NMR spektroskopie ”»)

- spektroskopicka metoda zaloZzena na méreni absorpce
elektromagnetického zareni (radiové frekvence od asi 4 do 900 MHz)

- spinova rezonance jader v silném magnetickém poli

- lze aplikovat pouze na atomy, jejichz jadro ma spinovy moment
(lichy pocet protont nebo neutronu)

| = 0 (sudy pocet proton( i neutron() *°C, €0, 32S

| =1/2 snadno méfitelna >N, 1°F, 31p

je-li1>1/2, jAdra maji vedle jaderného magnetického momentu i
kvadrupdlovy moment — obtizné méritelna




Fourier-
Transformation

%

Spektrum
f(v)

T3S




Magnetic Field Strength 1s Proportional to Resonance Frequency
Magnetic field strength Hj, (tesla): 211 423 705 11.8 141 211 T
Hydrogen resonance frequency » (megahertz): 90 180 300 500 600 900 MHz

Increasingy

| B Spin state

/aEﬂﬂd_,L*”’";ﬁ

==
]
TR AE > AE
LE_T }
By

=D T

By = 1.41 tesla TTee—l I
P Spin state

By = 7.04 tesla )
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Electron cloud circulating
under the infTuence of /),

electron cloud and
opposing My at the nocleus

Local field, gy, .

Fxtemal fickd, Hy




» Chemicky posun 5=
Absorption for H*
Deshielded (low field)

L

vzdalenost piku od (CH,),Si v Hz

frekvence spektrometru v MHz

Absorption for —C—H

Shielded (high field)

o

Hﬂi-



N

deshielding H @”} H deshielding

b 3

ppm (8)




1 R[N The Deshielding Effect of Electronegative Atoms

Electronegativily of X Chemical shift & (ppm)
CH,X (from Table 1-2) of CH; group
CHyF 4.0 426
CH;OH 34 340
CH4CI 32 3.05
CH;Br 3.0 268
CH,l 2.7 216
CHyH 2.2 0.23
CH.Cl .
5 = 105 ppm 1Tppm
N
CH-Cl, CH;—C—Br CH;—CH,— CH,—Br
£ =53
PrEm [|_] F_?‘__" =103 188 339 ppm
CHCl, 421 ppm

& = 727 ppm




Indukéni a mezomerni efekty
Indukéni efekt (I-efekt) se tyka posunu elektronl na o vazbach.

CHa 0" CF3 O

I+ je zpusoben I- je zpﬁsnben' .
elektrondonornimi L H. & 5 H ., elektragatlt:tceptormm|
substituenty. ~ substituenty.
7.05 ppm 7.49 ppm

Mezomerni efekt (M-efekt) se tyka posunu elektront na konjugovanych vazbach = nebo interakci
nevazebnych elektronovych pard s nasobnou vazbou.

— /H : + _'/H M* zpUsobuji substituenty
HSC_O_C:C\ , <=—> HC—O—/Cc—¢C poskytujici nevazebné
T | H — | \H elektrony.

H 3.75 ppm, 4.05 ppm H
0] o]
e M M S
/ M- zpusobuji
H,C—C—C=C ~— HC—C—C—C substituenty pfitahujici
\H . \H elektrony.
H ~ H

6.11 ppm, 6.52 ppm




Symetrie molekuly pomaha urcit chemickou )))

ekvivalenci
* NMR spektrum odrazi symetrii molekuly Homotopické atomy
» 0 tom, zda dvojice atomi poskytne dva rizné el c atri
signaly nebo jen jeden, rozhoduje jejich )\H SR NS
vzajemny vztah pfi operacich symetrie ol H 1 signal ve spektru

Enantiotopicke atomy
cl deuteriova rovina symetrie

+H suhshtl.me . .
)g )\ )\ neni osa symetne
ekvivalentni

Br H ..
ena ntmmew 1 signal ve spektru

Diastereotopicke atomy (molekuly s chiralnim centrem)

deuteriova -
OH i H OH i
H,C ", substituce HG ) H H,C o Neniasa symetnie
= fu ) .~ e f neni rovina symetne
HO "'y " HO " HO '™ - -
\ g a g ’ neekvivalentni
H Hell rozlisitelné ve spektru
diastereotopicke diastereomery

methylenove vodiky




_(;H 120° rotation
N S /N
C—0C. |
- iny
Hn‘/ \n" Rotational




Sl
H—IIE’MI1L Cl
HH\C C!#H
avg \
H C—H




» Vymeénitelné protony

- protony v OH, NH, SH, proménlivé chemické posuny
- kysely charakter
- H mustky, chemicka vyména
- zavislost na koncentraci, teploté, rozpoustédle ...
- chemické posuny reprodukovatelné za presné definovanych podminek
multiplety nebo Siroké singlety (v zavislosti na rychlosti chemické vymény)
- pfitomnost vice vyménitelnych proton(; inter nebo intramolekularni chem. vyména
- praktické vyuZiti vymeény proton( za deuterium (D,0, CD, COOD)

OH NH SH
alkoholy 1 =5 ppm aminy 1 -5 ppm alifatické thioly 1 — 2,5 ppm

fenoly 4 — 10 ppm amidy 5—-6,5 ppm aromatickeé thioly 3 - 4 ppm
kyseliny 9 — 13 ppm amidické skupiny v
enoly 10—-17 ppm peptidech 7—10 ppm




Pocet signalu - Chemicka vyména

Bud se jedna o skute&ny chemicky proces (reakci) nebo se jedna zménu
konformace, napfiklad v disledku rotace kolem vazby.

H-,

BN

H. Chemické vyména je na
tasové Skale NMR
H

a) Rychla = pozorujeme
prumérnou hodnotu

b) Stfedni = pozorujeme
Me-.. /ﬁ'\m — M'EM'I‘)\HE velmi Siroky signal
Me

c) Pomala = pozorujeme
signaly krajnich stavi

v

5—!

Pocet signala - Vliv teploty

/ sfow
Kk aAv /E\ Kk o
Mo 7 “Me ' Me-\"},)‘m
e oo

A B

A A

intermediate exchange
k=Av

Lze stanovit rychlost
’ chemickeé vymény
fasi exchange ( aktivaéni energii )
kwAv

—

symmetric exchange A«=B



CH;CH-Cl
b a

Cl
“"ﬁt“" "Jd;(
H,,
h
Hﬂﬂuﬂhmﬁjlwp,hmaﬂhlhahﬂ

[
5 %
& I—H,, 4 5
e / ; O H,
B Ring Mip H,,
‘ 'y T

. f—

o 0

Obr. 313 "H NMR spektrum (80 MHz) jedingho vodiku
cyidehexanu-dy, v zavislosti na teplotik.




'H NMR spektrum methanolu CH,OH pfi riznych teplotach

o~ N
A Y-

J J
] L L
] 1 L]

4 3 )

NMR Spectra of Methanol at Various Temperatures

i JL
)

_gs

)

25"




Kolik *H NMR signalti ocekavate u nize uvedené molekuly?

Mirrow 2




CH, CH, H.C
CH, CH,
O | _CH, O, . _CHs ; _OH
H.e™  TCH, H,.C— C o H.C CH: H,C— C CH,”




Kolik signalGi ocekavate v *H NMR spektru cis- a trans-1,2-dichlorcyklobutanu?

Cis to the Cis tn C1
H chlorine aloms on C1
———, /

e . Trans to chlorine
Mirror plane Trans to the om C1
birror plase bisecting rans o 0 WMI
cis-1,2-Dichlorocyclobutane 1.2-Dichi ol




Rozhodnéte, které spektrum nalezi molekule
(t-butyl)(methyl)etheru
a které molekule 2,2-dimethylpropanolu?




TH NMR

CH3OCHCHACH,

10y mm (equivalent to 4 H)

!

(CH3)451

—

15 mm
(equivalent to & H)




» Multiplicita signalt

singlet dublet triplet kvartet kvintet
1:1 1:2:1 1:3:3:1 1:4:6:4:1

Multiplicita signalu — Pocet linii pro 1=

MMK o T

6? 17 200 996 206 $6
269 696
090 649




Splitting patiern Splitting pattern
Structure for H
|
H, has one neighbor H,: | H, has one neighbor H,
2 peaks or doublet H, H, 2 peaks or doublet
H
I
H, has one neighbor H,; | H, has two neighbors H,;
2 peaks or doublel Hy 3 peaks or triplet
H, H,
ol
H, has two neighbors H,: || H, has two neighbors H,:
3 peaks or triplet Hy M, 3 peaks or triplet
H,
.
H, —C—C—H,
H, has one neighbor Hj: | Hj has three neighbors H,:
2 peaks or doublet H, 4 peaks or quartet
Hy Hp
Hy — —al—
H, has two neighbors H,: | H, has three neighbors 11,:
3 peaks or triplet Hy My 4 peaks or quartet
Hg
]l.—(|2—l[.
H, l
H, —J:— —Hy
H, has one neighbor H,: | Hy, has six neighbors H,:
2 peaks or doublet H, 7 peaks or seplet

Neez T, and Hy are not equivalent and have no other coupled nuclei in their vicinity.




» Interakcni konstanta

nezavisi na H, vnéjsiho magnetického pole

Jab (HZ)

— ™~

vills}

-

5 (ppm)

J(H,H) [HZ] J(C,H) [HZ]

geminalni 1J 125 - 250
. 2) 0-30 -10 az 20
vicinalni
3)  0-18 1-10
3 | 0-3 <1

dalekého dosahu
(long range)

Coupling Between
Close-Lying Hydrogens

II,__\ /H,.
%

T

/.. geminal coupling,
variable 018 Hz

I||__ I|-I
L5l
J ., vicinal coupling,
typically 68 Hz

I|I,_ | ili,.
R

J . 1, 3-coupling,
usually negligible



» 1H NMR spektrum ethyl-acetatu

O
J\ H2 CH
—_ 3
CH, H5C O——C —CH;
kvartet (q) triplet (t)
ij=
3J=6.8 Hz , J=6.8 Hz
~40 35 30 25 20 15 —10 05
410 4.00 . .
1.30 120

- spektrum 1. fadu: Av == J, AX systém

- methylen vidi 4 ruzné stavy methylu (kvartet), methyl vidi 3 rizné stavy methylenu (triplet)

- pocet sloZek multipletu pro | = 1/2: n+1, n je pocet interagujicich jader v sousednim multipletu
- vzdalenost sloZzek multipletu v Hz - interakéni konstanta J

- stfed multipletu - hodnota chemického posunu &

)



2 H neighbors:
triphet
J=TH=z
" I iH 3
3 H neighbors: _IJL
nartet TRy
. 1716
J=THz o
M 2H
_L“.I_ (CHA)45
b Lkl Ll
3534
ppan I
9 & 5 4 21 0




3 H neaghbors: quarted_|
Ty =68 Hz

1 H neaghbor: doublet
J'ﬂl,-iﬁ]-l:

1H




TH NMR 6 H

A~
=
H I H “
& H neighbors:
sepiet 19 1.8
J-r;.ﬁhhﬂz PP
i (CH),Si
44 4.3 IH
|

ppm (&)




IH NMR

a b ¢ d d ¢ b a
{]lgFHﬁHICHEEHzCHECH%CHE\

& Values are close
17H
fH
Non-first-order —J__s |
LLILILLILLL LU
1.31.2
ppm

ppm (5)




CHjy
6H

(CH3)S




Rozhodnéte, které z nasledujicich slouc¢enin odpovida nize uvedené

'H NMR spektrum.

TME

|4 | A, )
a1  integration # 9.8 4.9 20,3




B =375
¥

Wi

a =220

-

Prifadte nasledujici *H NMR
spektra nize uvedenym
slouceninam:

1,1-dichlorethan
1,2-dichlorethan
1,3-dichlorpropan

3.73

g
LJ

0 &ppm
TME 5.89 TMME
¥
it 1L
| . | i1.5 5.1 integration #
| T T T T T T : T : T : T
1 0a =) 2 4 3 2 1 0 &



Pokuste se navrhnout, jak
bude vypadat 'H NMR
spektrum uvedené
slouceniny

-I'ITI'I'I'I'I'I'I'1TITI'I'I'F'I'I'I'I'I'ITI'
38373635
ppm







Rozhodnéte, které z nasledujicich sloucenin odpovida nize uvedené
'H NMR spektrum.




Rozhodnéte, které z nasledujicich slouc¢enin odpovida nize uvedené

'H NMR spektrum.

TME

Lo 9 = 7 (= 5 d i) 2 i 0o &i0 9 g 7 £ ] 4 i Z 1 0 A




i e
H_'::':_‘F_G'H H—-:Ec—xlz—c::—[:
ZHy CHy
1.5
THE T
| _ i}
ntegration & 7.7 75 45 ¢ rteqrs = 4 44 F
— 1 T 1 T T | — 1 T 1 T LR | o T 1 I
o 2 2 7 & S g4 3 2 i o0& i0 9 o 7 & 4 e Z i =
R-O-H + IxOD E-0-ID + D-0O-H
N i
Hy == e —yl—. L 1.26
3 e g e ey
=y H1e A2
2,18
T > 54 TMS
TReEzrET I S 12,59 243 37.775.2 ARegration # 125 19.0 37.7
| | 1 | L | 1 | | ! L L L
io = Fi & 5 4 3 Z i 3 3 7 ) 4 3 z 1 ]



Pokuste se odhadnout, kterému z izomernich alkoholt sumarniho

vzorce C;H,,0 odpovida nasledujici tH NMR spektrum.

» 0,92 (t, 3H)
» 1,20 (s, 6H)
» 1,49 (k, 2H)
» 1,85 (S.s, 1H)

v

VAV NN %
o
w o, W )
1S




Pokuste se odhadnout, jak byste na zakladé H NMR spekter rozlisili

izomerni ethery sumarniho vzorce C.H,,0.

Jro/ AN A A(O\

» 1,19 (s, 9H)
» 3,21 (s, 3H)










>C=C< Vicinal, cis 6-14 10
H
\C=C/ Vicinal, trans 11-18 16
A R
H
e
J =C\H Geminal 0-3 2
N >C{“H
= None 4-10 6
7 Ny
H
|
>C=C_‘I£_H Allylic, (1,3)-cis or -trans 0.5-3.0 2
H H

—C—C=i|3—(|%— (1.4)- or long-range 0.0-1.6 1




13C NMR spektroskopie

Stejna jako v 'H NMR spektru, tj. odpovida pottu ekvivalentnich jader.

Ale znaéné zavisla na zpusobu méfeni nebot *C jadra maiji velmi
rozdilné relaxacni casy ...

Obvykle tedy v '°C neintegrujeme ... Ale!
Maji-li uhliky blizké relaxacni €asy, pak je |1ze integrovat. napf. fenyl
skupina, smési rotaénich &i konfiguraénich izomera, atp.

Potet vodikl, respektive mnoZstvi spin-spin interakci zrychluje
relaxaci °C.



13C NMR pocet signalli

@ 1 CI—@— Cl

Sl s}

‘ Br
| cl Cl

ST [

Q




0

40 30 20 10

140 130 120 110 100 90 80 70 60 50

180 170 160 150

CH,4
Four peaks

190

220 210 200

ppm (8)

H:q,'l: 'A‘CHg Q
CHj,
Three peaks One peak

HsC

3

CH
#

Four peaks

H3C




3¢ NMR

CH;
(CHy)Si
“’.-Mrm - -—m-ﬁulﬁ\ll..—-L
0 &0 &0 40 30 20 10 0




CHE"—CH GHg

il

CH-

(c) with "H fully coupled

(b) DEPT CH.y cHs} cHl







ArcC

C=C

c-C

C=0 0=C-X

T T
220 200 180 160 140 120 100
Ppm

80

OH
CH,CHCH,CH,

phase {up) and those with an even
numher of H have a negative phase
{dowmn)

broadband decoupled

In the DEPT spectra, the C with an odd
number of attached H have a positive

DEPT

I L L L
200 180 1&0 140 120

| T
100

Ppm




Two-dimensional spectra have the
appearance of surfaces, generally with
.two axes corresponding to chemical
shift and the third (vertical) axis
corresponding to signal intensity.

It is usually more useful to plot two- {p
dimensional spectra viewed directly
from above (a contour plot of the

surface) in order to make measurements 6
and assignments.

Chemical shift (F1)

Chemical shift (F2)







http://www.vscht.cz/nmr/predmet/lekce/NMR-lekce6.pdf (26.2.2014)

http://www.nmrdb.org/predictornew (Simulace NMR spekter)

http://www.vscht.cz/anl/dolensky/technmr/soubory/2013 Techniky
MerenilnterpretaceNMR INTRO.pdf

Pouzita literatura
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Infracervena spektroskopie

vibracné — rotacni spektroskopie
v organické chemii — dlikaz pritomnosti funkcnich skupin

4000-400

Uuwv VIS NIR IC FIR
| |

| [ [
200 400 800 nm N
1,2 0.4 0.8 25 15 pm 50 pm
12500 4000 670 cm!

wavelength (pm)

2.5 3 3.5 4 4.5 ] 35 6 7 8§ 9 10 11 12 13 14 15 llﬁ
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Stretching vibration (sym.)  Stretching vibration (asym.)  Planar rotation (rocking)
SCH
N e

v et q S =

-
4

Scissoring Wagging (out of plane) Twisting (out of plane) *
Valencni vibrace: streching (symetricka a asymetrickd) v
Deformacni rovinné: rocking — kyvadlova 0

scissoring — nGzkova
Deformacni mimorovinné: wagging — véjirova Y

twisting - kroutiva

w slaby m stredni
s silny v rlzny
br Siroky sh ostry



Transmitance T (propustnost) hodnoty 0 -1 (0 —-100%)
T=1/1,
T = 0 prostredi svétlo nepropousti vibec
T = 1 prostredi propousti vsechno svétlo

s

[D

d

n)

@
L

Absorbance A=-logT
A=¢.l.c



» Charakteristické vibrace cm-l

AG00 4200 3800 3400 3000 2600 2200 2000 1800

1600 1400 1200 1000 8OO 60O 400
] ] I = I
alifaticks C-H valné OH dva pasy C=C arom. C-0-C asymeticly
stretehing stretching (shy C-H siretch,, aldehyd (w) stretch (m) stretching (vs)

— e - " —— ]
aromatické C-H aminy C=N stretch C-H bend. C-0 siretching (v) C-H kending
stretching (w) M-H stretching (v) alf. nitril [w) alif. (v C=C-H (s)

.| =] .|
_ O-H =tretehing, dirmery COOH (w, br) [-H bend. V) -1 streteh., C-Hbending,
_ C=C-H [m-s)
arom. C-H = — - - — —
stretch. (w) PO Baenh C=Cetretch (=C stretch C-F stretch. kruhové a out-cf-plane
alkany (v) alkyn HC°C-H (v) Ar-C=C {wem) bending [v)
=] - — ]
OH stretch. C-H stretch. alkany (sh) M=0 stratch.  C-C skeletdlni vibrace (w)
ROH (sh) aromaty (w-rr) e
pm— == I = e
0-H streteh (br) SH stretch £=0 strztch (v] B-0 gretch. 5-0 strateh.
vodikové vazby
[ ] e E— = [ ]
COCH MH, F-H stretch Z=M stretch COOH deform
- I . —
SiH stretch MO, stretch. MN-0 stretch
dvajice
w o slaby, m stesdni, s silny A
vavelmisilng, v rizny P-0r stretch
br Ziroly, sh ostry —
P=0 stretch, )
| I | | I | | | l | | | | | I |
AROD A200 3800 3400 3000 26800 2200

000 1800 1800 1400 1200 1000 800 600




A Simplified Infrared Correlation Chart

Type of Vibration Frequency (cm™) Intensity
C-H Alkanes (stretch) 3000-2850 3
-CH3 (bend) 1450 and 1375 m
-CH,- (bend) 1465 m
Alkenes (stretch) 3100-3000 m
(out-of-plane bend) 1000-650 s
Aromatics (stretch) 3150-3050 s
(out-of-plane bend) 900-690 s
Alkyne (stretch) ~3300 s
Aldehyde 2900-2800 w
2800-2700 w
c-C Alkane not interpretatively useful
c=C Alkene 1680-1600 m-w
Aromatic 1600 and 1475 m-w
c=C Alkyne 2250-2100 m-w
Cc=0 Aldehyde 1740-1720 s
Ketone 1725-1705 s
Carboxylic Acid 1725-1700 s
Ester 1750-1730 s
Amide 1670-1640 s
Anhydride 1810 and 1760 s
Acid Chloride 1800 s
c-0 Alcohols, Ethers, Esters, Carboxylic Acids, Anhydrides | 1300-1000 s
O-H Alcohols, Phenols
Free 3650-3600 m
H-bonded 3500-3200 m
Carboxylic Acids 3400-2400 m
N-H Primary and Secondary Amines and Amides
(stretch) 3500-3100 m
(bend) 1640-1550 m-s
C-N Amines 1350-1000 m-s
C=N Imines and Oximes 1690-1640 W-S
C=N Nitriles 2260-2240 m
X=C=Y Allenes, Ketenes, Isocyanates, Isothiocyanates 2270-1950 m-s
N=0 Nitro (R-NO2) 1550 and 1350 s
S-H Mercaptans 2550 W
S$=0 Sulfoxides 1050 s
Sulfones, Sulfonyl Chlorides, Sulfates, Sulfonamides 1375-1300 and s
1200-1140 s
C-X Fluoride 1400-1000 s
Chloride 800-600 s
Bromide, lodide <667 s




E:rce constant (bond strength)

© 4 P - l
Hookuv zakon ( 1 )( f )2
- reduced mass=[ ——

L my +ms

C—H Cc—D c—o0 c—cCl
~3000ecm' -~2200em' ~1100em?' -~700cm’}

C=N C—N C—N
~2200cm' -~1600cm!' ~1100 cm™!

Diagnostic Region Fingerprint Region
Triple Double .
Bonds to H Bonds Bonds Single Bonds

4000 3500 3000 2500 2000 1500
Wavenumber (cm™)




%Transmittance

nitromethana

I
M+ H=C—NO;
' X

4000 2000

Wavenumbers (cm-1)

1383
M—0 stretch

1573
M0 stretch




L Transmittance

meta-nitrotoluane

HaC

NC:

1537 1358

MO stratch MO stretch

L L 1 L L

2000

Wavenumbers (cme-1)




Efekt hybridizace

Hybridized atomic orbitals

19¢e.

0% 25% 1 33% | 50% | 100%
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