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Liguid State

v' DOMIKOC XOpAKTNPLONOC

* Synthetic compounds (organic & inorganic)
e Metal Complexes

* Natural Products

v Moootiko¢ npocdloplopog qNMR

* Direct, non-invasive, accurate

* Simultaneous characterisation of compound
and matrix or APl and excipients

v MetoBOAOMIKEC MEAETEC

v’ MapakoAolOnon avidpaoswv

Solid and Semi-solid
State

v' XapaKTnpLopog KOVEWV
* APIs, intermediates, excipients
* 13C, 27Al, etc

v MoAupepn

* 1H, 13Cin semi-solid state (2D experiments)

v" AvayvwpLon KpuoTaAAKWV Kot
apopdwv popdpwv APIls kat
TEALKWV TPOLOVIWV

> 13C, 15N, 19F, 31P, (7Li, 11B, 23Na, 27Al, 29Si, 33S, 39K, 77Se, 89Y, 109Ag, 195Pt); Solid State: 13C, 15N, (19F, 27AL, 29Si, 31P, 79Br, 113Cd, 119Sn)
» In collaboration with Bruker for NMR in Pharma: Application of Data Integrity Principles for NMR in

GxP environments



NMR related Nobel Prices

Otto Stern, USA: Nobel Prize in Physics 1943, "for his contribution to the
development of molecular ray method and his discovery of the magnetic
moment of the proton"

Isidor I. Rabi, USA: Nobel Prize in Physics 1944, "for his resonance method for
recording the magnetic properties of atomic nuclei«

Felix Bloch, USA and Edward M. Purcell, USA: Nobel Prize in Physics 1952, "for
their discovery of new methods for nuclear magnetic precision
measurements and discoveries in connection therewith«

Richard R. Ernst, Switzerland: Nobel Prize in Chemistry 1991, "for his contributions
to the development of the methodology of high resolution nuclear
maghnetic resonance (NMR) spectroscopy

Kurt Withrich, Switzerland: Nobel Prize in Chemistry 2002, "for his development
of nuclear magnetic resonance spectroscopy for determining the three-

dimensional structure of biological macromolecules in solutlon"mﬂﬁ
Paul C. Lauterbur, USA and Peter Mansfield, United Kingdom: Nobel Prize in “
Physiology or Medicine 2003, "for their discoveries concerning magnetic %}
resonance imaging" m



http://nobelprize.org/nobel_prizes/physics/laureates/1943/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1944/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1952/index.html
http://nobelprize.org/nobel_prizes/chemistry/laureates/1991/index.html
http://nobelprize.org/nobel_prizes/chemistry/laureates/2002/index.html
http://nobelprize.org/nobel_prizes/medicine/laureates/2003/index.html
http://nobelprize.org/nobel_prizes/medicine/laureates/2003/index.html

{i HELLENIC REPUBLIC
Jf National and Kapodistrian N M R

University of Athens

DAZMATOZKOIMIA



HELLENIC REPUBLIC

National and Kapodistrian
University of Athens

doaopatookonia

Chart of the Eﬂ@@ﬁﬁ'@ma@m@ﬁﬁ@ Spectrum

)
man'’s height :
© & \ 9 By paperclip cells viruses atom
% o &= Xickness . b :
() J subatomic
u— paper bacteria =
o fo otball field baseball Wigtieriau water molecule particles
wavelength | 1em 1mm ;A mil 1M | i 1om 1pm
A(m
) 103 102 10 1 101 102 103 104 105 10% 107 10t 109 1010 1011 1012
wavenumbe1r | | | | | | { I | | I | I | I |
em™ 105 104 103 102 10! 1 10 102 10% 104 105 108 107 108 10° 101
electron volt | ] | | | ] | | l | ] | | ] | |
ev)10° 10® 107 10% 10°% 104 102 102 101 1 10 102 10 104 105 106¢
frequency 1 MHz 1 GHz 1 THz 1 PHz 1 EHz 1ZHz
1 ] | ] ] | ] | | 1 ] ] 1 | ] | |
Hz2) 905 108 107 108 10° 10 10' 10%2 103 10' 0% 10% 10'7 10'® 1019 1020 10%
%)
'g Radio Spectrum - Terah- Infrar violet X-ray Gamma
[S Broadcast and Wireless “Microwave : Far IR Mid IR Extreme UV Soft X-ray Hard X-ray
@ (]
o Q wa nm
L)) 8 z» z 0 e i
: 43 5] 0 < <
= =
I \ g Fiber telecom Dental Curing
: 0.7-1.4 200-350nm
“5 » ‘FM o e Medical X-rays
m . - —~ !
) -g AM I‘adio 88'108 MHz Mob"e PhOneS 10-0.1 A
3 S 600kHz-1.6MHz 900MHz-2.4GHz  Raqar : & Cosmic ray
-g > 1-100 GHz Bio imaging \gél_)_liesol.Tlngzt obsSzaRons
- g 1-10 THz 700-400nm
5 o y (\ > Remotes Baggage szreen
8 L TV Broadcast  Wireless Data 850 nm 10-1.0

54-700 MHz ~24GHz

Ultrasound

y X ) SRR
Screening
1-20 MH
= — 0.2-4.0 THz
Sound Waves i8] 400-290nm
20Hz-10kHz — “mm wave” ” -
- Microwave Oven “sub-mm” Night Vision
10-0.7

2.4 GHz

© 2005 SURA www.sura.org

Copyrighted images used with permission. Rev2C 6-June-2005

[A = 3x108/freq = 1/(wn*100) = 1.24x10/eV/|

PET imaging
0.1-0.01 A

Crystallography
22-0.7A

Southeastern Universities
Research Association ®

http://esperia.iesl.forth.gr/~kafesaki/Modern-Physics/various/SURAChart.jpg



NMR

ANNHAENIAPAZH AKTINOBOAIAZ KAI YAH2

* Anoppodnon

MetaBaon oe upnAotepo evepyeLaKO eminedo

e Exkmounn
MetaBaon o€ xapnAOTeEPO eVeEPYELOKO eTtiedo

e JKEOOON
EAOQOTIKA ) avEAQLOTIKA ME aAAQyr) LAKOUC KUUOTOG
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MNapouaoia eﬁwteptkoﬁd;mvvnttkoﬁ nediov B,
. B

applied B, ar = H* B R

gravity |
f angular
momentum 3

B,: applied magnetic field;
rUfU’r ordl J: nuclear angular momentum;
I o LR NN AT . .

K: magnetic dipole moment

Metantwtikn Kivnon Tou mupnva yupw armo Tov aéova Tou e§wTepLkol payvntikou nediou B,
avtiotown Ke TNV Kivnon piag oBoupac oto Baputiko edio tng Mg

Zuxvotnta petantwong, Larmor frequency w =y B,
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KBavtixog AptBuocg IMupnvikov spin (I)

O I: dvowm otabepd XapaKTNPLOTIKI] TOL ATOUOV

O [Tpoodiopilel TOV TPOOAVATOALGHO TNG LAYV TIKIG POTING TOU TIUPTVX OE GXEOT UE TO EEWTEPLIKA
EQAPUOTOUEVO oYV TIKO TTESLO

O MNa k&Be mupnva pe =0, o0 aplOu6S TwV KatasTdoewyv spin eivat 0
QO Ma kabe mupnva pe [£0, TdTE oL KaxtaroTAceLS spin elvar 21+1

I=%xn(n=123,...6)
1:C mc

Oa pag amacyoAnGouy
MONO ot TUpNVEG pue S bt S B A U B

1=1/2

z4 § 4§ &1 SRR

'@ To &topo 12C, 1=0. I'a to wdtomo 13C, [=1/2.
ZUVETIWG, 8EV UTTAPYXEL CUVOALKT) ZUVETIWG, VTTAPYOLY 2
oTpo@opun Kot SV uTTapxovV  SLAPOPETIKEG KATAOTACELS Spin.

. . 21
KATAOTAOELS Spin.
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Applied
No Field Magnetic Field

EMLTPEMOUEVEC KATAOTAOELC Spin ywa tH

Applied

No Field Magnetic Field 21+1
A
against
m=- % ST N ‘
/ S >
/ .-
P
& B
. / _ (0]
fot ——{ 1=1/2
N T S
e TEe— < --
N m=+% { aligned
H (1=1/2), 13C (1=1/2), 3P (I=1/2), N (I=1/2), 2H (I=1)
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20voio Tupnvev Kat katavop] Boltzmann

Field off

o

=

" AAL G i s

#FLFLQLi;L mp=+1/2 «a
rﬂf m=-% B

‘the Boltzmann equation:

Nupper_ _AB/RT _ ~hvi kT

Mﬂ“‘ﬂr
{ii m;=+1%

FIGURE 4. The nuclear spin energy levels of a spin-': nucleus in a magnetic field (Atkins, 1998).

about 1in 10,000 for H in an 11.74 T magnetic field
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2xetTikoi mAnOuopoi — Katavoun Boltzman

ﬁ - % ()

AE

Increasing Energy

5 + %2 (o)

0 Increasing Magnetic Field

~vh B,

27
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2xeTIKoi mAnOuopoi — Katavoun Boltzman

Gyromagnetic Ratio vy

Element Spin Matural Abundance (107 rad-s1-T1)
[ Hydrogen 15 099.985% 26.7522128 ]
> 1
El - "E [ﬁ'} Deuterium 1 0.0115 4.10662791
2
Iu Carbon 15 1.07 6.728284
o
- AE Nitrogen 1 0.368 -2.71261804
7]
E [ Fluorine i) 100 25.18148 ]
o
= o
— 1 Silicon 15 4.6832 -5.3190
+ %2 (o)
[ Phosphorus ] 100 10.8394 ]
n -
Increasing Magnetic Field Selenium v 7.63 5.1253857

\ Cadmium 1 12.22 -5.9609155
~vh B,

AF =

H @uowkn otabepd v yia kGOe upriva
ris KoAgiTal yopopayvntikdg Adyoc kat
OUGYETLLETAL UE TN PLXYVITIKY pOTI W Kat To [
21T+l
Y= Thr
h=otaBepd Planck = 6.626x103]s 4
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How it works

Sample

Bore

Probe
Section

Workstation NMR Console Magnet
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PAZMATOMETPO NMR 2XHMATIKO AIATPAMMA

Liquid N2 Jacket (ﬂ |

\ Lt
Liquid He Jacket™
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®
c
L
=

— -

Time (s)
FID
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YN . n
= = ﬂ Sample

= " lift (air)

» Sample

Superconducting
Magnet

/ Legs

intensity

d (ppm)
Spectrum
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Modern NMR Magnets are
Superconducting Solenoids

Y Advantages:
_— -high field
C_ ¢ D _stability

-homogeneity > 1 : 10°

ﬁ *Materials: NbTi < 10T, NbSn > 10T
— *Max Field (2015): 24.0 T (1020 MHz)
\— —/
‘ ‘New HTS alloys (20177?): ~35T (~1.5 GHz)
BO

T, *Hybrid magnets: 45T **

**https://nationalmaglab.org/about/around-the-lab/meet-the-magnets/meet-the-45-tesla-hybrid-magnet

Nb: N1oBuo; ; Ta: TavtaAio; Sn: Kaooitepog;Ti: Tirtdvio
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1965 1975 1985 1995 2005 2015
1960 1970 1980 1990 2000 2010 2020

Magnets having full NMR specdifications

History of NMR Bo field along with technological milestones (courtesy of Bruker Biospin).
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Probe Coils

* The probe coil serves a dual role:
-to deliver the B, field pulse to the sample
-and to detect the oscillating bulk magnetization (dM,/dt)

* The coll is orientated perpendicular to B,

-
— Helmoltz coil:
M -normal applications
/Y | ks
X =7

solenoid coil:
-specialized applications

https://nmr.science.oregonstate.edu/index.php/File:Coil.jpg \_/
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What does an NMR Probe Look Like?

This is for a 7T magnet — '3C observe at 75 MHz
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Probes are delicate — glass, teflon,
ceramic, electronics

https://nmr.science.oregonstate.edu/index.php/File:Coilelectronic.jpg
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room temperature
shim coils

gradients

superconducting
magnet + shims

http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Chapterimage/
bk9781782623595/BK9781782623595-00001/bk9781782623595-00001-f2_hi-res.gif
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ATO IOV MPOEPXETOL N LOLYVATLON;

ATOULKO eTtintedo MoakpooKOTLKO ntirtedo
Bo
A m = 1/2 () -Eql kKT
| Fu> @

m=-128)  Fp

KBavtikn dswpnon \ KAaoowkn Oswpnon

Boltzmann distribution

For a 11.7 Tesla field, or a 500 MHz spectrometer, the excess
population is ~ 0.01% at room temperature.
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Ano mov npoEpyxetal to onpa tov NMR

Me tnv epapuoyn evog naApou
grtvyyaveral Zuupwvia Paonc

looppormia > Awgyepon

ol
energy levels

Longitudinal Transverse
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Anokataotaon

H dtadikaoia emavadopdc Twv UPNVLKWY OTILV oTNV Lloopportia mou kaBopiletal amo tnv
katavoun Boltzmann.

AUo yeyovota cupfaivouv:
(1) Metamtwoelg ano tnv kataotaon |B> otnv |a> wote va anokataotabel n cuvioctwoa
Mz pe puBpuo R1 ka

hv=Eg~Eo Surrounding

Awopnkng Antokatdotaon (R1)

—

Eykapola Arntokataotaon (R2) Boltzmann

Equilibrium
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looppontia—> Aléyepon 2> Amnokataoctacn = lcopponia

B,=0 B,>0
Edo— Egoes
. = !
- AE —
S RF
L} pulse
aas-l




NMR

looppontia—> Aléyepon =2 Amnokataoctacn = lcopponia

B,=0 B,>0 FID
Eoe—r Egoee JLEVE.
aliind AE _[%, * & Ml\hnw ..... . AE
*a - e 2T Gms
” | ! \ 1
1 puise PuUuise ?m-
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looppomntia—> Aléyepon 2> Amnokoatdaoctacn = lcopponia
EAeuBepa Emaywpevn Anokatdotacon

B,=0 B,>0 FID (FID - Free Induction Decay)

it [%L * 5 AE
*at S = S —
pulse pulse N\ 1
et — et
z
Mg

Fecajvar

TIpw TV SpUPHOTH  Metd Ty 69UpROT  Metirmraon upjvay coil
mhoh =00

CH, ' TMS

“ /\ B, input
NP/
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f’ looppomntia—> Aléyepon =2 AmOKOTACTAON 91

B,> 0

FID

AE —— >

signal

AE —— > 5 i
S

FT

pulse

a

)"M ¥

| JJM

frequency (ppm)
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o XWIN-NMR Version 3.0.b.29 on pauling started by brandoli =)
File Acquire Process Analysis Output Display Windows Help

Dataset: < Mar22-2001-brandoli 4 1 /u brandoli >
Title: test sample

WX

M1] M2| M3]
save | [IEE |
select |
maese < |
v ) |33
i 0 8 |

e

Xpovoc mapatnpnong
sec
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Fourier Transformation

WA | R
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time

e cycle
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Fourier Transformation

Free Induction Decay (FID)- time domain NMR

time —»

In pulse (FT) NMR, all nuclei are tipped at the same time and the
FID’s are superimposed.

Tine (sech

RF coil signal
detection

The Free Induction Decay

I

vo (Larmor frequency

M. F.

T —
>
=
IS
|
=
~
o

> V, (Larmor)

time

frequency

MeyaAa Blopopla tc >>> T2 >> dpa GACUATIKEG YPOAUMES TIOAU SLEUPUEVEC
MKpQ popLa TC <<< T2 << Apa POCUATIKEG YPAUMUES TIOAU OTEVEG
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Fourier Transform

Time Domain FT! Frequency Domain
s(t) S(w)
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Pulsed Fourier Transform Spectroscopy

] XWIN-NMR Version 3.0.b.29 on pauling started by brandoli =]

Flle Acquire Process Analysis Output Display Vindows Help

Dataset: < Mar22-2001-brandoli 4 1 /u brandoli >

Title: test sample

e Acgary Frocexs  fesiyas 0#__ ubo-ml:maénmc.(omrnu

—— e~ .————

Dataset: < Marz2-2001-bwandoll 4 1 /u brandoll >

m
_I_T"
§

Title: tout nmple
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1. Chemical Shift é (ppm) — Xnuikn Metatonion é (ppm)
2. Coupling Constant J(Hz) — ZtaBepa ZUlevénc J(Hz)
3. Integrals — EuBado kopudpwv cuvtoviouou
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NMAHPO®OPIEZ ANO TA ®AZMATA *H NMR 1D
1. Ofon kopudnc ocuVToVIoHoU 0To PAoHA - XNHLKN LETATOTILON

XHMIKO NEPIBAAAON L o dicoon mation

HEn

distance from DSS or TMS (Hz)
frequency of the spectrometer (M Hz)

d(ppm) =

To toriko poyvnTIKO Ttedio Tou «aLcOAveToLY 0 KAOE TTUPNVOLC
TpOToToLE(Tal amo:

* [eltovikoUG MUPNAVEC KOl XNIKEC OMAOEC
* Né&doc nAektpoviwv

Bnpavuatu«') = Becbapuo(éuevo B Btonu«')

1a. AplOnOG Twv Kopupwv ocuvtovicpol =2 Awadopetikad Eidn
nupRvwv H

Bnpu’yuu'rucc'l = Bo - GBO = Bo[l'o-)

o : otafepd Mpodamiang




Chemical shift

OL GUXVOTNTEC CUVTIOVIOMOU TWV TUPHVWV TOU 18lou otolxeiov
HEOQ OE €va MOPLO EMNPEAIOVTOL HLE XOPOKTNPLOTLKO TPOTIO OO TO
XNHULKO Tou¢ epBaAlov, SnAadn ano tTnv NAEKTPOVLOKN TUKVOTNTA
oV TaL MEPLBAAAEL KOL TO £L60C TWV QTOLLWV MUE TAL OTTOLAL
ouvdEovral.

» Torukn Awapayvntiky Owpeadkion

» Mayvntikq Avicotponia

» Emaywyiko Qawopevo

deopot udpoyovou

n oéutnta tou SLaAUATOC,
doawopeva SltaAutotntag,
OUYKEVTPWONG, KAOwC Kot
Bepuokpaciog

ennNPeAlOVV CNUAVTLKA TN B€0n Twv MUpNVwWy vdpPoyovou OTOo
daopa
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Kwvog Owpakiong

Kwvoc
arnoOwpakiong

deshielding
region

shielding cone

e

Figure 6.5. Anisotropic-induced magnetic field (dotted lines) in the proximity of an aromatic ring.
The ellipses above and below the ring represent the ring current of n electrons. p. 79



HELLENIC REPUBLIC

National and Kapodistrian
e, University of Athens

Chemical shift

« AiauayvnTikh Bwpdkion
2 UvTOVIOoHOG o¢ B=B,+B;

~ NAEKTPOVIAKA TTUKVOTNTA
«  MayvnTikh avicoTpoTria
~XNUIKWV dgopwWv

Emaywyikd pevpaTa mpog oploHEVEC

d1evBuvoslc.

AiapayvnTiké pelpa - Bwpdkion

a)

E)]

7
=

no

‘He'lr_]

shielding cone

deshielding

region . region

-_'.-'

H
deshleldlng A ‘ “ LI.“) k ‘
.I c‘ " ll

I

H

shielding cone

napauavvn'r | Ké p £Uua - dTto ewde | O'nFigure 6.4 Anisotropic-induced magnetic field (dotted lines) in the proximity of a triple bond.

Magnetic field percieved by a shielded nucleus
Blozso'(l-O)
Resonance frequence of the shielded nucleus
vi=v-(1-0)

Energy difference between states
AE'=AE-(1-0)

Chemical shift
V'x - V‘Rff [H21
OxlPPm) = —p - ahz]




Chemical shift

Magneftic anisotropy
Emaywyikd pevpata mmpog opiopéveg dieuBuvoeic.
AiapayvnTiké pelpa - Bwpdkion

aTTr ’

A 110

IMepotpepdpeva

"<ion p

Mapapayvnkés
SUVaLIKES Y pappeég

A S
|
H=C—F H=C—Cl  H—C—Br H—C—H
H H H H
426ppm  3.05 ppm 2.68 ppm 0.23 ppm

In the region where the field lines are antiparallel to the Bo vector, the field is called
diamagnetic.
When they are parallel, the field is called paramagnetic.
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The chemical shift is independent of the instrument used.

If the chemical shift were measured in Hz, then the chemical shift of a
given proton would differ across various NMR instruments, because the
absorption frequency (v) is a function of the magnetic field strength

(Bo).
Y
= —|(1 - o)Bo
V=l (1-o0)
5 Vel eralopevou nupiva (Hz) X 1 06
Vopyavou (MHz)
I | b ! [ | o | ! | | | ! |
10 9 B I B o 4 ! z 1 0
pPpm
EVw o) ava@opdc (v un vdatikd péca): ?H3
tetpapeburooiidvio (TMS) HyC—Si—CH,4

(ouxvotnTa cuvtoviepoy TMS = 0 Hz)

Ta tpwtovia touv TMS éxovv Bwpakiotel toyupa CH;
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Chemical shift

*The electrons surrounding a nucleus affect the effective
magnetic field sensed by the nucleus.

these protons sense a these protons sense a
larger effective magnetic smaller effective magnetic
field, so come into resonance field, so come into resonance
4 |lata higher frequency at a lower frequency
=
£
@
[
i deshielded nuclei shielded nuclei
“"downfield" - “"upfield™”
Frequency
—COOH
511-812
-‘—J I
o x X—C—H O
i QO Se=cC | )
——a el i T S B 3 (ppm)
L] ] EEE | |
| | 1 I | 1 1 | | 1 I
10 9 bl 7T (& 3 - 3 2 1 0



St s Soprdain Chemical shift
— [Ncreasing Magnetic Field at Fixed FreqUency e
e [MCr2asing Frequency at Fixed Magnetic Figld

Chemical Shift

a _ ("'.-"gamp — "'-"'ref) y 1[:'15 ’ C_;?I:EH
Viaf 3 I 3
tHa
H
) . N ™S
y 4 =
H | HalC
H
215 Hz
B, =234T1 | 734tz e 530Hz |«
1075 Hz
B, = 11.75 T{ ) IETO Hz | =bo0 He - >
734 S 30 515 0.0
| | | | | | | | | | — o
10 g 3 7 G 5 4 z 2 1 0

Ti TR XNUKAG UETATOTILONG a0 TO HOplo avadopds Ba mMapousLACEL VO CUYKEKPLUEVO
MPWTOVLO OpyavikoU popiou, To omoio cuvtoviletal oe cuxvotnta v, =120 Hz og eva
daocpatoypado 60 MHz; & =v, / v, =(120 Hz / 60 MHz) x 10° = 2 ppm
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Chemical shift

Inductive effect

Resonance effect

\ﬁ/ | e IC
C -~ _CHy P
C Nl A Ci 7 CHD
e e
L0}
5,29 6,11 ko 6,52

3,74 ko 3,93
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e Proton center Compound d/ppm
Hydrogen bonds R—{ >_R
O—H---- 0 —OH Alcohols 1—5
3=9-15ppm Ph .cnols 4—10
Acids 9—13
Enols 10—17
o~ H “o —NH Amines 1—5
)\)K Amides 5—6.5
H;C N CH; Amino groups in peptides 7—10
6 =15.4 ppm

Intermolecular bonds - dependence on the concentration of the compound in the sample
Intramolecular bonds - independent of concentration or temperature

OH 4 O

1-hydroxy—-9/—fluo-
ren—9-one

VIEPIKIVI Tapoiivn Covykhovn

8 (ppm)

.
-
.
.
.
.
.
-
—

R(OH+*+0) (A)
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Otav duo npwtovia oxetilovtal pe neplotpod Lk CUMHETPLa Kat lval
LoOXpova OVOUAZOVTAL OLLOTOTILKAL

(av avtikataotabel 1o éva H pe D Sev MPOKUTTEL XELPLKO KEVTPO).

Otav duo npwtovia oxetilovtal e AVAKAQOTIK CURHETPLA Kal lval
Looxpova ovopAalovial EVOVTLOTOTILKA

(av avtikataotabel to éva H pe D mpokUmtel ZeUyoG EVAVTIOUEPWV).

Otav duo mpwTtovia eV Eival OMOTOTLKA | EVOVTLOTOTUKA KL £ival
QVLOOXPOVA TOTE TA TPWTOVLA Elval SLOLOTEPEOTOTILKA

[M.x mpwtovia pebBulevikng opddac SimAa oe acUUUETPO KEVTPO (*)]

non-equivalent

[ C:; (diastereotopic)
H, &
@ 5
HN" ~coj

Opotomkd

AlBvdoxyAwpidio

EvovTtiotomikd

Aev Swakpivovtar pe NMR

AOVUUUETPO KEVTPO

ALXOTEPEOTOTILKA

1,2-81Bpwpo-1-@atvvioatdavio
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0 : _ Ethers Sulfides Sat. alkanes
R-LLH aromatics RaC=CHy  pochips-cH R
Aleohol
RCH=CHR———— HO-CHe———  ———RC=CH

PhO-CH——— At-CH—— —— R,C=CE-CH
FCH  CI-CH, I-CH

0
Br-CH!  ——R-LCH
Esters
RCOyCH m—— ——NC-CH
DQH‘CH — s | Rg]"I‘CH
RCO,H : : &ruade RCONH . ROH :
PhOH 1 : : RyHNH

I | I I I I I I I I I I [
120 11.0 oo 90 8.0 70 6.0 50 4.0 3.0 20 1.0 00 ppra(8)

For samples in CDCI3 solution. The d scale is relative to TMS at §=0ppm. https://wwwZ2.chemistry.msu.edu/faculty/reusch/orgpage /nmr.htm
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Table 13.3 Correlation of 'H Chemical Shift with Environment

Type of hydrogen Chemical shift (8) Type of hydrogen Chemical shift (8)
Reference Si{CH3)4 0 Alcohol l 2.5-5.0
Alkyl (primary) —CHj 0.7-1.3 —‘|3‘°"“
Alkyl (secondary) —CH,— 1.2-1.6
Alkyl (tertiary) | 1.4-1.8 Alcohol, ether H 3.3-4.5
—CH— |
Allylic f|+ 1.6-2.2 l
c=c—<|:—
Vinylic H 4.5-6.5
t L
Methyl ketone 0 2.0-24 —
[ /\
—C—CHa

Aryl Ar—H 6.5-8.0
Aromatic methyl Ar—CHj 2.4-2.7

Aldehyde 0 9.7-10.0
Alkynyl —C=C—H 2.5-3.0 I

—C—H
Alkyl halide FI' 2.5-4.0
—C—Hal Carboxylic acid 0 11.0-12.0
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Ymoxkataotares | Zrabepd Ipo- | Ymoxkotaotdres | Etabepd Ilpo-

YNZ Gomong (Z1IT) YNZ aomong (ZIT)
CH, 0,47 -0C(=0O)R 3,13
C=C 1,32 -C(=0O)R 1,70
C,C 1,44 ~C(=0)Ph 1,84
~Ph 1,85 -C(=0)0OR 1,55
-CF, 1,21 ~-C(=O)NR, 1,59
-CF, 1,14 -C=N 1,70
-Cl 2,53 -NR, 1,57
-Br 233 ~-NHC(=0O)R 227
-1 1,82 N, 1,97
-OH 2,56 -SR 1,64
-OR 2,36 -0SO,R 3,13

~OPh 3,23

5CH2= 0,23 +233 +1,85=4,41ppm

Shoorley James Neﬂon
(1925 - 2015)

4.56 ppm
Br

) ppm
To paopa npocopoinons '"H NMR
tov popiov C,H,CH,Br.
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APOUATIKOL : Ci_C!, :
avBpakeg [——CElC— C—Br
>c=o >c=c< _T_o_ oAKGVIOL
— 1 11 — — T
200 150 100 50 0
| I | I |
Aldehydes, RCH=0 R,C=CHy—— —CF —ca G
Ket:c:nes, R2[J=D: RHC=CHR I : By .
Ry =CHy ——— :C—H Saturated Pa]l:am:s
Aromatics . . Z-ME,
Heteroarormatics . . C—0H - SR
R -C0O.H —
Carboxyhic Acids — RCEN — COR i ,i
R—C0,5R _
Esters ———— Sulfosides, Sulfones - ary, C=C=C
. R-C':INR; C=0CR ?
Arudes ——— —_ —— C—C—LR

I | | | |
200 150 100 50 0.0 pprm(8)
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O To wdtomo 13C éxel moAV pikpn @uoikn agbovia (1.1%),
HE amoTéAEGU 0 TIVUPTVAS va eivat 400 @opég AtyoTtepo
gualoOntog oty Ttapatnpnor tov pe NMR.

O Efoutiag g xopmAng  @uolkng  agBoviag  Sev
mapatnpeital ovlevén petakv 13C - 13C.

0 Ta ocvwnBopéva @daocpata 3C NMR Aapfdavovtatr pe
AP amocVleven (Y va pnv ep@avifetar n ovlevdn
petady H - 13C), omdta o autd TA QAOHATA VTIAPYOLV
HOVO aMAEC KOPUPEC.

O 0 apBuog twv xopu@wyv Seiyvel Tov aplBud Twv opadwv
XNUKA 1608Vvapwv atopwv C.

0 H kAlpaka Towv YKoy petatomicewv eivat 0-200 ppm.

O Ot ynuikég peTaTOTIOELS eMpealovTal QMO TOUG
18loug Tapayovteg OTWC Kat to @aona 'H NMR.

daocpa 13C NMR

CH;3-CH,-CHy-0-CH,-CHy
a b ¢ d




13C Chemical shift

1.Low Natural Abundance (1.1%)

1. The C isotope constitutes only 1.1%
of natural carbon, making it 400x less
sensitive than '"H NMR, Consequence:
Requires longer acquisition times or
higher sample concentrations.

®dopa 13C NMR

2.No C-*C Coupling
1. Due to the low abundance, the
probability of two *C nuclei being
adjacent is negligible, so ¥C-3C
splitting is absent in spectra.

CH3-CH5-CH5-0-CH5-CH4
a b .

3.Proton Decoupling
1. Standard C spectra are recorded with
broadband 'H decoupling to eliminate
'H-13C splitting (which would otherwise
complicate spectra), yield single peaks
for each chemically distinct carbon.

60 40 20
PPM




13C Chemical shift

4.Number of Peaks = Number of Unique
Carbons
1. Each peak represents a chemically
equivalent carbon group, Example:
Acetone (CH3-CO-CHs) shows two
peaks (one for the carbonyl, one for
the methyl carbons).

5.Chemical Shift Range (0—200 ppm)

1. Much broader than '"H NMR (0-12
ppm), allowing better resolution of
structurally similar carbons, Sp3®
carbons: 0-90 ppm (e.g., alkanes), Sp
carbons: 100-200 ppm (e.g., alkenes,
carbonyls).

2

6.Factors Influencing Chemical Shifts
1. Similar to '"H NMR: (Electronegativity

of nearby atoms, Hybridization (sp3 vs.

sp?), Ring strain, hydrogen bonding,
and solvent effects.

®dopa 13C NMR

CHa-CH,-CHy-0-CH,-CHj
da b c

60 40
PPM

20
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13C Chemical shift

Type of carbonyl Typical shift Type of carbonyl Typical shift
0 o
205-210 : 170-180
. AL
0 O
m 195-200 m 165-170
A
o 0
~195 JL 170-175
2] Cl
0 O
Py 196-202 ~168
R H o
0
O
©_<< 190-195 &HJLH 160-165
&
? O
R r R A"
R/LTK 167-173 EEJJ'\'I(' 160-165
H" I a
o
©_<€—H 165-172 153-160

n’

(]
H,‘N,J-I\D,R“
L

Mote: thio-carbonyl analogues generally absorty at considerably lower field - sometimes by as much as 40 ppm
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Xnuwn Metatomnon

Xnukn Metaténion

Opyaviki Evion (ppm) Opyavikr Evwaon (ppm)
Alkdavia
Kox\onpondvia 0-8 AAxkoAca\oyovidia
Koxhoa\kavia 5-25 CHsX 5-25
R—CHs 5-25 RCH>X 5-38
R—CH:—R 22-45 R>CHX 30-62
R:.CH—-R 30-58 RaCX 35-75
RsC—R 28-50
KapBofohkda oféa
Alkévia 100-143 R—COOR 160-177
(;C:C::) R—-COOH 162-183
14,0 39,0

26,5

Ioopept) e€aviov

Eowtepikot 17VeS ko 27 C : 25-45 ppm

TeAkég pn SLakAaSLopéveg opadeg: oAU
mpootatevpévol C




13C Chemical shift

3C NMR chemical shifts influenced by electronegative atoms (oxygen/halogens)

1.0xygen (O)
The presence of an electronegative oxygen atom deshields the a-carbon, shifting its
resonance to 65-90 ppm.

2.Halogens (F, Cl, Br, 1)
1. Unpredictable effects: Halogens exhibit complex electronic interactions (inductive vs.
resonance effects).
2. Directly bonded carbons: Shifted to 30-50 ppm due to deshielding.
Example: Chloromethane (CHs-Cl) has its carbon at ~35 ppm.
3. Non-additive interactions: Multiple halogens cause non-linear shifts (not a simple sum

of individual effects).
140 338 146 455 120 239

“\V/"‘\Br \V/\CI \\/\CN_

21,5 16,7 21,7
3.Shielding in Multiple Substitutions
1. In polyhalogenated compounds, steric crowding or electron delocalization may lead to
unexpected shielding (upfield shifts).
1. Example: In CFCls, the carbon appears at ~110 ppm (unusually downfield due to
cumulative electronegativity).



13C Chemical shift

1.Chemical Shift Range:

1. The sp-hybridized carbons of alkynes
resonate at 65—85 ppm (Example: The
terminal carbon of 1-hexyne (=CH)
appears at ~67 ppm, while internal
alkynes (e.g., RC=CR') appear at ~75—
85 ppm.

2.Strong Shielding Effect: 840 N/

1. Alkynes shield adjacent carbons (a-
carbons) due to the cylindrical n-
electron cloud of the triple bond,
which circulates to oppose the
external magnetic field and move a-
carbons upfield (lower ppm)
compared to alkenes or alkanes.




13C Chemical shift

1.Deshielded Chemical Shift:

1. Carbonyl carbons are highly deshielded due
to the strong electron-withdrawing effect of
the oxygen.

2. They resonate in the range 170-210 ppm,
depending on the type of carbonyl:

1. Aldehydes/Ketones: ~190-210 ppm
2. Esters/Amides: ~160—180 ppm 73
3. Carboxylic Acids: ~170-185 ppm

2.Weak Signal Intensity:

1. Carbonyl carbons typically show lower peak O
intensity in standard *C NMR spectra )h?fvﬂ
because: 195 oM

1. They lack directly attached protons (H),
which are crucial for the Nuclear
Overhauser Effect (NOE)—a mechanism
that enhances signal intensity in 'H-
coupled spectra.

2. Their long relaxation times (T;) reduce
sensitivity.

0
207,1
36,1 24,5



13C Chemical shift
3C NMR of Aromatic Carbons

1.Chemical Shift Range:
1. Aromatic carbons typically resonate in
the 120-140 ppm region.
2. Substituent Effects:
1. Electron-withdrawing groups
(e.g., NO,, COOH) shift carbons
downfield (higher ppm). . 70(11 120,8 ”’“(b

2. Electron-donating groups (e.g., 128.4 220 41 (g(?(l)l}_
OCHs, CHs) shift carbons upfield ’
(lower ppm).
2.Signal Intensity Differences:
1. Substituted carbons (directly bonded - 9® .; 132.9 14 :’C‘=CH
to a substituent) often show lower " 1292 132, (')'“

intensity due to:

1. Lack of attached protons (reduced
NOE enhancement).

2. Longer relaxation times (T)
compared to unsubstituted
carbons.

2. Unsubstituted carbons (with attached
protons) appear stronger.



13C NMR

DEPT (Distortionless Enhancement by Polarization Transfer)

A Powerful Tool for Carbon-Type Differentiation

Principle of DEPT

*Purpose: Distinguish CHs, CH,, CH, and Cq (quaternary) carbons in a single experiment.
*Mechanism: Uses polarization transfer from 'H to '3C via carefully timed RF pulses, enhancing
sensitivity and editing signals based on protonation.

Pulse Sequence & Spin Echo
» TH Excitation: Initial pulse creates coherence.
* Polarization Transfer: J-coupling transfers magnetization to C.
* Variable 'H Pulse Angle (0):
* 0 =45 All CH, signals appear (CH, CH,, CHs).
* 0 =90° Only CH peaks visible.
« 0 =135 CH/CHs 1 (positive), CH, { (negative).
*Spin Echo: Refocuses chemical shifts, removes artifacts.

9" 180°

Haipog Harpbe
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13C NMR

DEPT Mode
DEPT-135
DEPT-90
DEPT-45

C
0
0
0
4

DEPT C-13 NMR Spectra

t by Polarization Transfer (DEPT Spectroscopy)

CH

+

+
-+
+

+ + O +

DEPT (Distortionless Enhancement by Polarization Transfer)
A Powerful Tool for Carbon-Type Differentiation

Visible Carbons
CH/CHs (+), CH2 (-)
CH only

CH, CH,, CHs

DEPT-90

Vet AV A A A

DEPT-45 “

AN AIAAP St AN J\ mwwmw,wwm/

13C‘

Peak Phase
Mixed

Positive

All positive

/

\NWV“WVMWN*JWWN\/WNN\WMWWWMM E

| -
WA M A AA AW \ww»\w\w

Mo

170 150 130

f1 (ppm)
httos://www.nanalvsis.com/nmreadv-blog/2015/11/19/dept-a-tool-for-13c-peak-assignments

70 50 30
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13C XnuIKEG PETATOTTIOEIC OE CUVAPTNOT HE TOV UTTOKATAOTATN.

) Tehikog X Ecwrepikog X
AG K]’] O'TI X-Ca-CB-Cy Ca-Cp-Ca(X)-Cp-Cy
X a B \i a B \i
-F 68 9 -4 63 6 -1
1 ; x . . . - NO, 63 4 57 4
) Mg yprion tov mvakev I11 kot [12, va mpofAéyete ™ ynuikn petatomon v avlpikov oR - 5 ” = = ”
NG KUKAOTEVTAVOATG. OC=O)R | 51 6 3 | 45 5 3
OH Zipgova pe rovg mivaxes | Mapampodpeveg -OH a8 | 10 5 41 8 5
3(a) =256+ 41 = 66,6 733 NR, 42 6 -3
. -NHR 37 8 -4 31 6 -4
@ &P)=25,6+8=336 33,6 e = = :
(y) =25,6 +(-5)=20,6 20,6 -Cl 31 1 4 32 10 4
-C(=0)H 31 -2 0 -2
-C(=0)R 30 1 -2 24 1 -2
-NH, 29 11 5 24 10 5
3C XnUIKEG PETATOTTIOEIG OPICHEVWY AAKAVIWY Kal KUKAOGAKQViWV. NH,* 26 8 5 24 6 5
-C(=0)0- 25 5 2 20 3 2
Ovopa c1 c2 c3 ~paivuh 23 9 2 17 7 2
peBAvio 273 -C(=O)NH, 22 -0,5 2,5 -0.5
aBdvio 57 -C(=0)OH 21 3 ) 16 2 2
TTpOTIavio 15,8 16,3 --CH=CH, 20 6 -0,5
Boutdvio 13,4 252 -C(=0)OR 20 3 -2 17 2 -2
TIEVTGVIO 13,9 228 34,7 -Br 20 1" -3 25 10 -3
e€avio 14,1 231 32,2 -SR 20 7 -3
KUKAOTTPOTTAvIo -3,5 -SH 1 12 -4 1 1" —
KUKAOBOUTGVIO 24 -CH, 9 10 -2 6 8 -2
KUKAOTTEVTAVIO 25,6 -CoCH 45 55 -3,5
KUKAOEEAVIO 26,9 -C=N 4 3 -3 1 3 -3
KUKAOETTTAVIO 28,4 I 6 1 A1 4 12 1
KUKAOOKTGVIO 26,9 57
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Chemical shifts positive and negative scale

4,3641

3,5164

-18,2727
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1. Chemical Shift 6 (ppm) — Xnuik Metatonion 6 (ppm)
2. Coupling Constant J(Hz) — ZtaBepa Zulevénc J(Hz)
3. Integrals — EpBado kopudpwv cuvtoviouou




o] s Kapcisrin Coupling Constant J
NAHPO®OPIEZ ANO TA ®AZMATA *H NMR 1D

2. AplOuo¢ yettovikwy upnvwy H
NMOANANAOTHTA KOPY®DHZ ZYNTONIZMOY-2taBepa ouleuvénc J

TABLE 8.1 Pascal’s Triangle (Coefficients of the Binomial

Distribution)
Kavovac n+1 n n+l Intensity Ratio  Multiplicity Multiplet
0 1 1 | Singlet
1 2 11 2 Doublet
2 3 121 3 Triplet
3 4 1331 4 Quartet
4 5 14641 5 Quintet
I I‘ ' 5 6 15101051 6 Sextet
singlet doublet triplet quartet

L )

CORRENTIE CUAZ oMY WIRe e S0mS, Iy 5 Klein, Organic Chemistry 2e
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Sl sd Kapodton Coupling Constant )
Ztaespa oulevénc mupnvikwv spin (J)

Multiplicity Relative Line Intensity c
Mo Coupled C—tli—C—H
Hydrogens [
. A Singlet

singlet C
1 J
doublet ‘ ‘
1 1 A Doublet
.-J-. .-J--.
triplet N 'I' -
1 2 1 P e B0 Triplek
guartet =R
1 |7
1 3 3 1 T IH Hi et B0 arbet

quintet

Spin-spin coupling
The interaction (coupling) between the spins of neighboring magnetic nuclei, which is
transmitted through the spins of the bonding electrons, is called spin-spin coupling and is
expressed by the coupling constant J (in Hz).

The intensities of the peaks are not random — they relate to the number of hydrogens.
They are described by Pascal's triangle.
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ot and Kapodicin Coupling Constant )
Zu(eu&n nUPENVIKWYV spin / Zxaon / Spin-spin coupling

i H HH
Mo Coupled \C:Cf & Sinalet
Hydrogens / *, w "
i i
I
c H -—
Cne Coupled \‘,::,:’; g A 1 Doublet
Hydrogen M, ! |
H. - : Ja :

H, is affected by:

* a smaller magnetic field due to proximity to the Hy, (Hg nuclei parallel and antiparallel of Bo,
doublet)

(hh iy (e
(hh Hy is affected by:
5 * Bo
;' < * asmaller magnetic field due to proximity to the H,
(% ¢ ¢ (H, nuclei parallel and antiparallel of Bo, triplet)
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20lcuén mupnvikwv spin / Zxaon / Spin-spin coupling

Through-Bond Interaction (J-Coupling):
Nuclei (e.g., 'H or *C) with spins aligned with/against the magnetic field alter the electron distribution

in intervening bonds, creates slight shifts in the effective field sensed by neighboring nuclei, causing

peak splitting

Distance Dependence:
'H-'H Coupling: Strongest over 3 bonds (e.g., vicinal coupling in H—-C—C—H).

1.
2. Long-range coupling (24 bonds) is weak but observable in rigid systems (e.g., aromatics).
n+1 Rule:
A nucleus coupled to n equivalent neighbors splits into n+1 peaks.
H,, Hy,
l I L - |
—C—C— C—+C C—+C—H,,
| | & | |
H, H, H, I, Ha ™ H,
Spin-spin SpPin-spin Spin-spin
coupling coupling coupling
: Two equivalent Three equivalent
One l[" - lh,;ll(nll\' |||,;Ilulll\
i 1U
Nt N
P ¢ 1T 4 W TEE BT dbE S
- 3 L. & 20si] I &8 & 8 %1
v ‘
‘ v | Jan |
| <> <
= ',.Il.nt‘h ,! ,[lfv'

Observed splitting in signal of H
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H i
R—(P—?—H
- ag "H
Jup = 11 e -
x—?—$—ﬁl 2H
“H "H J / \ I

Jab Jap Jab Jab | Jab

Signal for *H Signal for "H

18 Klein, Organic Chemistry 2e

MU JLL

Not an ethyl group

Klein, Organic Chemistry 2e
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Methylene quartet

Methyl triplet

4 a 7 B
Annlied field Spin orientations of
PP methylene protons
.‘_
—
-~ —
—
-~ —
—
.‘_

O

Applied field

Spin orientations of
methyl protons
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Fig. 6. Couplings in the ethylbenzene spectrum

1H NMR Specttum of Ethylbehzehe

CH3

Aromatic
=
n
metd "% ortho
Z CH2
= A
; -
:'3 pala
1
—
Moot ___JU Y L AL
PO r— B (S S T I
1.30 1.2 .20 ppm 265 ppm 1258 ppm




HELLENIC REPUBLIC

Nt and Kspoditcin Coupling Constant )

The coupling constant provides information about the geometry of the molecule, such as the
dihedral angle

J=A + Bcosp + Ccos2p

Karplus Equation

| 1 |

l
140 160 180

| 1
0 20 40 60 80 100 120
¢



Coupling ConstantJ

* Adihedral angle of 0° or 180° typically
results in a large coupling constant.

* Adihedral angle of 90° results in a small
coupling constant.

M{Hz) ——=

=

RN

P

N I I B I B

CH,CH,O0H

°J = Acos’ ((,D)+ Bcos ¢)+C

Karplus equation

High Resolution NMR!!!
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* Nuclear spin-spin coupling constant (J):
The distance between the peaks of the signal
It is measured in Hz (typically 0-18).
It depends on the stereochemistry of the molecule

Approx. J

— C|‘ —$ — (free rotation) 7 HZ*
H H
\ -
/C:C (cis) 10 Hz
H H
H
C=C (trans) 15 Hz
H
i - H
C=C (geminal) 2 Hz
o

~H

Approx. J

H
@: 8 Hz
H

(ortho)
H
@\ 2 Hz
H
(meta)
L W
/C 3
B H 6 Hz

H

(allylic) l’
“The value of 7Hz in an alkyl group is averaged for rapid rotation about the carbon—carbon bond.
If rotation is hindered by a ring or bulky groups, other splitting constants may be observed.
Copyright © 2005 Pearson Prentice Hall, Inc.



Coupling Constant J

The coupling constant provides important information about the stereochemistry of the
molecule, such as:

*The dihedral angle between coupled protons (via the Karplus equation).

*The number of bonds between the coupled nuclei (e.g., geminal, vicinal, or long-range
coupling).

*The electronic environment around the coupled nuclei.

Thus, J is a powerful tool for determining the 3D structure and conformation of molecules.

Cl H
(CH3)aC L HE 4 co (CH3)aC TLHa
313 @"ﬁ H‘j P=55 343 @'ﬁ - =175

H3J¢=55° Ha

JEE=3'5 HE 'JE-EI=4'|:I HE 'J-EI-EI= IE.I:I HE

cis-4-tert-butyl-1-chlorocyclohexzane trans-4-tert-butyl-1-chlorocyclohexzane
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1 aovikd Kal éva
wonuepwo H

H OAc H OAc
QO 0
AcO H AcO H
AcO H , M AcO H OAc
OAc OAc
H OAc H
A-TEVIAKETVAO—YAVKOD B-reviaxetvrio—ylokoin
J=3.2Hz J=8Hz
Gauche 8¢an Anti 8¢on
H H
H ; f' :H ;
H
7,,=8-13Hz 3,.=1-6Hz }J_.=0-5Hz

2 afovika H
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< Atdupun oulevén (geminal coupling)
requires that the two hydrogens are
magnetically non-equivalent (restricted —— =

g . y q . ( . ZlSp1> 215p2> Zlsz I(I: T HAC ‘ vinylic gem:
rotation or asymmetric carbon adjacent to the H, g 2 - 0.5 Ha
examined group)

Ha ~n= ~
|| v HOTON
N

* The two non-equivalent hydrogens on the same carbon (Ha’-C-Ha), which are separated by
only two bonds (2J). The magnitude of the J value (in Hz) depends on the H-C-H angle (105-
125°)

+» Mertovikny ouevén (vicinal: vic couling)

Refers to the spin-spin interaction between nuclei (typically protons) that are separated by
three bonds (3J). (e.g., H-C—C—H). Often observed in alkenes (e.g., H—-C=C—H) and saturated
systems (e.g., H-C—C—H in alkanes).

0 - ]((p) = F(GUVZ(p) + B(ovve) + A ‘

¥

[ A A B A A

51 (Hz)

HH H ™% n
2 A S\

e=0° ® = 60° 0 =90° 0 = 180°

=

) }.‘
Kam,u—m{ﬂ J=7-11Hz 3J=25Hz 3J=0-2Hz 3J=8-15Hz H H ~__ __H He  _H
(1930-) —C—C— H,C:C\ /cfc\

T T T T T T T =T T T T T T i
0 30 0 70 90 1 130 150 170 4] = 6-8 Hz vinylic trans: vinylic cis:

) e 3)=11-18 Hz 3] =6-15 Hz
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Reality

"AB l 17 55

"A4 ‘IAC 10 64

A (da)|

648

JAB 17 7 f)(iJAcl 10.65
A Vo
‘ 1 1.32 ‘ 1.3:
Inc Jpc I
B (dd) C (dd)
2.45 494
]AB =17 Hz
Jec=1,4 Hz
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excellent good acceptable poor bad
A ”
0.55 Hz 0.79 Hz 1.00 Hz .18 Hz .56 Hz
A
0.62 Hz 0.90 Hz 1.35 Hz .42 Hz 501 Hz
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Ha o H

H, 8, 6.82 (1H, dt, 3Jas = 17.1 Hz, 3J,. = 7.5 Hz)

PN Pl
P \\\ 4 .
/
f” ‘\\ " \‘\
g - .
’l’ ~, ” S,
4 ’ ~
3Jpc=75H
Ju =T7.5Hz
(x1)
’ Al
N > AN S
2 i AN 7N
’ . ’ ~ P4 o o N
f” b & ™ ” N e \\
3 Y . 2 5
7, ~ - ~ » N / .
- L “ ' LY 4 N
5 L & .
Jae =7.5Hz l *%

16 14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 16

Ha: 84 6.82 (1H, dt, *Jps = 17.1 Hz, 3J,c = 7.5 Hz)

3Ups =17.1H
l Jps =17.1 Hz
r’ N ’ k. S
3 - Hzl—/—————
Jp-=75Hz -
7
r' ‘s l’ N r’ fou ¥ ’ Ny
*k *k
-
(x2)
AN N NN o 2 A0
’

Fe=d T L

-+ttt

201816141210 8 6 4 2 0 2 4 6 8 10 1214 16 18 20
AJ (Hz)
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Long range couplings 4, °J, W

Alatdgeig

YToKaTeoTnUEVa

R'] H Orav
o= @=0° i 180°, “J=0
.\_ar H2 \C_,\\\\\\! $ q:-=?0° “J=péyioTn apvnTIK
4y 3 g """ == === Tun ) )
— 0e<@<90° ) 90°<p<180° Tiun
= HMH H/\‘\/\/H = \ I / \ HETAED O Kal PéyIoTNg
S C C RZ H J,,4, OvOpGdeTan transoid
g / H (td) ka1 n J,, \y, OVOHGLETC
X H1 cisoid (cd).
Ho X=gvepyog TTUprvag
s 4J,,,,=6-10 Hz g 4 R1
S “J=1-3 Hz S 6’.,/ “chg
a ‘JHn x_o 1 Hz ; S = s - C4:‘ Jii1.4e OVOHACETAI OpOTQAAUAIKE
Hy = ougeugn
% Co—0C3
Hn g
o
1. Types of Long-Range Coupling
Couplin Bonds Separated Typical
ping P P Structural Insight
Type (nJ) Magnitude (Hz)
. 4 bonds (H-C=C-C- ) ]
4J (Allylic) H) 0-3 Hz Conformation of alkenes/rings
3J
5 bonds (H-C-C=C- Extended mni-systems or rigid
(Homoallyl <1Hz
. C-H) scaffolds
ic)
w- 4 bonds (H-C-C-C-H, s 4 Stereochemistry of saturated rings
-5 Hz

Coupling

W-shaped)

(e.g., cyclohexanes)
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Temperature and chemical exchange

The -OH proton signal in alcohols appears as:
*A single, broad peak in impure solutions (fast exchange).
» Proton hopping: The -OH proton rapidly exchanges with protons from water or other
protic impurities, averaging the spin environments.
> Result: A single broad peak (lifetime too short to resolve coupling).

*A triplet in ultra-pure, anhydrous samples (slow exchange).
» No exchange: The -OH proton remains on the alcohol molecule long enough to "see"
the spin states of adjacent protons (e.g., -CH,- in ethanol).
» Spin-spin coupling: The -OH signal splits into a triplet (n+1 rule: couples to 2 equivalent

-CH; protons). M CH3-OH
400 J=5,2Hz

__A— /ﬂ‘so
Hy Hy
e‘
)., ..... + S0—Hy — ) e + 0—H,,
I — My
uy \ 0 Hs gl il 10
X X o _N
1

H, Hy
T™MS
s s o — @ @
e 0y "MrQ—H
H, \‘ ) Hg H, \‘ ) - A 310 1
| I |
6 5 4

:!. Iz 1I ||) (ppm)
ZyApa 3.2.2. '"H NMR o@dopara koBapric peBavoing ot didgopeg Beppo-
kpaoieg (JCH,-OH=5,2 Hz).
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Figure 1. Common !H NMR. Peaks

Typical
Peaks

J[ i If..,l J-Jh’*'L-

by s T, S e’

Il—l—‘—lld_\_ -l_r—l__ _i_l_L.I_ 1 # Lt L L : L L §
Multiphety Singlet Doublet Tnplet  Quartet  Hept Figure 2. Some Complex Spliting Patterns

Neghbor
Hydrogens

] 2 3 6

Ao i

IIII III I|’I blllilllli II

Doublet Doublet Doublet Multiplet
of of of
Doublets Doublets Quartets
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1,1,2-trichloroethane (CHCI,CH,CI)

Hp
|

Ha

Cl—C—C—H,

Cl

Cl

5.85

5.80

5.75

5.70

5.65

equivalent hydrogens do
not split each other's signals

4.05 4.00 3.95 3.90 3.85
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2Uleuén — Amtooulevén (decoupling) mupnvikwv spins (J)

500 400 300 200 100 0 Hz
HzC—CHa-CHa-MD2 100 MHz
albz 204 4,35
JHH = 7.2 Hz
JHH= ?.5 HZ
a broadened sextet ‘ ‘ TMS
] fin
T T T T T T T T T T T T 1
5 4 3 z i o &(ppm)
500 400 200 200 100 0 Hz
HaC—CHa-CHa-MD2 100 MHz
'JHH= 7.2 Hz
decoupling
f enargy 1.02
| o 04 TME
i fr
i\ il il
T T T T T T T T T T T
5 4 2 z 1 o &(ppm)
500 400 200 200 100 0 Hz
HaC—CHa-CHa-MD2 100 MHz
1.02
decoupling
4,35 tf energy
| TMS
bl I
T T T T T T T
5 4 3 2 1 o &ilppm)
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Zu(euf,n Anoovuleuén (decoupling) mupnvikwv spins (J)

2-Butanol “Proton Coupled” 13C NMR

H
ety — G — CH—
3 (d)l o2 3 (b)
OH
(a)
(c)
(d)
(solvent)
|
I M B9 ()1
1 1 I | | | | 1 .
80 60 40 20 0
ppm
1 I | | | | | 1 |
| Proton-decoupled
'13C NMR spectrum
_ JL \
| | | | ] | | i

8
D
o
b
o
8.—
o
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Zu(suf,n Anoovuleuén (decoupling) mupnvikwv spins (J)

Coupling in *C NMR
*'H-3C Coupling (1J,,.¢):
e Observed in coupled spectra (no decoupling).
* Range: 110-320 Hz (depends on hybridization: sp® ~125 Hz, sp? ~160 Hz, sp ~250 Hz).
* Example: Methane (CH4) shows a doublet ('), . = 125 Hz).
*Complexity: Coupled spectra are crowded due to overlapping multiplets (e.g., CH, groups -
triplets).

'H coupled

13C NMR with 'H and 3P Decoupling

'H Broadband decoupled

‘ ‘ L \H_H“ A e

T T T | a5 .M a3 9.7 51 ppm 1 10 9 .B ppm
140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
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2Uleuén — Amtooulevén (decoupling) mupnvikwv spins (J)

*Non-decoupled 13C spectra show multiplets for each carbon:
*CH — Doublet ('J,,¢)- 110-320 Hz

*CH; — Triplet ("J,,.c). 0-60 Hz

*CH3; — Quartet ('J,,.c). 0-15 Hz

*Quaternary C (Cqg) — Singlet (no attached H).

*Overlap: Multiple couplings (e.g., 1J + 2J) create "messy" spectra

Me mArpn 6VEVEN TWV TPWTOVIWV
i) HoAVmAoka @aopata &
Engdvion ovlsviswv JCH, ZJCH, 3]CH

T | T T T T | T T T
s 3 AL i1} ypm 19 Lisl) 140 lgu- ] 20 il 4 el } a
n—Povtviukds frvimbépag PP
5
CH,CH,CH,CH,0CH=CH, ®
Me  amooc¥lsvén  mpwToViwV ]
cup£0G YAOPATOS aipovTal OAsg : i3
ot ov{ebéels petakh dvBpaxa Kal *
TPWTOVIiwY KAl  TO  QACHX
QmOTEAE(TAL ATIO ATIAEG KOPUES.
TMS
I | T | I T | T I T T
I P 180 (12 140 12 L ] &l <n . ] 0
Epipa 511 Gicpa C tov n-Povrviod PrukmBipa; (Gvw) ovlevy- 3

HEVD, (KaTm) arocu ey tve.
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2Uleuén — Amtooulevén (decoupling) mupnvikwv spins (J)
Practical Challenges

*Low sensitivity: Coupling further reduces signal intensity (vs. decoupled spectra). Decoupling
increases 3C signal intensity via the Nuclear Overhauser Effect (NOE).

*Broad peaks: Overlapping multiplets complicate analysis.

When to Use Coupled 3C NMR?
*To measure '), . for hybridization studies (e.g., sp? vs. sp® carbons).
*To detect long-range couplings (2J, 3J) in rigid systems (e.g., cyclic compounds).

1D CARBON SPECTRA
(A) Decoupled g c a
h
] : f eo9|p |
..............................................................
70 65 60 55 50 45 40 35 30 25 20 15 ppm
<CHs

---------------------------------

L B e e e e
70 65 60 55 50 45 40 35 30 25 20 15 ppm
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1. Chemical Shift 6 (ppm) — Xnuik Metatonion 6 (ppm)
2. Coupling Constant J(Hz) — ZtaBepa ZUlevénc J(Hz)

3. Integrals — EuBad06 Kopudwv cUVTOVIGLLOU




Integral
MAHPO®OPIEZ ANO TA ®AZMATA 'H NMR 1D

3. INTEGRAL of a resonance corresponds to the area under the peak, which is
directly proportional to the number of hydrogen nuclei (protons)
contributing to that signal

quantitative information about the relative number of protons in different
environments within the same molecule.

NMR spectrum of the hydrogen nuclei of ethanol (CH ,CH OH)
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NMR is a primary standard for quantification
of organic substances
Signal \/ 32 p 302 m T\

Y gxcV e
. EXC/ DET 0
Noise /Q/\ ; T

NMR signal scales linearly with the number of spins in the active volume

Between different molecules, we obtain information about the ratios in a mixture
* relative intensities (areas)
* must be under the same experimental conditions (e.g., same solvent, temperature, and instrument settings
* relaxation times of the nuclei should be similar, or appropriate corrections must be applied to ensure accurate

quantification Quantification without standard .%n
(relative quantification)
e Example
1H
étt'ychnine Strychnine
2H
Trichloropyridine
— [ Trichloropyridine [ Strychnine
ket | 2 | 2
integrals 2,685 3,540+3,581
Equivalent 1H ‘ 1,343 ‘ 3,561
L“ strychnine is 2,652

times more concentrated
trichloropyridine

5 5
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) The areas of the integrated peaks are
_/ _I_z recorded on the spectrum as a stepped line,
_{:_; A_ where the height of each step is proportional

to the area of the peak

-

1 2 3

ppm

e

00 e

- cLYVOTNTA

OAOKIMINMON TOV ATOPPOOAGEMY. 01 0T0IES TapaTNPoUVTNL 6 0doua 'H NMR tov
2.2-dpeboio-mpomavoPpmpuidion
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Ay Ny
Ca = Prop X Crep—2 —<L

I Drey Ny HB - 2 protons
HA - 3 protons

A, :integral of the peak used for the quantification
N, : number of spins giving the peak
C, : concentration of A

Hs Ha
Ay Nyep My Myer

Py = Prep X —— 1 N H3C
ref A ref my '\? 15(y 85Cy
0 0
A, : integral of the peak used for the quantification
éH,,

N, : number of spins giving the peak

M, : molar mass of compound A

m, : weight mass of A Caﬁelne ParaCEtamOI

Ha _r

Hg
| 0,19
~ 1,00
1.00

10 9 8  § 6 5 B 3 2 1

Chemical Shift (ppm)



Sample Preparation

GOOD same contents,
— SAMPLE different tubes,
both gradshim-

med on P500

BAD
é! SAMPLE ﬂ
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Parameters

Mapayovteg mou entnpealouv tnv nototnta tov deiyuaroc (Factors Affecting
Sample Quality)

1. Nepiéktec (NMR tubes)
V' Ebika SwAnvapta and XaAalio (Special Quartz Tubes- SiO,-high/low temperatures)
v Xwpic atéleiec otnv entpaveta (Free from surface imperfections- minimizes field
distortions)
Xapayec, kaunvAotnta (No scratches, no curvature)

GOOD
» particles & scratches . |'{ {
« sample height - |'
» glass type &quahty .
Lo « tube straightness f>\‘-
] E‘E BAD (camber) I
o0 » tube concentricity/ L
% § wall thickness — a—# S O
| @
GOOD BAD




s e Sample Preparation
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Parameters

Mapayovteg mou entnpealouv tnv noitotnta tovu deiyuaroc (Factors Affecting
Sample Quality)

2. AwxAvua Asiyuaroc (Solution-must be homogenous and free of particles)
v’ Agutepiwpévol AtaAutec (Deuterated solvents-lock)
v' Awavyn AreAvpara (clear solutions-avoid broad signals)

KataAAnAog A/tng, @iAtpapioua (solvent choice, filtering)

« particles & scratches . II(

v' Oyko¢ AtaAUuaroc (sample volume-500-600 ulL) . sample height - S
« glass type &quality |
» tube straightness ,\
(camber)
« tube concentricity/
wall thickness R
B
Bo Bo B(X1)
+ boundary /@
B(X) Bo boundary
+ (1)~ regions
B(X2) (j)
Vacuum Solution Interface T T
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Parameters

Mapayovteg mou entnpealouv tnv noitotnta tovu deiyuaroc (Factors Affecting
Sample Quality)

2. AwdAvua Asiyuarocg (Solution)

v Acgutepiwuévol AtaAutec (Deuterated solvents)
v' Awavyn AiaAvpara (clear solutions) ,Sumple Depth,
KataAAnAog A/tng, @iAtpapioua (solvent choice, filtering)
v' Oykoc¢ AtaAuuaroc (sample volume)

bare sample tybe

spinher
turhine

5|:|thle|' dir
gxit hales

zhims 1

depth
EFTHI:I.IJHE

GOOD BAD

l

uoiba.
Alepunoq

L -.- 7 =
detection
\_/ region

//'.-___-_-i

cross sectioh
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1. Chemical Shift 6 (ppm) — Xnuik Metatonion 6 (ppm)
2. Coupling Constant J(Hz) — ZtaBepa 20levénc J(Hz) extras
3. Integrals — EuBado kopudpwv cuvtoviouou




B lJ%EEE}E%&?Jsma" N M R
Coupling Constant J(Hz) — spin-spin o0{eu§n/otabepd obleuéng J(Hz)

n+1 rule

Bl ) =la+ 1P
Tpudf BRI (o) =1-a®+2ap+ 1§
Terpadfy BB RN (P = 1o +3a’p + 3ap? +1-p}
Ooveddi 1 4 8401

Bfadf 15101006 1
Brwdi 16 1620115 6 1

Bond count:
*Geminal (3J, H-C-H)
Vicinal (3J, H-C-C-H)

CH,CH,O0H

AT AmmAy  TpuAy  Tetpamdn IMevramin
1:1 1:2:1 1:3:3:1  1:4:6:4:1

CH,CH,OH
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y Problem R-16A: C,H,0,
Aoknon 300 MHz 'H NMR Spectrum in CDCl,

Source: Aldrich Spectral Viewer/Reich
6
)J\ 0 ¥ i ™ 0 CH} CHy

LT

4.2 41 aialassals
205 2.00

CH,O.N X,

m' 'n~q
2m+2 —(n —r —-s)
2

Babuog Akopeotétntag = F = Y {moAAamAol Seopot + SaktuAlol} =
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Aoxnon

C,H,O,NX

m' 'n¥q'r'ts

Problem R-16B: C,H;0,

300 MHz "H NMR Spectrum in CDCl,
Source: Aldrich Spectral Viewer/Reich

6

_

_

%

J

U

CH,

U

-

Pl TS PR
120 1.16 1.10

NS NS N ot b
3.70 3.65 24 23
—
,_JLL 1
aaad e s s st aalaaaataaaalaaaataaaaly sdaaaala s ataaaaly Ll a1l
10 9 8 7 B 3 2
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When the n+1 Rule Fails: The Branching Method for Non-Equivalent Protons
The n+1 rule assumes:
*Magnetically equivalent protons (same chemical shift and identical coupling to all neighbors).
*First-order coupling (Av >> J).
When it fails:
*Protons on the same carbon (e.g., —=CH,—) become non-equivalent due to:

* Restricted rotation (e.g., in cyclic compounds or double bonds).

* Adjacent chiral centers (asymmetric carbons).
*Results in complex splitting patterns (e.g., AB, ABX systems).

Mal=1/2: L=(n,+1)(n,+1)... =II(n;+1)

L.

& Arie

CH,Br-CHI-CH' -CH;

| |

Tetpamin kopvei) entl Sumdn kopven  Mevramdij kopvnya J,. = J 4
L = (1+1)(3+1) = 8 QuOPATIKEG KOPUPEG Y Jpe 7 Jo

OAwk1) MoAAamAdTTX | I

lNatoH:L=(n,+1)(ny+1)... =I(n;+1)

Mal#1/2: L= (20,0, +1)(20,], +1)... = (201 +1)
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Common Cases of Non-Equivalent Protons

Cases Example Splitting Pattern

Geminal protons (—CH,—) H.—C—Hg in a rigid ring AB system (leaning doublets)
Adjacent to chiral center CH; in R-CH,-CHX-R’ Two distinct dd (Ha # Hg)
Double bonds (cis/trans) H.—C=C—Hg Depends on stereochemistry

Ha O H,
H, 8, 6.82 (1H, dt, *J, = 17.1 Hz, %J,. = 7.5 Hz)
)W
" H.H, X
_—“‘l‘"\

X=gvepyog nupnivag
:Jll() .\: ()“l() ll].
ﬁjllm X -3 Hz
'J”p ‘\: O—I I[Z

Ho

I 3Ups =17.1 Hz I

== ()

Hp
’JJ‘(=7.5 Hz Al’tnk b ? Y 3
(x2)
-
16 14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 16
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Mapadsiypa 5

Hp

H pevBoky  Ppiokero
ot afépue Shoe TG
ALTEMDOONS PEVTILS.
H h I "
T T T | | | |
4,1 40 19 1R 17

To LoNUEPLVO TPWTOVIO GLVTOVIlETUL OE
VYPMAGTEPT) TYUT) PPM GUYKPLTIKA LLE TO
AEOVIKO TIPWTOVLO
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Snors s o Coupling Constant J

Aoknon 1

H xataAvtikn) vépoydvwon g evwong (A) pmopel va dwoel ta mpoiovta (B) xau (IM). To
TpwTovIo ot B€on (5) pmopel va kataddBel tonuepivn 1) aiovikr) O<or).
Y10 @aopoa TH NMR, n kopu@1| 1) omtoia avtiotolyel oto H-5 amotedsital amd pia TPLAT)
Kkopu@n 1°° Baduov. To TpwTovLo eival afovikd 1 Lonpepvo;

AVeETaL OTL: ], 50 = J 450 = 5.0 HZ

]4a-53>l4e-53

O—__

Ionpepiv) 0o A¢ovikn 0€om
(t) ]4a-56 = ]4e-5e =5.0 Hz (dd) 1141—3.-5.317é J4e-5a
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Aoknon 4

M apwpatin evwon pe poplako tomo € ,H,,0, elvat tetpavdpodmokateotnueévn pe 2
OHOLOVG VTIOKATAOTATES Vi (VAL 0€ -0p B0 VTTOKATACTAOT] LETAED TOVG,.
ZTNV U APWUATIKI TIEPLOXT] EUQAVIIETAL PLX TPLTAT] KOPL@T] KL LK TETPATIAN KOPUE@).
[Ipocdiopiote TNV Evwon.

0O

OH

OH

O
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Magnetically Non-Equivalent Nuclei: Definition and Consequences in NMR

*Chemically equivalent (same chemical shift, v,= v;), but
*Couple differently to other active nuclei in the molecule (J,,# J5 ), they are termed
magnetically non-equivalent.

'Otav 800 muprives a kat B, etvar xnukda lodvvapot, Sniadn v, = vy, aArd
TaPovcLd{ovv SLa@opeTikT) 6TaABEpA 6VIEVENC HE AAAOVGS EVEPYOVG
Oy VI TUKOUG TTUPTIVES OTO HOPLO [y, = Jg,, TOTE Afpe OTL OL TIUPTVES QUTOL ElvaL
Mayvntika MH Ieo8Vvapot sivat

JH,F, #IJHgF,

-opbo -peTQ

A: 1-9Bopo-3.4,5 B 1. 4-0wpbopo-2,3-
PUA®PO-Pevioro O Ampo-PeviOrto

Xnpucd & Mayvntikd tooSUvapa Mayvntika pn toodvvapa
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Chemical vs. Magnetic Equivalence in NMR
*Chemically Equivalent Nuclei:
* Same chemical shift ().
* Same molecular environment (e.g., methyl protons in CHs— groups).
*Magnetically Equivalent Nuclei:
e Same chemical shift and identical coupling to all other nuclei in the molecule.

Av 0A0L 0L TIVPT|VEG ELVL XN ULKA LoOSVVaoL 6 éva popro, eivat
KoL LOYVI)TIKG LlooS0vapol

|
G ‘

H™ L "H
H TpweBuloolavio
MeBuAo-lwbidlo (TMS)

Agv sivar attapaitito 6Aot oL TupNvEG va culgvyviovTal
LoodVvapa petaV Toug yia va eival payvnTika toodvvaiot

IS “F & ]Fl F3 ]FZ F4 (trans)
L~

/\

]Fl r2 = Jr2-r3 = JE3-pa = Jpacr (cis)

]FlF JFZF ]FSF ]F4F
*Magnetically equivalent nuclei: Produce simple spectra (follow n+1 rule).

*Magnetically non-equivalent nuclei: Create complex patterns (AA'BB', ABX systems).
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Pople's Notation for NMR Spectra Classification
(A System to Categorize Spin Systems Based on Complexity)

*First-order (Simplel follows n+1 rUIe)- Nobel Prize in Chemistry 1998 "for
Second-order (complex, violates n+1 rule). his development of computational

methods in quantum chemistry”

r ’ , , , (1925 - 2004)
[Mup1veg VEPOYOVOVL, TWV OTIOLWV OL AVTIGTOLYESG XNMULKES John A. Pople

METATOTILOELS ATIEXOVV TOOO, WOTE VA ELVAL EVILAKPLTOL METAED

TOUG, AVa@PEPOVTAL PE TX Ypappata A, M, X.

AV 0L ATIOPPOPT)GELS TWV TPWTOVIWV IOV 6VIEVYOUV ElVAL APKETA KOVTQ
Kot 1) ToAAamAdTNTa §£v epunvevETAL ATO TOV Kaviva n+1, TOTE T

ovoTpata auta ovopalovtoal AB 1) ABT kot ek@palovv @aopata 215 Tagnc.

Feature First-Order (AX, AMX) Second-Order (AB, ABC)
Av/) Ratio Av/) 26 Av/l <6
Peak Shape Symmetric, n+1 multiples Asymmetric

AB
AX
i A
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MupNveg UEPOYOVOU, TV OTIOLWV OL AVTIGTOLXEG XT|IUKEG

E£TATOTIOELS ATEXOVV TOGO, WOTE VU ELVAL EVSLAKPLTOL HETHED . .. Av
" 5 GTEXOD! ’ , hetod Spectral Simplicity oc —
TOUG, AVA@PEPOVTAL IE TA Ypapupata A, M, X. J

*Av: Chemical shift difference (Hz).
*J: Coupling constant (Hz).

Impact of Av/J Ratio on NMR Spectral Resolution

The clarity of NMR spectra depends on the ratio of the chemical shift difference (Av) to the
coupling constant (J) between two nuclei:

sLarge Av/J) - First-order spectra (clean, symmetric peaks, follows n+1 rule).

*Small Av/J - Second-order spectra (complex, asymmetric peaks, violates n+1 rule).

A. X1 AcM,.X; cvotipata, 0Tov ot SelKTeS @, |, X SAWVOULV TOV
aplOpod TwV OPOELS WV TTVPTVWV.

AR L P

J

-ka ponponuvmo 0o&v ’

-
n
\A}"‘MX w0 s 8 7 6 s 4 3 2z 1 o

Temperature changes
can modify Av/] ratios
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AV 0L ATIOPPOPT|GELG TWV TIPWTOVIWV IOV 6VIEVYOVV ElVAL APKETE KOVTE

Kot 1) moAAamAoTTa S€v epunvedeTal and Tov Kavéva n+1, TOTE Ta

ovoTpata avtd ovopdlovtal AB 1) ABT kat ek@pdlovy @dopata 21 TdEng.

Aromatic Systems and Second-Order NMR Spectra

Aromatic systems most frequently exhibit second-order spectra beca
1.Chemical shifts of aromatic protons are often very close (small Av).
2.Coupling constants (J) between them are relatively large.

ANX

| ” | ABX
_J~ “lll_ ’rhl I_l'.v X _" 4' IJ “L_ ."J. t\L L'J|u _,',s_
~ B A
Label Condition Example
A, B,C... Chemically similar (Av/J < ~6) AB system
XV, Z.. Chemically distant (Av/J >> 6) AX system

‘Use A, B, C for nuclei with similar shifts (Av = J).
‘Use X, Y, Z for nuclei with large shift differences (Av >> J).

Av

— < 6
O<]<

use:

X=gvepyde muprivag
10— 6-10 Hz
-f"llm X 1-3 Hz
HHPXZO—IHZ

e

|

il
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2"d Order: People’s Notation for Chemically Equivalent but Magnetically Non-Equivalent Nuclei

Why Magnetic Non-Equivalence Arises

H F *Restricted rotation: rings or double bonds
2\ / 4 *Chiral environments: Adjacent stereocenters
L — o .
cC——C create non-identical coupling
/ \ *Symmetry breaking: Isotopes
H F;
AAXX’
AA'XX' Two pairs of chemically equivalent but
magnetically non-equivalent nuclei.
H,C=CF,
H, & H, => (8ta ynpuukn petatonion: Xnuikda toodvvapa Opotomika
JLJU L

31 HLF. 31 H.F Ta V0 TPpWTOVIA GUVEEOVTAL PE TOVG (SLOUS TTUPNVES PE
JH,F,#°] H,F, L : ) ’
Slagopetikn ouleven!  Mayvntikd un wodvvapa

3 H,F, > CIS
3] H,F, > TRANS
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Practical Implications

1.High-Field NMR Magnets (Converts AB - AX systems (e.g., 600 MHz vs 300 MHz)
2.When Av = J:

1. Use quantum mechanical simulations to interpret spectra.
3.When Av >> J:

1. Apply the n+1 rule

60MHz 300MHz 500MHz

'+ SEREE ULl 'gd
Kt +1-4-+ 130+ - B B R I +
4ot - . bt |
R N
= iz : 1
o« ..m!‘ r!. - PRRDEE S + k
CICHI-CHz-OH ABy : beoAB AX;
T [ a | |
1 1 (b HHH 1 iil i I I‘
: HiE I { | i
5 Sian | iesnseine I | l
T & i “ \
| Easte - i | i
! It | ‘ “
at il t I i
asa i l il H
I8} ) 1 7:: (“ LI " l‘ %
ISINSENESINENING! ';‘ T Htf}qv'{"ﬂﬂ ;‘I HHt o= et AN Vs -~ »/J ‘— R et cr A,
.......................................... TTTT I T T I T T T I T[T T T T T [T T T rr(rrerr] =
60 ) 40 a0 s l” m $5H] i x” 1‘» ’“ ’“ ppm ll',lll"llll’lllI,lll"‘llll,IG’ll

2-chloroethanol
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Coupling Constant

To NMR @acpa Tov £moEel810V TOU GTUPEVIOV ATOTEAEL XAPAKTIPLOTIKO TXPASELY O

£€vog AMX cuoTHNATOG.
C5H5 HM
CeHs
H _ ; H, Hy
X JAM =6,0 Hz o
e e - HX Ha
o MR —Pax

Ta mpwtovia Hy kot Hy Tov i8tov atdpov
avBpaxa ival payvnTikda pn tweodvvapa.
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Y€ TIOL0 CUGTI|HLATA SPin AVTIGTOLYEL 1) TAPAKAT® EVWON;

Otav duo mpwtovia dev elval OLOTOTILKA I} EVAVTLOTOTIKA Kot ival

ABX
®) OH
l'; Hcl:*
HO” \/C< S0
A Hp
H H OH H
H Me H H
L %
OH COOH Me COOH
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Y€ TOLX GUGTILATA SPin QVTLGTOLX0VV Ol TAPAKATW EVWOELS;

(A)
Xnukn kat Mayvi Tk un
MayvnTikn woodvvapia
woodvvapia AA'BB’
A3
5. jl '|
- Pﬁiew: Tallest *’rak (20x zoom)
R R

ppm
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2D NMR

D;0

J

= oA

1-propanol
1H-'H TOCSY

“woe we

4 u8t: 6%

r-1.0

0.5

0.0

0.5

r1.0

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05

Evolution Time

Incremented by Ay
Acquire 1D Data at
R # |\ Each Evolution Time
PULSE PULBE
! . 2D Spectrum
Time-Domain Interferogram
~
- = =

Rows

Fourier Transform

Founer Transform
Caolumns

1.0



2D or higher-dimensional NMR

Richard Robert Ernst
(1933 - June 4th 2021) was among the

C %/ developers of Fourier transform NMR

g spectroscopy, and later extended this to two-
and higher-dimensional NMR spectroscopy.
His work laid the foundations for present-day
use of NMR spectroscopy as a universal tool
to investigate materials and chemically or
biologically relevant molecules.

- 1982
2D 'H NMR
~— COSY

NOESY
SECSY
FOCSY

Complete sequence-specific assignments for BPTI

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202109253
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An artificially 2" dimension of time is created




rerm— 2D or higher-dimensional NMR

W5 University of Athen

An art|f|C|aIIy 2"d dimension of time is created

COSY pulse sequence
preparation T2 evotution /2 I ||
. ) |-
4 by

B Lo
. > >

i T i

Preparation Evolution Mixing time Detection

H OAn mopeia payvntikwy emidpacewyv yla eva meipapo 2D-NMR niepltAapBavel teooepa
otadLa:

a) mpostolpacia twv onwv (preparation)

B) e€€ALEN Twv omv ko payvAtong (evolution) (t1)

y) avapén twv omwv (mixing) ko

8) aviyvevon (detection) tou onuatoc (t2)



St Koo 2D or higher-dimensional NMR
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MNapactacoic puopdatov 610 dactdcomv

-] - =

. - \/ "
L]
o2

FT(t,)
O m Q2 J | O e I L I B e I IR [ B L |
390 385 380 375 3,70 365 360 355 350 345 340
(§] F, (ppm)
Y.
t .
J
N
T rrrrrrrrrrrrTrTrTT™

Ipjpa 6.6.4.1. Zepd papnukay smdphoeay ot fva ne“i:)am 600 dwoThoEmyY.,
H perafols) tov 1) rapiyet RoM phopara 1oV oxoioy 1 £vtact) piag Kopugrg
arotehel pia cuvapnon tov L, nia va dnpovpyioet éva alio paopa ot Seb-
Ep1) SLacTao).

1 o R SN B TR A T A Pk B )

| R 1
385 380 3,75 370 365 3,60
F, (ppm)

T T I T T
39 355 350 345 340
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t, b
“wait” time “observe” time
(FID) b—

o 4 4 4 4
" N o < Wy ——=
t=0 @B @ @@ !1=0é 0 0 0
h |- s R YR T
t > FT alon t Poob i
11 2‘31"."""'”6"&"'. ..... °- %f 24,6 o ¢ o
" . e 4 $ i 3 $
Preparation Mixing 3,000 BA{HL W, 40 8
period period A Gomeilporotionsloncli a6 ¢ ¢ o
%ﬂong
Wy —— columns

Evolution

Preparation -\ /' Mixing

/2 n/2 n/2 n/2

P A 8

Acquisition

-— Oy
e o o o o
°
<%

e o o o o

-<—tr—)— +t1+

etc.

a) mpostolpacia twv onwv (preparation)

B) e€€ALEn Twv omv ko payvAtong (evolution) (t1)
y) avapen twyv omwv (mixing) ko

8) avixvevon (detection) tou onuatoc (t2)

@ @ e @ @
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Fourier transformation in two dimensions
for a pair of uncoupled singlets

frequency

frequency frequency

Fourier transformation in two dimensions
of a coupled set of peaks in a COSY

Anatomy of the COSY pulse sequence
o e © (4]

'H:  90°x’- 1, - 90°x’- AQT(1,)

COosy

© 5.

(from: Jacobsen, NMR Spectroscopy Explained)

frequency ~ frequency

https://link.springer.com/chapter/10.1007/978-3-030-18252-6_5#Figl
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Why do we need 2D spectra?

0T) QACUATOCKOTLA 8V0 1) TEPLGGOTEPO SLACTACEWY

Awopidn (Linomide): Apaotikn Evwon, Tov Sleyelpel
SLAPopES ALTOVPYIEG TOV AVOOOAOYLKOU GUGTILATOG
KOl QVTITTPOCWTEVEL VA EAKUGTIKO PAPLLOKO OTN

r 14 14 /4 2
GEpO(TISLOL TWV 8[0((p0p(1)\) QUTOAVOOWV ACOEVELWV 15 N 0] \1,2,./11; C1-C6-C7-N8
I_\ 12: C6-C7-N8-C9
/C N 13: C7-N8-C9-C10
H151 H18 \j ) 14: C4-C5-O-H
20
H12 |\ H16 | H17
H14, H10
H,0
Hyo

H,,

. = . . . y ’ . BN e B e o e s o e M o e me s s e o o o
8.0 78 7.6 ppm 74 72 7.0 6.8 ppm 3.50 348 340 338 3,30 328
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o) Oportupnvika / Homonuclear

COSY c——Cc——C—

COrrelation
SpectroscopY

H H H H i i
COSY "H-TH (2-3 bonds) Spin systems in small
molecules

TOCSY  'H-H (whole system) Sugar rings, peptides

3D structure,

1.1 .
NOESY  'H-'H (through-space) conformation

TOCSY

TOtal Correlation
SpectroscopY

@‘ 'CH} ¢ INADEQUATE
NOESY
Nuclear Overhauser C C C C

Effect SpectroscopY | |

Incredible Natural Abundance DoublE QUAntum Transfer Experiment
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B) Eteportupnvika / Heteronuclear

H H H

HSQC C C C C

Heteronuclear
Single Quantum
Coherence

H H H H HSQC 'H-™C (1-bond) Direct C-H assignments

Quaternary carbons,

HMBC 'H-"C (2-4 bonds) .
connectivity

HMBC C @

Heteronuclear
Multiple Bond
Correlation




HELLENIC REPUBLIC

[ Notna and Knpodiin 2D or higher-dimensional NMR

o) Ouontupnvika / Homonuclear

Kvpreg Katnyopieg NMR:
a) 2D-J NMR 11 2D-NMR ¢@aocpata avaivong otaBepdc ovlsvéng] (2D J-resolved NMR)
B) COSY-NMR (Correlated Spectroscopy) ] 2D NMR @aopata 6ueX£TIONC-TTVPT|VWV

Y) NOESY-NMR (Nuclear Overhauser Effect Spectroscopy) 11 2D NMR @AoHaTX GUGYETLONOV
aAAnAenidpacnc mupnvwyv ue NOE péow Tov Ywpov

a) 2D-J NMR (J-Resolved NMR Spectroscopy)

*Used for analyzing J-coupling constants between nuclei.

*Separates chemical shifts and J-couplings into different dimensions, aiding spectral
interpretation.

b) COSY-NMR (Correlated Spectroscopy)

*Detects through-bond correlations between coupled nuclei.

*Helps identify spin systems in molecules, commonly used for 'H-'H correlations.

c) NOESY-NMR (Nuclear Overhauser Effect Spectroscopy)

*Detects through-space interactions via the Nuclear Overhauser Effect (NOE).
*Provides spatial information, crucial for 3D structure determination of biomolecules.

(2 agoveg ovyvottwv: f2-cuvNBw amoppo@non f1-aAdeg mAnpo@opieg)
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J-resolved (pseudo-2D)

A) 2D-NMR @aocpata avaivong otafepag cvleving J

9] W‘ls

* o
w X O/\ ')
O
\O % 10
" | I ' J=7.1Hz A
: . -5
A&ovag f2: amoppo@roelg evog /I ! JETAHz
OUYKEKPLUEVOL TTUPTVA J=159Hz | | -~
pn 1 J=15.9Hz [ %
A¥ovag f1: otaBepd oVlevENg ul ‘ | | .
(OULOTIOLPNVIKAG 1) ETEPOTIVPTVIKNG) (@ ! | Lo
1 |
-10
15

9 8 7 6 5 4 3 2 1 0 -1

11
https://www.nanalysis.com/nmready-blog/2015/9/4 /j-resolved-spectroscopy-jres f2 (ppm)
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COSY-homonuclear COrrelation SpectroscopY

Kat ot 8vo d&oves f2 xat f1 tov COSY @dopatog NMR mepiéyouv 6uxvOTTEC.

¢ ZTa OHOTIVPNVIKG @aopata COSY kat ol SVo GEoveg f2, f1 mepiéyouvv amoppo@ricels Tov {Slov
Tupnva, 0Ttwg H-1TH 1) 13C-13C.

*  Zta eTEPOTIVPNVIKA @acpata COSY @dopata o évag afovag f2 mepléxel amoppo@Pr)oELS TOV EVOG
mupniva, cuvBws H, evd o dAdog GEovag f1 epiéyel amoppo@rioels Tov GAAov Tupnva T.y. 13C.

2 tAnpo@opicec: cuoXeTioeLS & oTtaBepEC oUTeVENC

|-
lw-.

=| ® - - @+—12A  Kopudh Staywviouv

Kopudn ocuoxetiopov n
|- ® “B~  Slactavpwonc

wB A0,
The contour lines that appear along the diagonal of a COSY spectrum represent the projection of the
absorptions from both axes onto the diagonal of the 2D-NMR spectrum. The coupling and interaction

between any two nuclei of a molecule can be identified in the 2D-NMR spectrum from the symmetric
points off the diagonal, which connect the absorptions of the two coupled nuclei.
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2D 'H-H NMR

Valine
COOH
COSY N— fi‘)
1H-1H Correlation through 3 H3C_(|:H>
CHs

w

only signals of protons which are two or

three bonds apart are visible in a COSY
spectrum (red signals)
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I
CoSY | ?7 TOCSY
'H-1H Correlation through 3J CHs Correlation of the whole spin system

only signals of protons which are two or magnetization is dispersed over a
three bonds apart are visible in a COSY complete spin system of an amino acid by
spectrum (red signals) successive scalar coupling
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2D *H-'H NMR
cosY TOCSY

'H-1H Correlation through 3) Correlation of the whole spin system

CH, I ¢ CHCI,CHL CH, N 2 Cllj.(“ll;(; CH;CH;CH; CH, _ e
0 - (] = e O v;s He .u -
l. et et atate .$ '“. ~ e mnnae A'“. &
m.‘ i 2 = ' . 'm-é' ’ e
i e z S— - - -
COSY "3 TOCSY |
RE % E
siga P g% 14 i i I«
uz’ o ' H - Wi ' - " L -
24 22 20 18 16 14 12 1O 08 06 24 22 20 18 16 14 12 1.0 08 06
F, (ppm) F; (ppm)
Figure 923 Figure 9.24
(from: Jacobsen, NMR Explained
09-2D NMR: Multiquantum Transitions (Dayrit) 13
only signals of protons which are two or magnetization is dispersed over a
three bonds apart are visible in a COSY complete spin system of an amino acid by

spectrum (red signals) successive scalar coupling
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2D NMR

Hapaderypa 1

Opomupnviko @aopa COSY ¢ e&avovng

COoSsYy
H H H H

| | | |
YT T
2 bond coupling 3 bond coupling

1,6 25>4-23
TOCSY
BLaE =iilR
—C-C-C-C— —C-C-C-C-C—
I I I
5 bond coupling 6 bond coupling

O
lljz éH (63H3
i
CH/3 \CHz CH;
1 3 S
1 6

2,0

15
ppm (amé TMS) 16
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2D NMR

Hapaderypa 2

Opomupnviko @aopa COSY
NG Atvopuidng

H H H H

| | | |
BAERAS
2 bond coupling 3 bond coupling

HH - COSY

: C1-C6-C7-N8

12: C6-C7-N8-C9
13: C7-N8-C9-C10
t: C4-C5-O-H

Tavtomoinon twv H19 & H20 pe NOESY

18

A

| | | | |

84 82 80 78 76 74 72 7,0 68 6,6

N
|

N
|

DK | | | [ | | |
84 82 80 78 76 74 72 7,0 68 6,6

Ppm

ppm

17
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Nuclear Overhauser Effect (NOE)

Ta cUPPETPLKG oTpueia OV eppavilovtal o€ éva NOESY @dopa koL ta omoia cuvSEouy Tig
amoppo@rioels 5o Tupivwy oToug 800 GEOVES, pag TaPEXOUY TANPOPOPIES YLK TN XWPLKT
aAinAenidpaon Twv Vo muptvwy.

H aAAnAeniSpacn vt eivon Suvat), 6tav ot Vo Tupiveg sival oA kovtd (<5,5 A), éto1 dhote
va untapyxet NOE amotédeopo LEGw TOU XMPOov KaTA TN SLEYEPOT KL AMOKATROTAOT] T®WV TLPTH VWY

. Distance .

Nucleus R Nucleus G . &

' .
1 23456

r g

Figure 23. Schematic presentation of a two-dimensional NMR spectrum recording
the Nuclear Overhauser effect between nucleus R and nucleus G, The effect is
measured by the intensity of the blue cross peaks at ((r,g) and (g,r).
The NOE Phenomenon
A change in the intensity of one NMR signal when another nearby spin is perturbed, due to dipole-dipole interactions through space (not
bonds!). Mechanism: Cross-relaxation during spin-state transitions. Transmitted via mutual flipping of spins in the magnetic field.
What NOESY Tells Us
1.Intramolecular Interactions: proton pairs closer than 5 A
2.Molecular Conformation: eg cis vs. trans isomers
3.3D Structure
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Nuclear Overhauser Effect (NOE)

-Dipole-dipole relaxation

-through space correlation (<5A)
» stereochemistry and conformation of molecules

-Irradiate one nucleus
» intensity of nuclei which are close in space change
> magnitude change depends on nuclei type
» depends on distance between nuclei

]
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H ovvewspopi tov Overhauser Al-
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Nuclear Overhauser Effect (NOE)

3 —
: “Cem)
2]
1- / HCH)
NOE
-1
.
3
Qi “N('H)
<
T | | T | g
10 10 " " o 1=
'l’c 1s)

Tpipa 7.4.1. Ménoto NOE mupivev 'H, 13C,
1SN, érav axtivoPoreiton yerrovikd g mopivas.
Zvvapmon tov NOE axd tov 1, 10U popiov.

Distance Relationship
*NOE strength:
« Example: Methyl groups in a protein (2.5 A apart) show
much stronger NOE than distant protons (4-5 A).

I-1
NOE(n, ) =——12
(X) i
‘Evraom >0, [<I,

NOE +

1
NOE(nyx,) = —5- fix,)

B r amocTeo] petald tov mpipoyv A ko X

B T, pOVOS CUOKETIGUOD TEPLOTPOPTIS Tov popiov (correlation time)

H owmq;op& tov Overhauser Al-
bert Warner (1925 - 2011) ot pe-
AETN S1apOPPOOS PAPPAKEVTIKOY
ovoi@v eivat avextipnm. Téroleg
PEAETES RPOLEY OV TO GYESLaG PO Kat
™m OVIEST] KIVOTOP®Y P appPaKED-
TIKGV XPOIOVTOV, Ta onoie VL Exovy
EVEPYETIKES EMBPAGEIS oV LYElQ
Ton aviphaov.
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N O ESY VS RO ESY (Rotating-frame Overhauser Effect Spectroscopy)

1 ROESY
0.5 +
) -38.49%
01 Small MW
NOE | -~
-0.5 —
§ Large MW
-1: ————— e
0.01 0.1 1 10 100

KataAAnAo yla pkpa/pecaia popla mou dgv deixvouv "kavoviko" NOE (Aoyw ypriyopnc
neplotpodnc). Mavra Ogtikd NOE (akopn Kal yla JKpa LopLa).
* Anodevyel 1o poPAnua touv undevikol NOE ce ypriyopa neplotpedpopeva popLa
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Nuclear Overhauser Effect (NOE)
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B) Eteportupnvika / Heteronuclear

H H H

HSQC C C C C

Heteronuclear
Single Quantum
Coherence

H H H H HSQC 'H-™C (1-bond) Direct C-H assignments

Quaternary carbons,

HMBC 'H-"C (2-4 bonds) .
connectivity

HMBC C @

Heteronuclear
Multiple Bond
Correlation
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HSQC - Heteronuclear Single Quantum Coherence

HOCH, ) 1’
SR HOCH,
OH 2 5
4 O 1
HO 5 T wCHmoH
OH } OH ¢ J‘k_
HSQC sucrose
1-8 0 - 60
6’ 0 [
— 65
1 f
4 } # [ 79
52— © |
3 —— 0 o9 |
49— W — 75
3 [ ] [
- 80
5’ - [
-85
- 90
1 0 [
—— 95

. T T T T 1T 1T T 1T " T = 1
5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 pPPm
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HSQC - Heteronuclear Single Quantum Coherence

e H-3 endo 9108
4 H- 6endo H- 5endo
H- Sexo H- -6exo H- -Sexo
J‘m ) - _.\J L B
C-10 10
o
P @ @ r20
C-8 I
C-6 ——---- - - - ED--------------- E----------=--=---
C-5 - - - - ee------ - 30
f1
C'.4' - 40
N
I
C-3 C —d
- 50
CcC —
vV - 60
JV]
=0 220

2.4 22 2.0 1.8 1.6 1.4 1.2 1.0 0.8

DEPT-edited HSQC spectrum of camphor in CDCI3
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Mapaderypa 3

Etepomupnviko neipapa 13C-1H (HSQC Hetero-
nuclear Single Quantum Coherence) tng Awvouidng

(apwpatikn TepLloyn)

AN
,2 Q"A 12
T?rs iiiil' 13
: C1-C6-C7-N8

12: C6-C7-N8-C9

C
P
O

13: C7-N8-C9-C10
t4: C4-C5-0-H

CH - HSQC

C17
c4
C12,C18

C14,C10

J

Ccs

H14, H10

H13, 011
mis HI7
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HMBC - Heteronuclear Multiple Bond Correlation

Detects 2-4 bond correlations between protons (*H) and carbons (*3C), revealing non-
directly bonded relationships. Key Feature: "Sees through" heteroatoms (O, N) and

quaternary carbons (Cq).

Etepomtupnviko meipapa HMBC (Heteronuclear
Multiple-Bond Correlation) t™n¢ Atvopidng

H H H

| | I | |
RO RS
2 bond coupling 3 bond coupling 4 bond coupling

CxCxHy HMBC

TauTOTO 61 TETAPTOTAYWV XVOPAK®WV KAl
avOpakwv kapBovuAonadwv

g

|
::Z@Z?Iﬁ“:::’f@r.
C1,H20 C3,H20
C9,H13/11 (wm’"'z("mns
;
/ N C18,H16
C14/10,H14/10
C3,H18

Loh “lu4

R T L L L

L ' L) I T
180 170 160 150 140 130 120 110 PPM

20
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INADEQUATE = Incredible Natural Abundance DoublE QUAntum Transfer Experiment

Hapaderypa 5

Opomupnviko neipapa INADEQUATE tov o~
atBuoBevioAriov ) |4 p 2

, 2 -
‘Otav to HSQC kat HMBC 8gv emikvpwvovv thv ©1/\ > - 50
TAUTOTIOW 0N £VOG poplov 4 2 7

2’-1’-1-2-3-4 -
7 - 100

* CH HSQC = 2 yertovika mpwtovia C-H -

 C,H,H; HMBC (Heteronuclear Multiple-Bond 7
Correlation) - Hy ue anopakpvepévo C, e

— 150

LENL B R B S R L S BN L L R Ppm
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DOSY = Difusion Order SpectroscopY

TIAPEXOUV €vay TPOTIO YLO VO SLaXwPLOTOUV OL EVWOELG O€ €val Pelypa e Baon Ttoug
SLapopeTIKOUC OUVTEAEOTEC SLaxuoNnG ou eE0PTATOL ATTO :

e Aladopéc oto péEyeboC Kal To oXAa Tou popiou

e [Ewdec
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1 CHs
N NS
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-
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A
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18
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.—.—_——% o M
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;s . =
8.3 7.7 143
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'H NMR Spectrum
(CDCls, 400 MHz)

J’ B
_I 4 _HFJ:— _ -

fa5 70 65 60 55 50 45 40 35 30 25 20 ppm

'H NMR Expansion
(CDCly, 400 MHz)
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'H NMR Spectrum
(CDClz, 600 MHZ)
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'H_¥C HSQC Spectrum
(CDClz, 600 MHz)

[ I A —

o

{CDCl,. 600 MHz)

i
LR T B
1

|
B et T



HELLENIC REPUBLIC
National and Kapodistrian 2 D N NI R

b, University of Athens

'H NMR spectrum of piperonal (CDCls, 600 MHz)
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Predicted 'H-*C me-HSQC spectrum of piperonal (CDCl3, 600 MHz)
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Predicted 'H-*C HMBC spectrum of piperonal (CDCl3, 600 MHz)
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Aoknon

C5H10

'H NMR Spectrum
(CDClz, 400 MHz)

*H NMR Expansion
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A7
cis-2-Pentene . g=c

IH NMR spectrum of cis-2-pentene (CDCl:, 400 MHz)
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BC{H} NMR spectrum of cis-2-pentene (CDClz, 100 MHz)
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'H-'H COSY spectrum of cis-2-pentene (CDCls, 400 MHz)
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H-1C me-HSQC spectrum of cis-2-pentene (CDCls, 400 MHz)
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'H-'H NOESY spectrum of cis-2-pentene (DMSO-ds, 400 MHz)
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2npeiwpa Adelodotnonc
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