vzajemné  stinéni
jader — Stépeni

signalu o — stinici konstanta

J — interakéni konstanta [Hz]

chemicky posun = mira obnazeni jadra: definice

(o)
Si °

5=+ 0P
Vo

typicky vo= 60 MHz (Av =100 Hz !!), H=konst. =14 T

standard : 6=0, tetramethylsilan TMS, Si(CH3), °
342 CHAFTER 15 = NUCLEAR MAGNETIC RESONANCE SPECTROSCOFY
Increasing B expenenced by nuclaus increasing v at fixed B increasing o«
— — -
Low fiekls High fields
— —
{Doshioiding) {TMS) {Shigldma)
HF (lig.) CHCI, H,O(llg.) H, HF(gas) TMS
M tare protan) _HBr
32 l | || | -
Hyaravn) T T T T T T T T T T T HI
13 10 2] 8 ¥ G § 4 3 2 1 0 S

Chamical shift {ppm)
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typické spektrum

p‘,’ Hz ==——oro
500 400 300 200 100 0
I T j T 1
, CH, o) . 6{a) vodik
4 {0} vodiky {b}H H{b) dvou CHy
kruhy
{bJH Hlb)
CHyla)
J ™S
| Ih_ 1 | | | J Bereme fi ".‘—
85 10 &0 50 %o, 40 ERL D
! | | [ | | 1 | | 4 1
2 3 b 5 3 7 B 9 10
__ — T = 10 -4 N
| nizkd pole roste stindn’ vysokd pole >
< klesd sjinéni ]
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negativni chemicky posun — HYDRID IRIDIA
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"H Chemical shifts in methyl, methylene, and methine groups

Methy! protons dy | Methylene protons du | Methine protons By
C CH;—R 09 | R-CH,-R 14 | DCH—R i3
CH;—C~C=C I.t | R~CH,—C—C=C 1.7
CH;-C—0 1.3 | R—CH,~C~—0 1.9 | >DCH~C -0 2.0
CH3—C—N 1.1 | R—CH,—C —N 14
CH;—C—NO: 1.6 | R—CH,—C—NO, 2.1
CHz—C=C 1.6 | R—CH,~C=C 2.3
CHy—Ar 2.3 | R—CH,—~Ar 2.7 | DCH—Ar 30
CH3~C=CC=0 2.0 | R—CH,~—C=CC=0 2.4
C=C(CH3—C=0 18 | C=C(CH,—R}~C=0 24
CH;~C=C 1.8 | R—CH,-C=C 22 1 SCH—C=C 26
CH;3;~CO—R 2.2 { R-CH.—CO~-R 24 | DCH--CO—R 27
CH3—-CO—Ar 2.6 | R~-CH,—CO—Ar 2.9 | DCH--CO-Ar i3
CH;3 CO—OR 20 | R-—CH,—CO—OR 2.2 | DCH—CO--OR 25
CH;3;—CO--OAr 24
CH3-CO—N 2.0 | R—=CH,-CO—N 2.2 | DCH--CO-N 24
R—CH,—C=N 2.3 | DCH—C=N 27
N CH3—N 23 | R-CH,—N 25 | DCH—N 28
CH; - N—Ar 3.0
CH3;—N—CO—R 29 | R—CH,—N—CO—R 32 | DCH—=N--CO--R 40
CH; NT 13 | R-CH,~N* 3.3
R -~-CH,—NO, 44 | SCH-NO, 4.7
0 R—CH,—OH 36 | >CH-OH 19
CH; -OR 33 { R—CH,—OR 3.4 | >CH--OR 3.7
CHy—0—C=C 38 | R—CH,~0—~C=C 3.7
CHOAr . 3.8 | R—CH,—OAr 43 | DCH—OAr 4.5
CHy-0—CO—R 3.7 | R-CH,—O—CO—R 4t I>CH -0—Cco-R 48
RO--CH,—OR 48
Hal R—CH,—F a4
R ~CH,—Cl 3.6 | PCH—C 4.2
R—CH,—Br 3.5 | >CH-Br 43
R—CH,—1 32 | >cH—1I a3
Other  CH3- S 0.0 | R—CH,~Si 0.5 | >CH—S; 12
CH;3~S 21 | R—CH,—S 2.4 | >CH—S 3.2
CH;—S(O)R 2.5 '
CH;—S(0,)R 2.8 | R—CH,—S(O,)R 29
RS~CH,—SR 4.2

R = alkyl group. These values will usually be within +0.2 p.p.m. uniess giectronic or anisotropic effects
from other groups are sirong. An obsolete scale used 1 values: these are related to & values by the simple
equationr = {0 -4,
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THHLE IR NMR Activity and Natural Abundance of Selected Nuclei

Qbhrcviations: D, deuterium; T, tritium.

Natural Natural
NMR abundance NMR abundance

Nucleus activity (%) Nucleus activity (%)
'H Active 09,985 L) Inactive 99 759
H (D) Active 0.015 170 Active 0.037
SH(T) Active 0 180 Inactive 0.204
e Inactive 98.89 e Active 100
13C Active 1.11 3p Active 100
14N Active 99.63 3501 Active 75.53
I5N Active 0.37 Y1 Active 24.47

/

THBLE IIBYd  Typical Hydrogen Chemical Shifts in Organic Molecules

\

@, R', alkyl groups; Ar, aromatic group (not argon).

Type of hydrogen® Chemical shift & in ppm
Primary alkyl, RCIH, 0.8-1.0
Secondary alkyl, RCH.R' 1.2-1.4 ﬁ"klkanc Tl sl Ea
: like hydrogens
Tertiary alkyl, R,CH 1.4-1.7
/CH_;
Allylic (next to a double bond), R:C=C 1.6-1.9
SR Hydrogens adjacent
. . t turated
Benzylic (next to a benzene ring), ArCH.R 22-25 lellc:?gngll.a;cups
Ketone, Rlﬁ(i] 1; 2.1-26
0

J
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THBLEIH-E Typical Hydrogen Chemical Shifts in Organic Molecules N

Type of hydrogen® Chemical shift & in ppm
Alkyne, RC=CH 1.7-3.1
Chlorcalkane, RCH,CI 3638
Bromoalkane, RCH . Br 34-3.6 Hydrogens adjacent
lodoalkane, RCH.I 3.1-33 to electronegative
Ether, RCH,OR’ 33-39 atoms
Alcohol, RCH.OH 3340
Terminal alkene, R,C=CH, 4.6-5.0 } Alkene hydrogens
Internal alkene, R,C =(|:I | 52-57
Rf
Aromatic, ArH 6.0-9.5
Aldehyde. RCH 95-99
|
Alcoholic hydroxy, ROH 0.5-5.0 {variable)
Thiol, RSH 0.5-5.0 {variable)
Amine, RNH, 0.5-5.0 (variable)
@, R', alkyl groups; Ar, aromatic group (not argon). /

THHLE JIBY The Deshielding Effect of Electronegative Atoms N

Electronegativity of X Chemical shift & (ppm)

CH,X (from Table 1-2) of CH, group

CH,F 4.0 4.26

CH,OH 34 3.40

CH,CI 3.2 3.05

CH,Br 3.0 2.68

CH,l 2.7 2.16

CH,H 22 0.23 _/
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Spin-spin coupling

Stépeni pasu pfi vétSim rozliSeni pristroje - ovliviiovani spind

magneticky odliSnych protont (magnetického pole) prostfednictvim

valencnich elektronu. Vzdalenost roz§tépenych pikl = konstanta

spinové interakce J nezavisi na v, (2-14 Hz).

7

oo C oo

CH,CI \

wn
i~
)
3
[

n
L
L]
=

o—@ n=2

oo (oo

CICHp—CH2—CH3

pravidlo n+1

™
T
W
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Triky deuterium, decoupling, posunova Cinidla Eu (ll1)<-3, Pr(lll)

CH,

CH, — CHs;CH,Br
\JML

MLL .

—0

M A CHD,CH,Br
e
CD3CH2Br
3:"034
8 1 f 5 EI. 3 2 4| EI!
o ——
+Eu
e LM H
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q VTITRTIY  NHA Splittings of a Set of liydrogens with # Equivalent \

Neighbors and Their Integrated Ratios (Pascal’s Triangle]
Name for
Equivalent neighboring Number of peak pattern Integrated ratios
{N) hydrogens peaks (N + 1) (abbreviation) of individual peaks
0 1 Singlet (s) 1
1 2 Doublet (d) 1:1
W
2 3 Triplet (1) 1:2:1
| |
¥ W
3 4 Quartet (q) 1:3:3:1
Wi
4 5 Quintet (quin) 1:4:6:4:1
W
5 i} Sextet (sex) l::’a:l[}:lU:S |
Lx;i W
7 Septet (sep)
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4 JELINRUE  Frequently Observed Spin-Spin Splittings in Common Alkyl Groups

Splitting Pattern Splitting Pattern
for H, Structure for Hy,

M T
H, ]
H,
| A R ]
H,
H, s
H, Hp,

Wm: H,, and Hy, are assumed 1o have no other coupled nuclei in their vicinity.

/

4 JULINRIE  Frequently Observed Spin-Spin Splittings in Common Alkyl Groups )

Splitting Pattern Splitting Pattern
for H, Structure for Hy

H,

JUL ”“E‘%‘”" UL

o
JLJUL_ Hl JJul
JU I
u I

w}m H,; and Hy, are assumed 1o have no other coupled nuclel in their vicinity.
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THHLE IR Typical "°C NMR Chemical Shifts A

Type of carbon Chemical shift & (ppm)
Primary alkyl, RCH, 5-20
Secondary alkyl, RCH,R’ 20-30

Tertiary alkyl, R,C'H 30-50
Quaternary alkyl. R, 30-45

Allylic, R,C=CCH,R’ 20-40

-

Chloroalkane, RCH,CI 25-50
Bromoalkane, R( 'HZEr 20-=40

Ether or alcohol, RCH,OR" or RCH,OH 50-90
Carboxylic acids, RCOOH 170180

O O
Aldehyde or ketone, Rfl'll-l or Rfl'lR’ 190-210
Alkene, aromatic, R,0C=CUR, 100-160
\ﬁlkyne. RC=CR 65-95 /
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Vzorek pro NMR

+ vzorek je méfen v kapalné nebo pevné fazi

« rozpoustédla v NMR - deuterovana (napi. CDCIl;, DMSO-d;, D-O,
benzen-d, ...) -

+ vzorek se méfi ve sklenéné kyveté (& 5 nebo 10mm)

P

NMR spektrometr

+ CW (continuous-wave) spektrometr - vzorek je ozafovan
kontinualné radiofrekvenénim zafenim a magnetické pole je ménéno

« FT (Fourier Transform) NMR spektrometr — mag. pole je stalé a
vzorek je ozafovan pulsy radiofrekvenéniho zareni

are

Vznik NMR spektra pomoci CW a FT NMR spektroskopie

b |2 c || s(v)

\;&’ —_—
_'__,_-" L]
a |Z o X \.%

M !
t — Signal | | \;:
Le

Tﬂm?ﬁ Fourier transformation
d

S HF- : e | st
Transmitter Impque\
coil

FAl

Figure 1.6 N.m.r. signal generation in CW and FT spectroscopy
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Vznik NMR spektra
PULZNi SEKVENCE

schéma ¢asového prubéhu akumulace FT NMR spektra

1 2
Acquisition
| Pulse | delay |
| width 1 time |

L~10;¢slﬂ- 100 ps) Recovery interval

~~ e or sequence

b Aequisition time, t, :__ delay time i

h ~1s " lto allow for spin-|
llattice relaxation
:(variable, depen-
ding on T, and

|
v flip angle, o)

-
|
I

o "

Pulse repetition time

Figure 7.23 Time sequence in FT n.m.r. with data accumulation

2D NMR spektroskopie

Y 1D NMR spektroskopii ziskavame zavislost intenzity na jedné
casové proménné f, (Z&znam FID), ktery FT transformaci pfevedeme
na spektrum, tj. zavislost intenzity na frekvenci v .

W 2D NMR spektroskopii ziskavame zavislost intenzity na dvou nezavislych éasovych
proménnych t; a t;. Casovy pribéh takového experimentu Ize rozdélit na 4 faze:
pfipravnou (prvni pulz), vyvojovou (po dobu ¢;), smésovaci (druhy pulz) a detekéni
(po dobu t5). V kazdém experimentu se tedy systematicky méni doba t; a pro kazdou
hodnotu t; se méfi zavislost signélu na Case f, . Dvojndsobnou FT transformaci se
potom ziska 2D spektrum. 2D NMR spektrum ma trojrozmérny charakter a je
nejcastéji zobrazovano pomoci vrstevnic, tj. projekei horizontalniho fezu do roviny.

Rozdéleni 2D experimentd zavisi na tom, zdali pulzni sekvence obsahuji smésovaci
periodu ¢i nikoliv:

neobsahuji — 2D rozligena NMR spektra. Spektra obvykle rozlisuji chemické posuny
od interakénich konstant a mohou se déle délit na homonuklearné nebo
heteronuklearné rozlidena.

obsahuji — 2D korelovana NMR spekira. V ziskanych spektrech koreluji frekvence v,
a v, . Takova spektra mohou byt korelovana homonukleérné nebo heteronuklearné.
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2D rozlisena NMR spektra
2D 'H J,6 - spectroscopy

Pulzni sekvence

1
preparation re———evolution ———=

i detection

2D 3C J,6

nikotin
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(1]

= 200

J 1)
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2D korelovana NMR spektra
2D COSY [3('H),8('H) homonuclear correlation spectroscopy]

Pulzni sekvence

90 90%
I FID
- ty -1 £y =

Figure 8.12 Pulse sequence for a COSY spectrum
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2D korelovana NMR spektra
2D HETCOR [8('H),3('*C) heteronuclear correlation spectroscopy]

Pulzni sekvence
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HyC — C — CH, — OH
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INTENSITA signali v 'H NMR spektrech

integrovana plocha signalu odpovidajici poétu chemicky

ekvivalentnich jader v tomto signélu (ne vyska signalu !)

intensita signalu je funkci f(c, T, I, v, BO ; B1 )
=vyuziti v kvantitativni analyze

(lo-M,)/N, @ (Ig.Mg)/Ng = w,:w

kde | = integralni intenzita signalu
M = molekulova hmotnost
N = poéet ekvivalentnich jader v signalu
w = vahovy zlomek

TH NMR kvantitativni analyza

i | T | EEce P e r——— r""""""“‘-"r-“‘—r'—‘l'il"
-t H—N_cff‘c (0] CH 0 —p
[ < ~OH CHy f T3 v, "
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- ASPIRIN  CAFFEINE " %55, O

A Id
e
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TEMP: 55°C ANALYSIS: Mg /100 Mg SAMPLE
ASPIRIN  56.5 Mg
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CAFFEINE 7.0 ~

i

ORGANICKA ANALYZA - instrumentalni metody NMR odb. ch. podzim.sem.

31



A ls, ™S

)

8 7 6 5 4 3 2 1 0 Ppm

Figure 15.28 'H spectrum of a mixture of acetone (A) and benzene (B). 1f S, =111 and Sy =153

(arbitrary units), then knowing that M, =58 and My =78 g/mol, C, =35% and Cz =65% total
mass.

Ref.
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Figure 15.29 Scheme displaying a spectrum of a sample into which a reference compound R has

been added. The signal X belongs to the compound to be measured and the signal S to the
internal standard.

Concentration by adding X
to the sample solution

—

8 mL

\
N

Figure 15.30 Graph obtained for the standard addition method. The unknown concentration
corresponds to the abcissa segment between the origin of the axis and the intersection with the
calibration curve,
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