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Fig. 3.62 'Η NMR speotιum of 44 (aliphatic portion);
α measured, b simulated ΑΑ BB'system (Meieι, Η., Gugel, Η,, Kols-
horn, Η. (1θ76), Ζ. Nalurtoιsch., Part Β,31, 1270)

NMR Spectra of Oriented Phases and Solids

Certain compounds form liquid crystalline siates (nematic,
smectic, or cholesteric) between the melting point and the òlα-
rification point; ßη these phases the molecules have α pre-

ferred orientation. Apart from the thermotropic liquid crystal-
line phases there are lyotropic liquid crystalline phases, ιvhich
òαη be formed by amphiphilic compounds, e.g. tensides, and
water οι other solvents.

Nematic phases αιε often composed of linear molecules,
lvhioh are oιientated ßη α specific direction. Guest molecules
introduced into the phase then have their Brownian motion
restrioted and are forced into α similar preferred orientation.
Ιη the NMR spectra this preferred orientation is apparent
from the direct dipolar couplings between the nuclear spins of
the guest molecule; the result is additional splitiings of the
lines. Partially oriented moleoules oonsequently give multi
line speotra, several ΚΗΖ broad, since the dipolar couplings are

muoh largerthan the ooupling constants which result from sca-

larinteractions.The analysis ofsuch speotra can yield valuable
information about structural parameters such as bond angles
and bond lengths, which are related to the geometry of the
molecules ßη liquid phase,

Οη going from partially oriented phases to the solid phase, the
number of spin-spin interactions is drastically increased,
because now the intermolecular interactions also come into

ρΙαγ; for guest molecules ßη oriented iiquid orystalline phases

these are eliminated by the translational and rotational mo-
tions. The signals therefore become very broad ßη solids. Ιη
Sec. 4,8 (see ρ. 180 ff.) the use of magic-angle spinning to

obtain high resolution spectra fτom solids is described.

Finally it should be mentioned that NMR òαη be used not
οηΙγ for observations οη individual molecules οτ aggregates of
molecules, but that methods such as NMR imaging and ηυ-
clear spin tomography have been developed ιvhich can pro-

vide pictures ofmacroscopic objeots. Forbiology and above αlΙ

for medicinal ρυφοsεs these methods have become immen-
sely important, allowing images (oross seotions) of internai
organs to be acquired ιviihout physioal intervention or the use

of dangerous radiation.
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4.1 Sample Preparation and Measurement
of Spectra

For the measurement of α 13C speotrum the sample needs to
be fairly ooncentrated, but not viscous. As α rule of thumb, α

fasi routine measurement requires 3 mg of sample (dissolved
ßη 0.6 ml of solution) for each carbon atom ßη the molecules.
The PFT method is used (see Sec. 3.1, ρ. 100).

The usual solyent is deuteriochloroform. Α summary of alter-
natiye solvents is given ßη Tab.3.24. Deuteriated solvents are

used to facilitate the rτreasurement by employment of the deu-
terium resonance ofti¸ solvent as α lock signal to stabilise the
field-frequency relationship ßη the spectrometer. Α further
advantage ofdeuteriated solvents is that theirl3C signals ατε

weaker than those of protonated solvents, as α combined
resulτ oΓthe sρlßττßηg ofthe 13C signal by deuτerium (see Tbb.

3.24), the ΙαòΚ of the ΝΟΕ enhancement (see ρ. 85), and the
longer relaxation times Γ1. The relativeiy strong l3C signals of
protonated solvents or of deuteriated solvents ßη dilute solu-
tions οαη lead to problems of dynamic range (ability to
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, ',',1R spectιoscopy As ßη 1Η NMR tetramethylsilane (TMS) may be used as α ref-
erence to establish the zero point of the δ scale (intemal or
Θxtemal standard). Frequently the 13C signals of the solvent
with their known shifts suffioe for the determination of the d
values of the sample.

The Ιοιπ natural l3C oontent of 1.10/ο and the low magnetic
momΘnt mεαη that the 13C nucleus has α lowNMR sensitivity
(see Sec. 1.1, especiallyThb.3.1, ρ.72).

Ιη measurements of i3C spectra of organic compounds there
wiLl normally be hydrogen nucloj prcsont ßη the mllecu]e,
which give rise to spin-spin couplings; that means that for α set
of isochronous 13 C ηυòΙεß α multiplet νßΙΙ be εχρεòßεÜ, causeÜ
by direct, geminal, αιd viclrai oouplings, The signal intensity
will thereby be distributed over several lines. Iη 'Η NMR
these l3C,lH couplings are normally not apparent because of
the 1οιτ natural abundance of l3C (see however Sec. 3.9, ρ. l29
οη 13C satellites), This problem is generally avoided ßη 13C

NMR by using ΙΗ broadband decoupΠng. Ιη contrast to homo-
nuclear spin decoupling (Sec. 3.8, ρ. 13 1) this is α heteronuclear
spin decoupling technique.

Ιη order to simultaneously remove αΙΙ the l3C,lH oouplings
plesent, α powerful irradiation is used which covers the rvhole
proton ohemical shift range. The decoupler frequenoy is
modulated rvith lowfrequencynoise.This has led tο the use of
the term ΙΗ noise decoupling as αη altemative to 'Η bτοαιΙbαηιΙ
decoupling. Even more efΓective methods of decoupling using
phase modulation are now replacing noise modulation
(\Maugh, GARξ etc.).

The decoupling effect, as described οη ρ. 131 ff, depends οη
the coupling 1Η nuclei ohanging their precession direction
(spin orientation) so rapidly as α result of the irradiation at
their resonance frequency that αΙΙ their coupling partners
(here the ooupling l3C nuclei) οηΙγ experience αη average
value of zero.All the lines of the multiplet of α 13C signal form
α singlet as α result. lts intensity òαη amount to 300Ο/ο of the
intensity of the individual lines of the multiplet. Part of this
increased intensity is α oonsequence of the heteronuclear
Oyerhauser effect (see Sec. 1.5, ρ. 84).
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Τ suitable for low temperature measurements (see Tab. 3.6)
Η suitable for high temperature measurements (see Tab, 3.6)

observe weak signals ßη the presence of strong ones) ßη the
computer or òαη obscure τγεαΚ signals of the sample. The first
problem is largely avoided ßη modem spectrometers by the
use of 32 bit technology (older spectrometers often use 24 or
Ι6 bits) and the second òαη be avoided by the use of commer-
òßαΙΙγ available solvents which are depleted ßη 13C. Ιη these the
natural l3C content of 1,1οlο is reduced to òα. 0.10/ο. (Addi
tionally there are instrumental techniques availabie to reduce
the intensity οf solvent signals: pre-saturation, Redfield tech-
nique, etc.)
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The Ι Η broadband decoupling simplifi es the 13C NMR spectra
considerably, and the signals gain ßη intensity. These advan-
tages outrveigh the 1oss of inΓormation from 13C,rH coupling
so much that routine l3C spectra are always acquired rvith
bιoadband decoupling. The 13C,D couplings remain unaffeot-
ed. Fig. 3,63 shovrs as αη example α oomparison of coupled
and 'Η broadband deooupled 13C spectra for mesitylacetylene
(14Ι).

Ιη the decoupled spectιum 3.63b the signals d, ξ and ò remain
ßη the same positions as ßη 3.63α. They are singlets (s). The cor-
responding C atoms are not bonded tο hydrogen, Ιη the cou-
pied spectrum 3,63α their signals are οηlγ broadened by òου-
plings to more distant protons. The signals e, α, and b each
appear ßη the coupled spectrum as α doublet (d), i.e. the corre-
sponding C ηυòΙεß couple, apart from long range couplings, to
οηΙγ one proton. The three coupling constants, 156,250, and
40 ΗΖ, differ widely. For e and α the coupling is to α directly
bonded proton (1(C,H» for αη aromatic carbon and αη acety-
1εηßò carbon respectively. For b αη unusually large 2-r(C,H) is
observed (see Sec. 4,3, ρ. 149). The methyl C nuclei g and h
each showa quartet (q) from coupling to the three methyl pro-
tons. Οηlγ ßη the decoupled spectrum is it easily apparent that

]

ιß
ιι

_ Ι;,

there are two signals, with such different intensities that the
higher peak can be assigned tο the trvo carbon atoms g. (Α CH,
grouprvould give atriplet(t), butthere is none inthismolecule,)
For the coupled speotrum some ten times as many scans were
accumulated as Γor the broadband decoupled spectrum, αΙ-

though the conoentration of 148 remained unchanged. This is
apparent fιom the increased intensity of the solvent signal
(septet forhexadeuterioacetone at d:29.3. The CO signal at d
:206.3 is not reproduced). The measurement oΓcoupled spec-
tra therefore requires α longer measurement time or α higher
sample concentration. For α ΙΗ broadband decoupled spec-
trum of α reasonably concentrated solution α few hundred οτ
thousand scans are needed, Tb determine the time required it
must be remembered that the signal:noise ratio S:Nis propor-
tional to fi, where η is the number of scans. The practical
effect of this is that if the concentration is halved, then not
trryice as many, but Γour times as many scans αιε necessary to
attain the same signal-noise ratio.

Fιοm the application of these considerations to the acquisi-
tion οfΓυlΙγ coupled spectra, it òαη be appreciated that at least
10 times as many scans rvill be required as fοτ α tΗ broadband
decoupIed specιrum.
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Fig.3.63 ''Ο NN,4R speotra of mesitylacetylene (148) ßη hexadeuteιioacetone α coupled brH broadband decoupled
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4J rsc Chemi¼al §hifts

Ιη the introduptory Seo" 1.2 (ρ. 73) ιhe relationship betrryeen
the ehemical shift οfα nucleus and the shielφng cpnshnt σwαs
described,

ΙO-ü,dα):σ(τΜò)_σ(χ)
σ: σd+ σò+ d

Ιη contrast to lHNMRthe 
qu,u termis particulaτlyimportant

ßη l3C NMR, Since this term-involves electronlc exiihtion, the

þΗ\-/ Hrr\.crιa s

ηr.#.η. ηßÞ
150

necessary enefgy ΔΕ is ßηγqΙw.d fu onuru,With dεοταασßαg ΔΕ α
Ιον tιetÜ shτft is observed.

ºhe hybιidisatiσn of α l3C atom is of decisive importance fοτ
the cherτical shift, sp3 C atom§, abεorb at highest field, fol-
lowed by sp C atoms and finally by ε/ C atoms at loιyest field.
This order is thθ §αιηε as for 1FI shifts of §aturated, αòεφlεηßò,
and olefinic protons-The sbifts ofl3C nuolei and the proions
attaohed to them often shüwparallel behaviour. This òοmρατß-
son should not however be taken ßοο far, The 13C and 1Η shifts
of òyo]obutane (Ι-49) and oyclopropane (93) for example do
show parallel behayiouη

g,h,ι

1

Ι

ι

ι]

ιι]

]ι Ξ

/Ιι
\***___ __J|,

98
"- διr

Θ

ι50 140 !30 ß20 ι,|ο ιο0 90 s0 70 605040302ο100
δò

Fig, 3.64 ΝΜΒ spectra of 1,2,4lri-
mθihylbenzenθ (150) ßη CDCI"
α 1Η spectrum
b 13C speotrum (broadban,d

decoupled)
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0,22
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cyclooctatetraene (90) shoιv opposite

Η
I

.-Cτr δ": 5.80

( ) δ.:ι31.5
\--l

90

The ring current, α special case ofan anisotropy effect, causes α
marked low fleld shift ßη the 'Η NMR of aromatics as com-
pared to olefinio protons. Ιη Ι3C NMR this effect is apparently
negligible forthe ring carbon atoms. 01efinic and aromatic car-
bons absorb ßη the same region. Ιη the example above the 13C

shift ofcyclooctatetraene is even 3 ppm to lovr field ofthat of
benzene. Since α comparison of 1Η and l3C shifts shorys that
the shift range of 13C, ignoring extreme cases, is some 200 ppm
whereas the ΙΗ range is οηΙγ some 10 ppm, it is apparent that
changes ßη the chemical environment will ßη general be more
noticeable ßη t3C than ßη 'Η NMR, As αη example the spectra
of 1,2,4-trimethylbenzene (150) are reproduoed (Fig. 3.6α).
Whereas ßη the ΙΗ spectrum the three chemicallynon-equiva-

\ιιιß ιßιιg òι§Ι§\s §\ßιΙι§, λΝ ιtιß i\rss (ΙΙtιιsιιι τßsιhºι
groups are very close together, well separated signals are ob-
served ßη the l3C spectrum,

The yalue of l3C spectroscopy is particularly apparent for more
complex moleoules, for example steroids and alkaloids, Ιη Fig.
3.65 quinine (151) is shorvn as αη example. The twenty l3C

signals for the twenty different C atoms are easily distin-
guished,

FυηòßßοηαΙ gτoups generaliy deshield the '3C nucleus they are
directly bound to. (Α hieh field shift is hovrever observed for
heavy atoms such as iodine (155),) Ιη the neighbouring βposi-
tion the deshielding is usually less. There are however excep-
tions, as shoιvn by α comparison of Ι-οòtαηοΙ (Ι52) and
1-octanethiol (153):

δτι: l.θ6

δ.: 23.1

,t49

Benzene (75) and
effects.

Η
I

/-C\ δμ: 7,26

\_Jl δ.: ι28.5
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Η
I

fδΗ
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Iodinecausesαlowfieldshiftßηtheβροsπßοη, ß:, _ -
ιyith C-8, C-2 with C-7, etc.) The effect οf su'ι. -. . -. -

restricied, as ßη ΙΗ NMR, to the immediaιe ,:-,.
measured nucleus, but also includes more dis:-:. _ _

Α1lXsubstituents oause anincrease ofthe shielc,:; ,

atom of the carbon chain. The resulting hign :.. :
knorvn as the ηeΙfect. The substituent εffεòι οη .:.. '
ther positions is small ßη open chain compou:-] : -
necessarily ßη bi and ροΙγòγòlßò compounds, S:.- _ ,,
also ρΙαγ αη important role, as shoιvn by the exan: , ..
decalin (Ι56) and rrans-decalin (Ι57) and the sιeIeι:, : :- : -

2,3-dibromosuccinic acid (Ι58-Ι60), The εηαηßßοπ-ιΞ : : ; ,
SS with C, symmetry have identical "C specιιa ι: . -:, , 

.

medium; the achiral Ζι eso-form with α cenιre ο| sl :_- - . - , .ι

different shifts.
ι]ι

]ιΙι

]ß,

29º
36.8 ι'

^ ß_Ι ,2|.,5rΥ]-
156

,uri=r-COOH
HOOC ,/ι

,ryβ,
BrH

158

RR(Cz)

3ι6
44.0 ι

e¼"''
ß57

,rr¸---Β'
HOoc ,4

ιΖ ιΙl cooμ
ΒrΛΗ

159
meso (Ci)

Hooc_ _Η
167 9 -:rZ

Hooc /|
,,,νΒ'
ΗΛΒτ

160

S5 (Cz) ψ
υι
τß

Ιη the case of geminal multiple substitution the deshielding
effects are not necessarily additive. Α comparison ofthe shifιs
of the halogenomethanes shovvs that αη increasing number οΓ

fluoro- üτ chloro-substituents causes αη inoreasing Ιοιν field
shiΓt, With increasing substitution lvith iodine the ιeverse
effect, α high field shift, is observed. The trend for brominated
methanes is inconsistent (Tab, 3.25).

Increasing αΙΚγ1 substitution generally leads to α 1owfield shift.

d (CH4) ζ d(Cp,i.) < d (C."") ζ d (C,".,) ζ d (Cq,*J

152
153
154
155

αρ),ο
Χ-CΗr- 6μr-CΗ2-CΗ2- CH2-CH2- CΗ2- CH3
(Χ : ΟΗ): 63.1 32.9 25.θ 2θ.5 29,4 31.9 22.8 14.1
(Χ: SH): 24.7 34.2 28.5 29.2 29.1 31.θ 22.Β 14.,Ι
(Χ : Br): 33.8 33.0 28.3 28.8 29.2 31.8 22.7 14.1
(Χ : Ι): 6.9 33.7 30.6 2Β.6 29.1 31.8 22.7 14.1
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α 21.6
b 27.7
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d ζO.ο
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Fig. 3,65 ''C NMR sρεòtια of quinine (151) ßη ODOI, ('Η broadband decoupled)

Tab.3.25 Relationship betv/een 'J(O,H) and s-chaιacter of the
hybrid orbitals of carbon

Oompound x:F òι

o=CH-C|| =C||2

ι
ß

ιQ-cH=CH-CH2-
]36,{ 136,0

ß61

H2C= CH2

123,3 ]23,3

15

H3CO-CH=CH2

ι
+

u3cb=Cιι-en,
152,? 8ß,4
,ι62

cH3X
CH2X2
CHx3
CXo

9.8
21,4
12.1

- 29.0

* 20.Β

- 54.0
139.9

- 292.5

75.0 24,9
109.0 54.0
1 16.4 77 ,ο
1 18.6 96.5

The magnitude of the substituent effect is, as ßη 1Η NMR,
dependent οη the electronegativity of the substituent Χ. With
increasing negativity ofX the a-C atom is shifted further to
low field, Tab, 3.25 shows this ßη the halogenated methane
series. This rule ηο longer holds for the βposition and more
distant carbons. The y-effect ßη haloalkanes is exactly reversed,
Fluorine causes the strongest high field shift, iodine the ινεαΚ-
eSt.

Independent of the various factors rvhich determine 'rC shifts
there is α direct correlation between the d values and the
charge densiφ at the relevant C atom. This relationship is very
useful ßη spectral interpretation and will therefore be illustrat-
ed by some examples. If Γοτ example ethylene is compared
τvith its formyl or methoxy derivatives, effects are observed
lvhich are typical for unsaturated carbonyl compounds (e.g.
acrolein, Ι61) and enol ethers (e.g. methyl νßηγΙ ether, Ι62):

While the inductive effect is largely effective ßη the aposition,
the mesomeric effect ßη the βροsßtßοη causes α reduction of
the eleotron density ßη αòτοΙεßη (Ι6Ι) and αη increase ßη
methyl νßηγΙ ether (Ι62). The stronger deshielding is appaIΘnt
as α lorvfield shift, the stronger shielding as α high field shift.
Extreme cases are observed forketeneacetals and related òοm-
pounds:

9Ηι 9Η,ιι
*,-Ν. 1-1 t,_Ν Θιγ \ / Ι\.-.\ßß )Ξ |i+;)-CH2Ν-Ν' Η Νß,Ν'º/.5,º 39-3\\CH: 163 Cr,32.1

Furtherexamples are nitrobenzene (Ι64) and aniline (l65).As
α result of the mesomeric effeot the electron density ßη the ο-
and p-positions is changed. The same considerations can be
applied to pyridine (83) and its N-oxide (166).The influence of
charge density οη l3C shifts is clearly apparent. The shift ofthe
o-C atoms ßη nitrobenzene (164) however also shows clearly
that other faotors need to be considered.



14S Ε Nuclear Magnetic Resonance Spectroscopy

6§1 ιzs:
lQ39,r,,,

| 14θ,1

ü- Ν02
,t64

]35,7

6j\ ιΖ:,ο

l]ρ- 

'jj 
,rη,,,Ν-

;
83

] ]9.0

ΖΙ\ ιzs,ε

E-9J,,u,
f ιι,ι,ι

ο- ΝΗΖ

165

125.0

/α\, lZS ε
l.!ο _oJ,"".
.)Ν- ,-",

ý

0
,66

t"
C6H5-C- C6H5 CεHs- C- -:-=

]98.0 212,7

169 170

,-!_νι ιJ
ι

HO-c-OH
196.2

172

LH3
ι

Η0- C - CH3

250,3

171

ΙΙΙ +

-C7-Cp-Ca- ΝΗΖ / ΝΗιιΙι
Δδκ-0.5 -3.8 -2.3

ιΙι
-C,-Cn-C" -COOH/C00-|,ι,I

/δ=-0.6 *],6 *3,5 .ι,,7

ΗΟ--- _*

'a: .

ι /J

The relationship between l3C shift and elΘctlon density is par-

ticularly noticeable for ions. Ιη Fig. 3,66 this is demonstrated
using α compaτison bΘtvreen uncharged benzene and aromat-
ßò ions as αη example,

ο ''ο

; 
ΙΙΟ

ι
16Ο

180 7r-charge denSity

0.7 0.θ

t

ν
85

Fig.3.66 Relationship bet\veen
sity ßη ions

''Ο shifts and π-electron den-

Ιη studies of carbocations the measulement of their "C spec-

tra ßη "magic acid" played α decisive role. As shoιvn by the
examples (167-173), the extent of delocalisation οΓ the charge

is easily recognised Γrom the "C shift of the central C atom.

After these comments about the effeot oΓcharges οη ohemica,
shift it is undefstandable that the signals of acidic or basic
compounds will be strongly ρΗ dependent. Simplified
assumptions of electron densities òαη however easily 1ead to

errors. The protonation oflinear αΙΚγ1 amines generally causes

α high-field shift οf C- Cr, and Cr; converselya lowfield shift is

observed οη deplotonation of carboxylic acids!

0.9

t
/ --:\(, -,)
\,/

88

1,Ο

t

Ο
75

ι
I

/_
\ν2

87

174

175

Ιη the amphoteric amino acids the dvalues generally increase
as the ρΗ increases, as shown by the example of alanine:

ΗΗ: ΙΖ ι Ι _
H3C-C-COOH 

= 
HlC-C-COO-

ιΙιμ] ýεß
23

-Η- º
- Η- 

,l,,r,

0.43 4.96 12.52ρΗ

ò_1
C-2
ae

174.0
50.1
16.5

177.0
51.9
17.5

185.7
52.7
21.7

CHr
ι

HsC-C-CHg

330.0

167

cH3
Ι

H:C-C-C6H5

2òξ ?

168

Tb conciude this section α Γew comments about medium
effects οη "C shifts are appropriate. These can be described by

αη additional shielding oonstant d»"ο Where there are ηο spe-

οßαΙ interactions, such as acidbase activity, solvent and concen-
tταtßοη shifts are generally less than 3 ppm (see hoιyever the
seotion οη ρ, 17Ι οη shift reagents).



The influence of temperature οη '3C shifts is also small, unless
temperature-dependent plooesses (intemal molecular
motion, ohemical reaτTangements) alter the molecular struc-
ture (see Sec. 2, ρ. 86 ff.),

4.3'3C,lΗ Coupiings

The coupling '"r(C,H) is α measule οf the s-character οf the
hybrid orbitals of the relevant C-H bonds. The follolving
empirical relation holds approximately

[ 0.25 for C - sp'
'"r{C.H) : 500ρ wßιh ρ: { ο.:: ΓorC-sp2

[ 0.50 for C - sp

Tab,3.26 Relatιonship betvveen'J(C,H) and s-oharacterofthθ
hybιid orbitals of carbon

Tab. 3.28 'J(O,H) couplings of selected compounds

,, . ',, ], !9ο,ΝΜ,R,sρÝÜτüßοοΒ9Ι, 14θ

Tab. 3,26 shorrs measured coupling constants and yalues cal-
oulated Γrom this formula for ethane, ethylene, and acetylene.

Tab. 3,27 'J(C,H) coupling oonstants ßη substituted methanes

Compound 'J(C,H) (ΗΖ)

CΗο
cH3F
CΗ3òι
CH.Br
CH3I
cH3NH2
CH3N + Η3
CH3No2
òΗ3οΗ
CΗ3ο-
cH3ocH3
cH3ScH3
cH3Si(CH3)3
cH3Li
cH2cι2
cHC|3
οΗF3

125
,ι49

150
152
1ξ1

133
145
147
141
131
140
13Β
118
98

209
239

Hybridi-
Sation

Ethane sp'
Ethylene sp'
Acetylene sp

Oompound 'J(C,H) (ΗΖ)

Η-CΗ,-CΗ3
H-CH(cH3),
H-C(CH3)3
H-CH,-CH:cH,
H-cHr-c6H5
Η-òΗ,-ò=òΗ
Η-CΗ,-ò=Ν
Η-òΗ,-òοοΗ
Η-CΗ(οΗ)-ò"Η"

-ι
Η -Ci

Η.'CHr
L_J

Η\'CH-

υ
*-¼

125
119
114
122
129
132
136
130
140

160

134

Η ]69

Ρ'r,* /Ν.,'
Η 
,ι67 ,Η

1ι,ι,

^ μΙ45
(cH
\-ρ'μ

μ 133

º ''' r, ,^

ρ"
H-C-

ι76

C

Η 205

Η
ι

Νυ /\
"t"'Ι
ιΙ
,ιΦ

α
Ητ/\

nJ
Η""

171



Tab. 3.28 oontinued ι

ßjι] Lι 
,

βυ ;ΙΙ

]52 Η\ 
/Η 

\5º

/C 
=C\

Η-CΗ2 Η ι51
ºδ

169 Η\
Cr
u-j

154 ]59ΗΗ\/
155 C=C .Η
Η .-η' 'Γ'"Ψ"'η 

ιrι

'υ'*-a\(,

177 Η Η ι65\,/t-\Nc Η º63

195 Η Η ι6ι\/
/\cι Η 163

º5Ι Η ,CεHs\/
/\CsHs Η

ι55Η Η\/
/\CsHs CεΗò

159 Η Η º53\/Γ:Γ/-\
ι55 Η cH-cH2

º61 Η

c-/]\
ß69 H-L,/

159

Η
ι

ι\,,-Cτ.6ΖΗ'lΦ
\Ιν

,Ξ

"Ξ - _,_

,ΞΞ

159
ι.l _

' ^--- tΖα..

\.^--

-¸Ε

, laΞ

267 Η

F

ι62 Η

Ηιa-Η Ι36

[lj
HLι/.6 iis

Br

üfi-*'υυ
}-'-r,υ,

Η
ι61

ΝοΖ
I

(,Ρ,
\tc,c-

ι

Η
ι63

ιΖ6 Η-òΗΖ

4F'*'υυ
\'-,',r,

Η
ι59

188 Η

f --ο
ΗΖΝ

Η
Ι

_Ν.^ ΖΗ 
,ιθ4

\ι ιΙξa

ι72 Η\
C:0

H,C/

222Η 
\
, --ο

Ηο

Ηι¸

1S.n ΖΗ ιθ5

Η ι67

Η ]69
Ι

,.ßτ..-Η Ι7Ζ,

υ --ß-|'"-ιι ιsι
Η

Η ι70

Τ'" ;'
*-C_-.-tt',

ΖοΖ ιτ-ÝΙι.ιλ 
/iC-H 213

Η ι6ι

,Ýτ.-* ,υ,

(\jb-*,r,



Ifthe ]I(C,H) coupΙing constants ofcyclohexane (125 ΗΖ) and
cyclopropane (160 ΗΖ) are compared, the similarity of òγòΙο-
plopane to olefinic systems, as suggested by the Walsh orbital
model, for example, is apparent. These estimates of s-character

,,-, ι, ,ι , ,,,,] ,119§NliR,Spectroscopi 151

of hybrid orbitals should holyeyer be restrictθd to hydrocar-
bons.
The effeòτ of substituents οη the ι"Ι(C,Η) couplings constants
is shown ßη Tab, 3.27 for α series of methane derivatives,

Tab. 3.2θ 'J(C,H)-, 3J(C,H,)-, and higheι couplings of selected oompounds

Compound 'J(C,H) (ΗΖ) 3J(C,H) (ΗΖ) 'J(C,H) (ΗΖ)

H.c-CH"|'
ß,1

H"c=cH'I
ι-t

ΗC:ò-Η

Η3C-òΗ2-cΗ2-Η

ΗrC-τ
c

ι-ß'\Η
Ηο , ,Η.\1 2/a=η/" "\:
Ηα CHz-Fjl

Hb. ,Η.\] ) /
ι- -ι,,/ \ι

Η, C." \\r
c
\

Η,1

- 4.5

2.4

+ 49,6

- 4.4

- 2,5

C, Η.: f 0.4
CrH": - 2.6
CrHo: - '1 .2
CrHo: 6.Β
C.Η.: * 5.0

C, Η": f β.β
CrΗυ: - 3.7
CrHo: 0.3
C.Η": * 2.0

C, Ηη: - 8.3
C, Ηη: * 7.1
CrH.: * 6.8

+ 0.8

C,Ho: * 6.7
C.H,: * 7.6
C.Ηο: f '12.7

+ 5.8

CrHo: * 4,8
C.Η": Ι- 9.5
C.Ηο: * 16.3

C, Ηο: * 2.8 (η : 4)
CοΗ.: <1 (η:4)
CoHo: <1 (η_4)

òι

Cι Η\ι Ζ /"υß"=η

Hc Hb

'',, /Η

Ηòι

,,ιf
HlC-C'-I \

Hb Ηυ

ο

Η

òι

υ
c

Η/
+-ι6.0

C, Ηο: - 6.6
CrΗ": * 26.7

+ 46.3



ταb,3.29 cantinuθd

ιΙ

:ψ;
Ηρ

α
μ.J.r/LΕ,' η"

'*Υ'ξ-r,
Hc

cooι{

Ι#Ι:
Ηρ

ε;{;Ε-Η"

,Ι ß'rο

'J-a-*-Ý-'",,4ßξr,
Hc

CrΗο: *3.1
G"H": *8.5
eßΗò: +0.9
C.Ηο: *0.7

Sincβ '"r(C,H) is of soms impürtance foτ spectral inteφreta-
tion, some further examples are given ßη Tab. 3.28.

'Whereas the l"I(C,H) coupling constants lie betιyeen ca_ +320
and +100 ΗΖ; values of ºCJÞ between òα, +70 and -20 are

4.4 Goupling of '3C to Other Nuclei (D,ξN,P)

Ιη Thb. 3,24 α series of Ι.Ι(C,D) ωupling ωnstantstιaye aΙrþ
been giverι fοτ deuteriatòd solyents, Approximately,

.(CII) :.(C,D) * γ11 : γο = 6_5 : 1

The 13C,D aouplings ατε therefore òonsiderably smaller than
the oorrespondlηg 13C,lH couplings,

Grl-{u: -3.4
C.Ho: * 1.4
cαΗ"ι +0.3
CrΗ": *1.6
CaHu; *0.9

C1Ηο: ßlß.:Ι
GrΗ": * 7.Ý
GrΗ'": + 5,,|

cαΗßj + 8.2
CοΗ^: * 7,4

eΗο: + 1.1 cHn: +7.6

CΗη: +4.1

G.H'n:
Q2H'":
òαΗι:

C2Η'";
G2Ho:

QH|,:
ΟοΗ.ι

CΗr: -1.2(η:φ

C'' Η": -2.0 (η :4)
CrΗ'ο: - 1,2 (η :4Ι
C3Hiι -0.9 (η: {}

*'|.1 (η = 4)
+Ο.5(η:5)

-0.θ(η: ι)
-1.7(η:η1

,,º#lμº#

g
Þι!.τ
ß-ιß

Γ
F-a,l!
Ξ-òFΗ
F- CF2ι

F-CFr

F-CFz-

Ξ-CΗΖ-

Ctß-:
CΗο:

.C.Hi:
C"Ηß:

+ 10.0
+ 5.0
+ 9,&

+1º.1
+ 6.θ
+ 6.θ
+ 6.4

CrΗο;
C"H"ι
CaHi:

+7,4
+4.7
+5,9

knoryn, The vlciral òουρΙßηgs',(C,H) αε αΙwαγε positiye
less ihan 15 ΗΖ. Their ναlυω depond οη the dihedral
according to the ΚαφΙυs òυπε (see ρ. 108). Some
istic data for 2"I(C,H), 3"r(C,H), and '-r(C,H) (η > 4) are given
Tab. 3.29.

F
C:Cl

F
F

Fig,3.67 (seε ρ. 153) shq\y§ tho 13C spectrum of trifluoroaceiic
acid (176) ßη deuteriochloroforaι.

The direci Ι3C,l9F couplings have a,largermagnitude than the
comparable 13Q,lH couplings, but have α negative sign. The

',r(C,η ναΙυω lie between-l50 and--400 ΗΖ.Αsεlεòτßοη of
'-r(C,F) coupling consiants is given ßη Tab. 3,30,

'c=o
ß
FH

τξβ
\c,c]

ΗΖ

F
ι

.},cι
ι,.}

.Η
F-CFz

I

,!,c
ιτ.}

Η



HOOC-CFa
ba

'J(c,F) =r.{Η,

ιω ι70 ι60 ι50 .ι40 ι3ο ι20
δò

Fig.3.67

Tab.3.30

Ι3C NMR spectra of tι.ifluoroacetio acid (176) ßη deuteriochloroJorm

υ(C,F) coupling constants of selected compounds (ßη ΗΖ)

F- CHg

F-cFH2
F- cFzH
F- CFr

οΗ
ΙF-CFz-C-CFs
οΗ

F-Cli2- CHz- Cl'lz-CgHz

F

'C= cH"
F
F

!=ο
Η
FΗ
ΖζòΗ,Ιι'
\C.cH2

ΗΖ

F
ι

,}-αιι ιι
§c-cH

Η

F-CFz
I

r}-cn ,ι ιι\c-cH
Η

1Φ

235

274

259

286

167

287

369

171

20 3.ι lc, τ;: 5
oJlc,F1: <2
5J(c,F): Ξ0

3J 
1ò, 11: 5

4J(c,F): §0

3.ιlο,η:
4.ι lο, r.1:

3J(C,F):
4J 

1ò, ε1:
5J (c, F):

,ι9

8
3

4
,|

0

21
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Tab. 3.31 "C, "N coupling constants of selected compounds A few comments on 13C, 
15

N and 13C,31 P couplings will complete
(in Hz) this section. Whereas 13C, 19F and 13C,31P couplings can be 

directly measured from 1H broadband decoupled 13C spectra,
Compound l'J(C,N)I l'J(C.N)I l"J(C,N)I 13C,15N couplings are only accessible via 

15N enrichment. Toe 

H3C -NH2 5 
natural abundance of both 19F and 31P is 100%, but only 0.37% 
for 15N (see Tab. 3.1, p. 72). Some idea of typical values of

+ 13C,15N and 13C,31P coupling constants can be gained from the H3C -N (CH3 )3 6 

lH2 
examples given in Tabs. 3.31 and 3.32. 

H3C-C 
\\ 

14 10 

H3C -C =N 18 3 
NH2 

,t�y
H 11.4 2.7 3J(C.N): 1,3

C
�CH 

4J(C.N): <1 4.5 13C,13C Couplings 

H 
H The coupling of a 13C nucleus with a neighbouring 13C nucleus 

t
C'CH 

is generally not observable in routine 13C NMR spectra. Toe 
II 0.5 2.4 3J(C.N): 3,9 low natural abundance of 13C of 1.1 % means that the nuclear

WCH combination 13C ... 13C is only ca. 1/100 times as likely as 
H 

13C ... 12C and only 10-4 times as likely as 12C. .. 12C. Apart from 
C weak satellites in long accumulations of intense signals of 

( 'CH 12.0 2.1 3J(C.N):+ I I 5,3 pure liquids the measurement of 13C,13C couplings requires wCH 
the use of 13C enriched compounds or the use of the INADE-

H 
QUATE method (see p. 179). 

Tab. 3.32 "C, "P coupling constants of selected compounds (in Hz) 

Compound 

P(CH2
-CH2-CH2

-CH3)3 

C12P-CH2-CH2
-CH2-CH3 

OC2H5 

O=P--CH2
-CH2

-CH2
-CH

2
-CH2-CH

3 

OC2H5 

OC2H5 
I 

O=P-c=c-CH3 

OC2H5 

l'J(C,P)I 

11 

48 

44 

66 

141 

300 

l'J(C,P)I 

12 

4 

14 

5 

5 

53 

11 

l"J(C,P)I 
3J(C,P): 13 
4J(C,P): :::::0 
3J(C,P): 15 
4J(C,P): :::::0 
3J(C,P): 11 
4J(C,P): :::::0 
3J (C, P): 13 
4J(C,P): :::::0 

3J(C,P): 16 
4J(C,P): 1 55J(C,P): :::::0

3J(C,P): 5 

3J (C, P): 5 
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Tab.3.32 continued

Compound
ι,J(C,Ρ)| ι'J(Ο,Ρ)ι ι"J(Ο,Ρ)ι

οò"Η-ι"
ο-Ρ--ο-ΟΗ2-ΟΗ3

ι

oc2H5

ΗΗιι
ò_C// ι\(U6H5)2P-Cr' 'ρ _Η
\:-/

ΗΗιιLòΗò τ .

^_Α ! ι\^ν_ι 
-L 

L-Hι \-,/
CoHs

ΗΗιι
C-C

(CoHso)zP-o-C// 
't _μ

\_,/

2013

104

'"ι 1c, ε1: 7
Ο"ι 

1ò, 11: 0.3

3J 
1c, Ρ1: 7

3.ι 
1ò, e1: 12

4J 
1c, 11: 2

3,.ι 
1ò, e;: 7

4J (c, Ρ): ¾0
5J 

1ò, 11: ]

3.ι 
1c, e1: 5

oJ 
1ο, ε;: 1

5.ι 
1C, e1: 2

οCòΗ.|"0=Ρ-ο-
ι

0C6H5

ΗΗιι
C-C

^η \\(, ,Γ"\:/. -Η

l3C,l3C couplings shorva simiiar dependence οη hybridisationand eIecιronic effecιs as Η. 'C .;r;ß;;Ινν 
νtι ιΙ)υΙ

The following series of òοπ
esstrongly',i,ι,,ι,'.ι-.ι,u,.'ι.¸l':iii:ºxiºº,rιft 

:1"'J.º*"
I Hc=c*6=6μ

sp -sp ] μò: cι_.1ι.^_ι ηυ =L-CΞCΗ

+ 190.3 ΗΖ 177
+ 171.5 ΗΖ 178
+ 153.4 ΗΖ 177

+ θ8.7 ΗΖ t79
+ Β6.7 ΗΖ ß80

+ 6Β.6 ΗΖ

+ 67.6 ΗΖ

+ 67.4 ΗΖ

_^3 ^^2 [ *,c-cΓ)sP"-5P' 
ß 

"\Ξ

I H3C-CH=CH,

sp3-sp3 H3c-cH3

+ 56.0 ΗΖ 75

+ 53.7 ΗΖ 118

+ 44.2 ΗΖ 77

+ 41.θ ΗΖ 68

+ 34.6 ΗΖ 92

* 12.4 ΗΖ 93

H2C=C _61_,1,

HC:C-CH=CHz

Η2CΞCΗ-CΗ=cΗ2

H2C=CH2

HrC-C 
=CΗ

sp2-sp, 

ι

ΗΗ
(/»
\_./

H2c=CH-CH=cH2

"tSp--sp 
ß

sp2-sp2 
{

πrΑυ,

sp3-sp

118

,|5

70

The effect of substituentsτn ',ηC,C) is generaily small forsaturated C atoms; larger effects υr. οü..Τ.οßüΙßl.tßηß., υ.ο-matic, or carbonyl carbons.

* -ψ{ßΗΙΙ



Η3ò-òΗ2-Χ
Η.C:CΗ-Χ
Hc=c_x

ο
,ΙΙ ,

Γ"tρχ,
\ü.òΗ2

Η2

189

Η

ß&,β'',
H2c-l-cH2

' Ηr'
ßΦ

Η
ΙF 2

ιß'¾,\ucH
3

75

7CH"

.l,--
'ιß''*Ý'
sfuzcιι

Η

77

ΝΗ,
,ι :

r\PH,gtr9*
Η

165

lJ(c-1, ο_2,1:37.7

'J (c-2, G-ο1 : 36.ο

1.11c-s, C-4) = 33.1

'J (c-2, C,01 : 35.2

'J{c_3, C_4) : 33.g

2J(c_2. Ηι:

2J (c-2. ò-4) :
3J (ò-2. ο_5} -

]Ι

ÞÞm
ππmΠ

τ,ΣGeminal couplings ºC,C) òαη be positive or negative; tieir
magnitude is generallyless than 5 Hz,Exceptions occurpartic-
ularly for carbonyl compounds, ailqlnes, and organomeτallic,
compounds.

H3c-cO-cH3 ξc-c=cH H3C-CH2-cN
!6 ΗΖ Ι2 ΗΖ 33 ΗΖ

Ι81 Ζ0 182

ο
ΙιH3C-C=C-C-OCH3 H3C-Hg-CH3

Δ ΗΖ 22Η2

ß83 184

3"r(C,C) coupling constant§ are positive and generallysmaller
than 5 Ηε Exceptions oocurfor conjugated §y§tem§; thuε the3Jcoupling between C-l and C-4 ßη butadiene for example is
9.I ΗΖ.

Α ferr further l3C,l3C oouplings (ναΙυω ßη ΗΖ) are tabulated
beloιv.

i=r,g ],,=g,Ζ/#coo' 185
"J=1.0 

ιJ=1.7

ß.ò,ι, l:,':rι.o

.,,Ψòοομ ß86
.J=0.7

Ι=ι.ε

-*f)S*=,rro 187JΞl!,J -cooH

,:, 2J=ι,º

ν)-\.-.ο*
"J=7l }=ιΖ s

8

,.,ιΡ
H"c-c,'lι 

Ι

ΗΖC -
188

ιJ(c_1, ò-2) : 6].3

iJ(G*2, G*3) : 55.1

'J(C-3, C-+1 : 56.2

3J(C-2. G-§) : 7.g

'J(c-1, c-2) : 55.4 3J(c-2. ò-5) : 7.6

'J (Ο-2, G-a1 : 56.a

'J(o-3, c-4) : 55.s

9CHr

Ζ 1θß

'J (c-1 , C-2) = 56.ρ

'J(c-1, C-Ζ1 : 57.3

'J(G-1, ò-7): ι4.2

'J(c_1. c-3):

2J(c-1, C_α1 :
2J(e.-2, ò_4):
2.ιlc-2. ò-7) :
'J(c-r. ò_4) :
3J(o-3. c-7) :
nJ(c-4.G_7):

Νο,
,ι;

τ\βΗ
HcτlrcH,Η.

ß64

2,η"

ßΝß=,,ο
3ι_1. l"'" cοοτ{

109

'Jlc-r,C_21 :29,5,J(c_ι,c_3) :9,7

iJ{c-2, C-3; = 2g,5

lJ(c-1, c-2) : 70.0
1J(ο-l, c-l0a):67,2
'J(c-l, ò_3) : 0.6
2J(c-1, C=4α\ : 2,12J(c-l, C-10) = 0.73J(c-l, c-4) : γ.7
3J(c-1, C_4b1 = 3.g

3J(c_1, c-9) :4.4
oJ(c-l, C-51 : 9_4

"J(c-1, c*8a) : σ,9
5J(c_1, c-6) : ο.7
5J(c-1, ò-s) : 9.3
"J(c-1, C-7} :0.η

η



4,6 Correlation of ß3C Shifts With Sτructural
Features

The ranges of the 13C chemical shifts for the most imporτant
structural types of organic compounds are colleoted ßη Thb.
3.33, Extreme values are ignored. For the inteφretation of 13C

,,. :,| , . ',..,, ,|,:.': ,,:,,!3η'χ-,' .' 
eι:τþscοιß, 157

spectra it is reoommended that this table is used ßη conjunc-
tion with the data ßη Sec. 5 (see ρ. 185) arranged by tlφe of
compound and the increment systems ßη Seo,4.7 (see ρ. l59).

If more than one functional group is attached to α single satu-
rated C atom, then to α first approximation the additivity ofthe
shiΓt effects òαη be assumed (see aiso Sec. 4J).

Tab,3.33 ''Ο shifts of impoιtant structural elements; dvalues (ppm)

+δ-
2ι,0 2?0 200 ιθ0 ,ιω

#
I
=*
=
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Tab. 3.33 oontinued +δ-

140 120 100

2L0 220 200 180

For the effect οf functional groups οη (C:C) bonds οτ aτomat-
ßò rings see Seo. 4.2 (ρ. 145) and Sec. aJ φ. 159).

It is already appaIent from the ranges given ßη Tab. 3.33 that
the chemical shifts of carbonyl carbons vary greatly with the
compound type. Αη explicit comparison is possible from the
data ßη ¸b, 3,34,

Conjugation oΓdouble bonds has relativelylittle effect, unless
charge shiΓts are effective. Two examples underline this: òγ-
clohexene (1fi)/1,3-cyclohexadiene (74) and cyclohexanone

(189)/2-cyclohexen- 1 -one (192).

25ι ο

Βι.'\121 ι, 2>.Ζα, Λ:;,ι/ ι_]J,,;, υ],,,22,3 23,8

ß07 74 189

1601802ω22ο

140]60

0
Jlss s

37,7a -)]29 
5

,r,r(_),rο υ

192

Cumulated double bonds οη the other hand lead to very char-
acteristic Üναlυεs of the chemical shifts (Tab. 3.35).



Tab. 3.34 "Ο shifts of
compounds

Type of oompound

KetoneS
Aldehydes
Thiocaιboxyl c acids
S-eSleιS
Caιboxyiate salts
Caιboxylic acids
Oaιboxylic ac d amides
Oaιboxylic acid esteιs
Oaιboxylic acid
ch loιides
Caιboxyl c acid
anhydr des

Type of compound

Ureas

Uιethanes

Oaιbonate esteιs
Chlorofoιmate
eSteιS
Phosgene

Tab. 3.35 ''Ο shifts
bonds

Allene

Ketene

Diazomethane

\,4ethyl iSoΟyanate

lVethyl iSoth iocyanate

oarbonyl C-atoms Ιη vaιious types oJ

d values
R: CΗα R: CuHu

R-co-CH. 206.Ο 195,7
R òο-Η 199,7 197,6

R-CO-SC2H5 -195.Ο 
]91 ,2

R-co-o 18,1 ,7 175.5
R-oo-oH 178.-] 172.6
R-CO-NH2 172,7 169,7
R-Co-oOH3 170.7 166,8
R-Cο-Cι 170.5 168.0

R-co-ocoR 166.9 162,9

d values

R,N- CΟ-ΝR2 16] .2 (R Η)
165.4 (R - CΗ.)

RNH-co-oR 157.8 (οR - ΟCrΗυ.,
NR - ΝòΗ3)

RO-Co-oR 156.5 (R - CHr)

CΙ--CΟ-ΟR 149.9 (R - C,Ho)
Cι-òΟ-òι 142,1

of oompounds ι1,1ith cumulated double

Ηr::Η,
/J,c Ζ|Ζ,¼

Ηr::9
2,5 194.Ο

Η, :fi:χ1

υ^ι ι?ν

26 3 12,1 .5

Η.C-Ν: :S
29.3 128,7

υι
(Oaιbon atom υηdει
ConSideιaliOn)

primaιy -ΟΗ,
secondary -CΗr-
leιtiary -Ýη-
quateιnaιy Ý-

ι

C, (highest substituted neighbouring
C αιοτ) ι 

|òΗ, -CH. -CH - ?-
Ο

0

J,+

3.7

,-α λ ( "15.Ο) ( 25.0)-υßrα ο

,ι92.3

Dicyolohexylcaιbodiimide »' G.ι]rn;' Ο
24,8 35.Ο

Oaιbon dioxide ο:

Oarbon disu{fide §:

Εχτιεmε shßΓτ values ατε observed Γor τhßο-, òeιeηο-, and τeιιυ- *'., º:]"1 will become clearer from α consideration of 2

ιοκeτοηeò. , "-' 
" methylbutane(l94).

\.-x,jr\YΙι 'l Εχ ο 226 1

\ 4-_1 " ν <ιQ H:C
/5282\1 jι,

193 Se 294 ,rCH-CH2-CH: 
194

Te 301 Η3?

'3C NMR Spectroscopy ß59

4.7 lncrement Systems for the Estimation of
'3G Shifts

The r]C shifts of aliphatic compounds and benzene derivatives
òαη be estimated with empirical increment systems. Ιf there is
moΙe than one substituent αη additive behaviour is assumed.
The folloiving increment systems ale α useΓul aid for the
assignment of ']C signals. The tabulated examples hoivever
show the possible deviations betiveen calculated and obsery-
ed shifts.

For the estimation of ιhe 13C shiΓts of saturated C atoms the
simplest plocedure is to base the calculation οη α corrΘspond-
ing hydrocarbon and add the increments for the various fυηò-
tiona1 groups.

If the ΙrC shifts δ, οf the hydrocaιbon itself are not knorvn,
they òαη be calculated fτοm the Grant-Paul rules as fo1lorvs

δι:-2.3 + ΣΙκrκ + Si"
κ

The increments Ι*η* are added to the shift value Γormethane d
:2.3.Increments are added for α11 the positionsk: α, β, γ, δ, ε
relative tο the relevant carbon. ηο is the number of C atoms at
position Κ. The increments Ιυ have the fo11orving values:

Α«: +9_Ι Αr:2.5 Α,:+0-2

Αβ:+9.4 Ια_+0.3

For tertiary and quaternary C atoms and their immediate
neighbours α steric correction factor S,o must be added. This is
derived from the most substituted carbon Co next to the car-
bon C, forwhich the shift is being calculated. The correction
values S;" are then as follorvs.



- 2.3 + 9.,ι
+9.4,2
- 2.5 - 1.1 : 22.0

2.3 +9,1 .3
+9.4 -3.7 :30.7

2,3 +9.1 .2
+9.4-2 -2.5 :32.2

-2,3 + 9.1
+ 9,4

-2-5 2 :11.2

i6ü...Εi'.,§$þ;.|M!þ, pecτroscopy ]

Tab. 3.37 Oaloulated and observed d valuεs ':
phatic compounds

Oompound ü*,...=.,

1 -Hexyne
C-1

123ι56C-2
HC=C-CHz-CHz-CHz-CH: C-3

C_4
ò-5
c-6

Basis

12
H3C - CH2 -CH2-CH3

17.4 (18,-
30,4 (3o.e
21 ,4 (21.9
12.4 (13.ß

ò_1 13,7
c-2 25.3Ιη sterically hindered hydrocarbons the agreement betιyeen

ξaιouιaτed alld δob."*"d is poorer.If rotation around α C-C bond
is restricted or prevented, then additional conformaÜonal cor-
rections must be made,

Tab. 3.36 lncrement system for the estimation of ''C shifts of αΙß-
phatic oompounds
a(RX) : d(RH) + /"* + S,o (Κ: g β γ, δ1 for αΙΙ Ο

SUbstiiýent Χ κ:α

2-ButanoI"

123ß.
Η:C - CH - CHz- CH:

Ι

0Η

Basis

12
H:C - CHz -CHz-CHl

ò-1 22.0 (22,7}

C_2 70.1 (70.6)
ò_3 32.4 (32.9)
C-4 6.8 ( 7.5)

ò_1 13.7
c-2 25,3

22ß
6δ-

99

ιJ, !

24.ε,

ιι

-CυΗυ
-cΗ:ο
-C:ο

ι
R

-cooH
-cooR
-oo-NR2
-cocI
-C:N

20.0

4.4
22,1
29.9
22,5

20.1
22.6
22.ο
33.1

3.1

6.9

5.6
9.3

- 0.6
3.0

- 2,1

-3.4
2.6

- 2.7

- 3.0

_ 2,8

- 2.8
3.2

- 3.6

- J.J

0.4

0.6
0.3
0
0

0
0

- 0.4
0

- 0.5

2-Chloro-2-methylbutane

Cι] Ζ| 3 4

H3C-C-CH2-CH3
I

υη3
ι

Basis
1234

H3c -cH -CH2-CH3
Ι

CH:
]

ò_1 31.9 (32.0) 32.c
ò-2 60.7 (61.7) 71.ß
c-3 41,7 (42.2\ 38.8
ò-4 6.3 ( 6.1) 9.4

c-1 22.ο 21.9
C-2 30,7 29.7
c-3 32,2 31 .7
C_4 11.2 11.4

-οΗ
-oR
-o-co-R
-NR,+

-NRs
-Νο,

0

- 1.4

- 1.0

176,6
54.8
41.0
25.4

23,2ι22-1

21 ,9
29,7
31.7
11.4

2.ο
2.0
2.6
2,3
2.4

0
0
0

49.0
5Β.0
54,0

10.1
7.2
6.5

6"2

- 5.Β

- 6.0

Leuoine"
123Ι,5

HoOc- cH -cH2-CH- CΗ3
I

ΝΗΖ
I

CH:
6

Basis

1234
H:C - CH - CHz- CH:

I

CHe
]

ò-,ι
C-2 56,1 (55.9)
ò-3 42.5 (43.0)
c-4 21 .8 (22.8\
ò-5
C-6 21.9 (22.0)

ò-1 22,ο
c-2 30.7
ò-3 32.2
c_4 11.2

28.3

30.7
61,6

1-ι,3

5,4
3.1

- 5.1

-7.2
4.6

-SH
-ScH3

10,6
20,4

1,1,4

6.2
- 3.6 - 0.4

-2.7 0

-F
-òι
-Br
-ι

70.1
31.0
18.9

*7.2

7.8
10.0
,ι,ι.0

10.9

- 6.8
5.1

- 3.8

- 1.5

0

- 0.5

- 0.7

- 0.9

The basis values used are the observed ''C shifts ofthe hydro-
oarbon;the Þ values ßη brackets are calculated from the calcu-
lated ''C shifts of the hydrooarbon

For C--1, Ο-2 and C-3 ßη 2-butanol and for C-2 and C-3 ßη leu-
cine sterio corιection factors S,a have been inoluded

ß

ß]

]ιι]]ι]ι
]]ι

ι]]ßι
ι ,ι,ι

"1,,],]ι

]ιß]

]

ß,]ιΙ

ßßftΙΙΙ ι,,"",

ωι]ßlιιιßι!Φι

],ι

,[μL

ýιß

;];



Using the measured or calculated 6, values of an alkane 
C0H20+2 as a basis the 13C shifts of the substituted compounds 
C0H20+1X, C0H20XY, etc. can be calculated. Tab. 3.36 gives the 
increments I for a selection of substituents X depending on 
the position of substitution relative to the carbon Ci for which 
the shift is being calculated. 

In Tab. 3.37 the observed shifts of some representative exam
ples are given, together with the values calculated with the 
increment system. (For the substituents-OR,-NR2 and-SR 
it is recommended to apply the steric corrections S;a as for 
hydrocarbons.) 

The 13C shifts of olefinic carbons can be calculated using the 
values given in Tab. 3.38. 

Tab. 3.38 Increment system for the estimation of "C shifts of ole
finic carbons 

1 2 

X-CH = CH2
X-CH = CH-Y

1 2 

Substituent 

-H
-CH3 

-C2Hs
-CH2-CH2-CH3 

-CH(CH3)i 

-(CH2'3-CH3 

-C(CH3'3 

-CH=CH2 

-c=c-R
-CsHs
-CH2CI
-CH2Br
-CH2OR
-CH=O
-CO-CH3 

-COOH
-COOR
-CN

-OR
-O-CO-R
-NR2 

-N(CH3'3 

-NO2 

-SR

-F 

-Cl
-Br
-I

'5 1 = 123.3 + /1 • '52 = 123.3 + /2 

'51 = 123.3 + Ix , + lv2· 
'52 = 123.3 + lv1 + lx2 

Increments 

,, 12 

0 0 
10.6 8.0 
15.5 9.7 
14.0 - 8.2
20.3 -11.5 
14.7 - 9.0
25.3 -13.3
13.6 - 7.0
7.5 8.9

12.5 -11.0
10.2 6.0
10.9 - 4.5
13.0 - 8.6
13.1 12.7 
15.0 5.9 
4.2 8.9 
6.0 7.0 

-15.1 14.2 

28.8 -39.5 
18.0 -27.0 
16.0 -29.0 

19.8 -10.6 
22.3 - 0.9 
19.0 -16.0 

24.9 -34.3
2.6 6.1 

- 7.9 1.4
-38.1 7.0
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Tab. 3.39 gives an impression of the "quality" of the estima
tions possible with this increment system. (The application of 
the system to trisubstituted olefins,not to mention tetrasubsti
tuted olefins, is not recommended.) 

Tab. 3.39 Calculated and observed ovalues for the "C shifts of 
olefinic C atoms 

Compound 

2-Butene

Methyl methacrylate 

1 2 poocH3 
H2C=C

, 
CH3 

(E)-Crotonaldehyde 

Fumaric acid 

HOOC H 
\ I 
C=C 

I \ 

H COOH 

Maleic acid 

HOOC COOl-1 
\ I 

C=C 
I \ 

H H 

2-Phenyl-1-butene

6, calculated 
C-1 C-2 

125.9 125.9 

6, observed 
C-1 C-2 

124.8 124.8 

125.9 125.9 123.4 123.4 

122.3 139.9 124.7 136.9 

146.6 128.4 153. 7 134.9 

136.4 136.4 134.5 134.5 

136.4 136.4 130.8 130.8 

102.6 151.3 109.7 148.9



The increment,§ystem for benzene derivatiyes ßη Tab. 3.40
ryork§ οη similar ρτßηòßρΙεs. The increments 1,,,ß, etc. foτ each
substituentXl,ξ eto, are added to the basisyalue forbeÞzene

¸b. 3.40 lnorθment system tor the estimation of rβO shifts of
Substituted benzenes

(d:128,5). ºhe value of /depends οη the nature ofth#'
tuent and its position relative to the C atom forwhich -' {Ι
is being calculated.
Several illustratiye examples are given ßη Tab, 3.41.
deviations betιveen calculated and observed values cl
expecteÜ ryhen the additivity οΓ the substituent eftclr
disturbed by steric or eleitronic interactions.

c-]

c-2

ò-1

ο_2

134.7

129.1

137.8

126.6

"|34.5

129.1

137,6

127,4

132-3

ry#

f,¹
trdHro"' 

Πι

&nr

ιμΠ
fußπ
ffiÞιßΞ
ιfußη
μh
ιffi
ιξlL
b

'ft.ωfrM''' π
]mLd
ýffi
ºβ
ililEfr
bd
ßÞτ
ιbυι
fuη
ΦÞfu
η[τ
fu;
Α.ΞÞ-"Ι
Gπ
ΕΕ
*
§ßD

*ý
ηΕ
ßω
dlm
!ΞÞΕ
ÜΕÝ
rcfu

Tab.3.41 Oalculated and observed dvaluesforthe'"C
SUbstitUted benzenes.

-Η
-CΗ.
-CrHu
-cH(cH3)2
-c(cHJ3
-CH:CHz
-c=cH
-C"H.
-CF"
-οΗ2òι
-CHrBr
-c.H2oR
-òΗ2-ΝR2
-CΗ:ο

22.1 -3.4 - 0.4 - 3.1
7-6 -1.8 -].8 -3.5

15,7 ,0.6 - 0,1 - 2.8
20.1 - 2,0 0,α -2.5

0.0 0,0
0.0 - 3,1

0.0 0,2 -0.2

p-xylene

ιιrc{\cιι,\:,/'
2

0.0 0.0
9.3 0.6

9,1
g.2

6,1 3,θ 0.4 -0,2,ι3.0 - 1.-ι 0.5 - 1.0
2.6 -2.6 -0.3 -3.2

0.,] 0.4 - 0,3
13.0 - 1 .5 0.0 - -ι.0
,ι5.0 - 1.5 -ο,2 -2.0
7.5 0.7 * 0.5 5.4

_ _ 99_ _91ι _ _ _ _ _ _ 
j_3_ 

_ _ _ _ 9 3_ _ _ _ _ ι ? _ _ _ _ !_? _ _

lιiηesitylene

HrC

g_}òΗι
/2

H:C

-òοοΗ
-òοοR*co-NR2
-cocι
-c:N

2-4
2.α,

5.5
4,6

- ]6,0

ι.ο
1,0
0.5
2.9
3,5

- 0,1
0.0

- 1,0
0.6
0.7

p-CresoI

4.Β
4.5
5.0
7.0
4.3

Hexamethylbenze,ne

H:C

ο-1
C-2
ò-3
c-4

1φ'3 152.6
1,ι5.9 115.3
130.7 130.2
130.2 130.5-οΗ*ocH3

-οò6Η5
-o-co-R

26.9
31,3
29.,ι
23.0

- 12.6

- 15.0

- 9.5

- 6.0

,ι.6 
- 7.6

0.9 - 8.1
0.3 - 5.3
1.0 2-0

-ΝΗ.
-ΝΒ,
-NH-co-cH3
-N:N-CoHs
-Ν:C:ο
-Νο,

1.3 9.5
0,7 12.0
0.2 - 5.6
0.3 2,2
1.2 -2.8
0.8 6.0

3,5-Di methoxybenzalde-
hyde

H:CO

»-.ιζι \F-cH=o
\--l,/ιι

H:CO " '

19.2
21.0
11,1
24.ο

5-7
,ι9.6

- 12-4

- 16.0

- 9.9

- 5.8

- 3.6

- 5,3

ò-1
c_2
ò-3
ò-4

137.8
106.1
160.2
103.9

,ι38.4
,ι 
07.0

161.2
107.0

-SH
-ScH3
-§ò6Η5
-So3H

ο.7

- 1.6
0,5

-2.2

-3,1
- 3.5
_ 1.6

3.8

112.5
166.9
1α0.3
153.4
,ι26.0

125.2

113.8
159.9
97.2

,ι 54.5
131.9
127.7

2.2
,ι0.1

6.8
º 5.0

0.4
0.2
2.2
1,3

0.9
,ι.0

2.2
Ζ-ο

-4.4
-2.σ
- 1"0

- 0.4

C-1
ò_2
ò-3
ò-4
ò-5
c_6

1 -Chloro-2,4-dimethoxy-
5-nitrobenzene

-F
-cι
-Br
-ι

35,1 - 14.3
6.4 0,?

_ 5.4 3.3
32,3 9.9



4.8 Special Methods

Μαηγ οf the methods already described forlH NMR are also
applicabie to ']C NMR, These include the variation of the
magnetic field strength and the solvent (see ρ. 124 and 126)
and the measurement of temperature dependent spectra (see
Sec.2.2 and 2.3). Ιη the follorving sections spin decoupling, the
spin echo, spectral integration, the use ofshift reagents, specif-
ic isotopic labelling, ΝΟΕ experiments, polarisation transfer,
double quantum transitions, tlyo-dimensional 13C NMR spec-
troscopy, solid state spectloscopy (magic angle spinning), and
the use of 13C databases rvill be described.

Spin Decoupling: Heteronuclear Double Resonance

Ιη 1Η NMR coupled spectla are ηοτmαllγ observed. Decou-
pling is οηlγ employed as α special experiment to aid signal as-
signment ßη difficult structural ploblems (see ρ. 131 ff.). Rou-
tßηε r3C NMR spectra are ßη contrast proton broadband decou-
pled (see Sec. 4.1, ρ. 142). This method of measuτement is fre-
quently referred to as i3C-l]H} NMR (proton noise decou-
pling),

Because of the low ηατυτα1 abundanoe of 13C of 1,1οlο 13C,l3C

couplings are normally not observed. Couplings to rH, D, Ι9η

"Ρ, eto. however are observed. The proton broadband decou-
pling causes αlΙ couplings to protons to be removed, so that αlΙ
the multiplets caused byl3C,lH coupling collapse to singlets.
This simplifies the 13C spectra enormously. There is aiso α con-
siderable gain ßη signal intensity, caused bythe removal of the
splittings and additionally by the nuclear Oyerhauser effect
(see Sec,4.ß, ρ. 142 ff.).

Το achieve proton broadband decoupling α high intensity of
radiation must be applied to the sample to cover the whole of
the proton fτequency range. This is ßη fact α case ofheteronu-
clear multiple resonance. Ιf the decoupling power is too Ιοτγ,
οηΙγ the quatelnary C atoms give shaφ, intense signals, α11

other C atoms give relatively broad signals. This phenomenon
can be used systematically to identify the quatemary C atoms
(Iow power noise decoupling).

Α serious disadvantage ofproton broadband decoupling is the
total loss of inΓormation about the multiplicity of the signals
derived from direct '3C,lH couplings, ß.ε. the diffeτentiation
between primary (CHr), secondary (CHr), tertiary (CH), and
quatemary (C) carbon atoms. This disadvantage can be oyer-
come by proton off-resonance decoupling, the J-modulated
spin-echo experiment described οη ρ. 168, orthe DEPT exper-
iment described οη ρ. 174. For off-resonance decoupling α
decoupling frequency outside the shift range ofthe protons is
ohosen and ηο noise modulation is appiied. This leads to α
reduotion ofthe coupling constants, so that ßη genera1 οηΙγ the
dilect r,/R(C,H) couplings are visible. The magnitude of the
reduced coupling constants '-lR increases with the magnitude
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οΓ'Ι with the difference betiπeen the relevant 1Η resonance
frequency and the irradiation fτequency, and with decιeasing
irradiation poweτ; typical values of r,IR are òα. 30-50 ΗΖ. Ιt is
useful to vary the conditions as appτopriate to produce the
minimai overlap of the quartet, triplet, doublet, and singlet
signals οf the CH3'k, CHrx, CH groups, and quaternary C atoms,

Since the nuclear Overhauser effect is still effectiye ßη the case
oΓoff-resonance decoupling, the measurement time required
is less than for α Γυllγ coupled 13C NMR spectnrm (but still
longer than for α normal, broadband decoupled spectrum).

Ιη Fig,3.68 the pτoton broadband decoupled, off-resonance,
and coupled spectra ofethylbenzene (Ι95) are shown for com-
paIiSon.

Ιη the off-resonanoe spectrum the methyl signal α is split into
α quartet, the methylene signal b into α triplet, and the signals
ofthe protonated benzene C atoms c, d, and e into doubiets.
The quaternary C atom remains as α singlet. Α11 the coupling
constants are reduced, (Since the decoupler frequency rvas
placed οη the lowfield side, the reduction of the coupling òοη-
stants is stronger οη the low-field side oΓthe spectrum than οη
the high-field side.)

Ιη the coupled spectÞrm 3.68ò the multiplets overlap. As α
result, the aromatic part is very oonfusing. Figs, 3.68d and e
show expansions of the aliphatic and aromatic parts οΓ the
spectrum respectively. More splittings than those due to
Y(C,H) couplings ale apparent. The exact interpretation οΓ
coupled 13C spectra is oΓten made difθcult by tlvo Γactors:
fiτstly by the already mentioned overlap of multiplets (α ρατtßò-
υlατ problem ßη the case illustrated for the signals d and e) and
secondly by the αρρεαιαηòε ofcoupling patterns which do not
obey the rules for Ιiròt order spectra. This is cieaιest for C atom
ò. The 1eft and right hand parts ofthis doublet are difIerent.
The asymmetry of such spin multiplets is α τesult oΓthe mixing
οf nuclear spin states of simiiar energies. This phenomenon
òαη ενεη occur when the rH NMR spectrum of the l2C isotopo-
mer is first oιder,

* This assumes the equivalence of geminal proιons. Αη

H{-C-HB group has the spectrum οf the
ι

Χ ρατι οΓ αη ΑΒΧ sysiem, which is not always α 1 : 2 Ι ιτßρΙεt.
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A heteronuclear double resonance experiment can naturally 
also be carried out in such a way that the frequency of a single 
proton signal is irradiated. In the 13C spectrum only the 13C, 1H 
couplings arising from this proton signal are removed. For the 
remaining 13C signals the conditions are those of off-reso
nance decoupling, i.e. multiplets with reduced coupling con
stants are observed. This selective decoupling (single frequency 

decoupling, SFD) relies on the proton signals being reason
ably well separated. (If necessary this may be achieved by 
employing a higher magnetic field strength or by the use of 
lanthanide shift reagents.) 

As an aid to understanding the various possibilities a schemat
ic representation of the different decoupling methods is given 
in Fig. 3.69. 

A further example of the practical application of selective hete
ronuclear double resonance is shown in Fig. 3.70 for the hete
rocyclic compound 196.

(H3Cl3C 10 
I (CH ) 

H 
3 3 

H3 
Ha 

C HA OCH3 

196 

The 1H NMR spectrum is shown in Fig. 3 .70a. Whereas clearly 
separated signals are observed for the t-butyl groups, the 
methoxy groups, and the protons HA and Ha of the oxepine 
ring, the signals of the benzene protons He are coincidentally 
isochronous. 

In the proton broadband decoupled 13C spectrum (Fig. 3.70 b) 
18 singlets are observed, as expected for the 18 types of chemi
cally non-equivalent carbon atoms in the molecule (a-r). The 
interesting question is which 13C signals correlate with the 
signals of HA, Ha, and He. This was determined by successively 
irradiating at the frequency v of the protons; the 13C spectra 
obtained from these heteronuclear double resonance experi
ments are shown in Figs. 3.70 c, d, and e. On irradiating at the 
frequency of HA (Fig. 3.70c) Ci appears as a singlet and Cg, Ci , 
and Ck as doublets. This allows the first unambiguous as
signment: HA is bonded to Ci. From the magnitudes of the 
reduced couplings for Ck, Ci, and Cg it can additionally be con
cluded, that Ha belongs with Cg. The final proof is provided by 
irradiating at Va (Fig. 3.70d). For the protons He the C atoms Ci 
and Ck are the only remaining possibilities. As a control ex
periment an irradiation was carried out at Ye (Fig. 3.70e). As 
expected, both the doublets of Ci and Ck coUapse to singlets. 
The quaternary C-atoms can be assigned with the aid of incre
ment systems and from comparisons with related systems. 
Overall this gives the following assignments: 
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Decoupling technique 

(irradiation in the 'H 
spectral region) 

0 Single resonance 

"C spectra 

11 
C CH CH2 

coupled ,
3
C spectrum* 

@ Proton broadband decoupling

� 

0 Selective decoupling

@ Off-resonance decoupling

or 
-'NI,-

I I 
C CH CHz 

"C-{'H} spectrum 

II 
C CH 

selectively decoupled 
"C spectrum** 

11 ii, 
C CH CH2 

111 
C CH CHz 

"C-{'H} off-resonance 

spectrum 

JI, 
CH3 

, I I I 

CH3 

Fig. 3.69 Schematic diagram showing the various decoupling 
techniques in the measurement of "C NMR spectra 

* Only direct "C, 'H couplings are represented in the diagrams 
Similar decoupling at the frequency v(CH) collapses the 
doublet, at v(CH

3
) the quartet 
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integl

ò-1
ν-1
ν-ý
ο-4
ο-5
Ο_6
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1_òΗ3
7_GΗ.

49,7
6Β.2
42.4
46.0
26.9
ý¼.Ζ
47.3
13.4
20.4/20.1

50.7
67.1
40.3
45.3
28.3
Ζü-ü
47.Β
13.3
2ο.5/18,4

The quatemary C atoms C-1 and C-7 and the methy,lene
groups ξC-3, ÞC-5, and H2C-6 have positiye signals ψhen
τ: 1/"Ι, the methine groups HC-2 and HC-4 and the methyl
gJaups αt C-l and C-7 ßη contrast negativò signals,

Fig. 3.71 shows the normal broadband deooupled l3C spec-
trum of 1Γ/ and the.Ι-modulated spin-echo spectrum.

C-2: r: δ: Ι66.7 \,- 
^ιC-3ι- j: δ: 106.0 OCH3 : ε,ß δ:54.8/55.6 ;ΙΥ*ß'

C-4l7: p,q: δ : 154.5/ υ/}__f"ι156"0

C-5: g: δ: 90.6
C*Sa: h: ü: 96.1
C-5b: 1: δ:128.0
C*6: ß: δ= 98.3
C-º Ι4ι p,q: δ - Ι54"5/

C(CH3)3 = a,b: δ : 2'1.5 Ι29.6: c,d: ü :34.1Ι36.9

C-8: κ;
C-9: ιη:
C-9aι η:
C-l0a: ο:

156-0

δ:108.9
ü : 135.6
δ :142.4
δ :152.9

J-moilulaýed Spiι-ecλo

The "I-modulated spin-eotιo experiment is αη altemative to off-
resonance decoupling (see ρ. 163) forihe differentiation ofthe
13C slgnals of Cη-, Cη-, CH-groups and quatemarycafbons,
This method hω particular advantages for compounds which
have closely sp.aced l3C §ignals, lvhere the off-resonance tectr-
nique can lead to α confusing overlap of thò partially decou.
pled multiplets. The method is based οη the spin-echo pulse
sequence: Α9Ρ excitation pulse is followed aftgr α timg 66γη
Ι8Ρ pulse, ιvhich inverts the trari§vers€ magnetisation. Aft,er α
further time interval τthε FID is observed. The 'Η decoupla
ßε srvitctιed off during the second τ:-ρετßοd, which causes α
modulation of the signal intensitybythe 13C,ΙΗ coupling.The
decoupler is switclιed back οη immediately before the FID is
accumulated, so the observed spectrum is deooupled, but the
intensities oithe signals of the CHo-gτoups depend οη ζ or
more exactly οη expreεsions containing the functions oos
(ππ ýLIf τ:1/"τßs clιosen (r* 8 ms for'"(''C,'H): 125 ΗΖ),
then posiÜve signals are obtained for C- and Cξ-groups (cos
0 and cos 2π) 0) and negative signals for CH- and Cξ-grouβs
(oos π and cos 3π ζ 0). (Αη analogous experiment rvith
τ=ΙΙΤlιεýstο aspectrum onlyshσvring ihe signals ofquater-
nary carbons).

As αη example the ¸C spectra of the bßòγòΙßò eompounds ΙΓ/
αιd 19Ε vrill be discu§sed.

eχo-2-Chloro-'l ,Ζ7-
trirnethylbioyclo[2.2.1 ]-
heptane
(isobornyI chloride, ß 97)

endo-2-ChIoro-,l,Z7-
trimethylbicyclo[2.2.1 ] -
heptane
(bornyl chloride, 1θ8)
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This is because the signal intensities depend οη the relaxation
times of the various 13C nuolei and ßη decoupled sρθαtια οη the
different nucleaι Oyeιhauser effects,

Fig. 3 J2 shows the marked influence otthe measuremΘnt òOηýß-
tions. ΑΙ1 four spectra rvere measured οη the same solution of4-ethyl-S-methyl-1,2,3-thiadiazoιe 

ιιSSß u;;gl'i#...nt υυΙυ..ofthe pulse length (PW). The other i"il;i;;;i;;nditions
remained unchanged (800 scans, sK;;..j. i;;;e seen thatthe relative intensity of ιhe quaternary C atoms increases asthe pulse length decreas"r. δecreasing þ. ο"'*'ßßr*rη 

"κ"wolsens the signal/noise ratio .οηrßαΞrαυßγΙ- 
"-

One possibility of obtaining spectra which yield useful integra-tions κ the addition ofpaιamagnetic relaxation τeagents. Chro-mιum and iron acetylaceionate have been rüunaΤi" purti.u-larly useful (ca. 0.05 mοΙαι solution). Non-degassed samplesooltain dissolved oxygen, whioh also increases relaxationrates, ραιtßòυßατlγ for the mosτ sioιvly .εl;ß;;-""C;.r"ι.
The magnetic moment of the unpaired electrons makes α newrelaxation plocess effective, ,σßl.ι, a".rr"#'Jver othermechanisms. The different relaxation ri-.. ßτßιrß aifferentnuclei αΙ1 become the same,ana tne nucιearüu.rhuir...tr".t
also becomes ineffectiye. τι,"_..ιυ"υtßürß'J#"ßλr* r"'react with tl: sample ο.:::η ro- ιv.ut .oþeºes witt, it;othervrise the signals would be shift.d ;;;#;λagηeticshift reagents are used. Fic a.7j;h;;;þÝ,"Ýi'.11.o ,ο".-ττm of 4-ethyl-5-methv1-1.2,:-ιi,iuÜiuzoi'iιüSiiih 

raa.aCr(acac),.

PW

(μs)
Relatjve peak heights h and integrals /O6:b:c:d
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5''ηºΙ".;:.ffi :Ηß ?; J'"bornyι 
ch ιoride ( 197) j η ο Do ι3

b J-modulated spin-echo Spectrum (r: l/J: Β ms)

Spectrum Integτation

*^.:,ºΙ*:'.a 
lΗ spectra '':,ryYR spectra are ηοτ normaιlyιηιεgταιεd (see Sec. 1.5. ρ.84 Γ.).

The second method of obtaining useful integrations fiom Ι3Cspectra is ihe inverse εαιεd decoiplina;;ffi ;ΝºλαΙ gat"ddecoupling is α methδd fι
d".o þþ; ;;ffi;;#:fi ß}Ηιß :¹ι,¸ : ;ffi::; ¹:end of accumulation of o3e. FID 

""α 'τrÝ ".-' ßßßr" ιρυΙr.delay or relaxation delay]. Thi. þ*, ßιr. 
"υÝßJυJüß.ηυ"...

44
4Β
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Fig.3.72 1Η broadband decoupled 13Ο

spectrum οß 4-ethy1-5-methy1-1,2,3thia-
diazole (,tθθ) ßη CDC|3 under identioal
meaÝurement conditions apart from the
pulse length; PW: 12 ρ s (α), 3.5 pJ b),1.0
μs(c),0.5pS(d)ι6ι.0 ι41,5

δq

effβct to enhance the intensity ofsignals of l3C nuclei vyith
a.ttaclred protqns without decoupling the signals. FυΙlγ òου-
pled '3C spectra πe therefore best measured using this
method of gεtειt proton docoupling.) For inverse gated decoup-
ling the decoupler is srvitched οη during the accumulation of
the FID (so that, α decoupled spectrum is obtained) but svit.
otιed off during the pulse delay. The latter needs to be long
enough to allow complete relaxation ofthe nuolei and decay

,9,,ι 123 8.2

of the nuclear Overhauser effect, rvhictι means thai it musi be
Ι onger tban the longesi Ι ]C Τ, ß η the sample (occasional Ιγ Γ, Ξ
1 0 0 s !). Spin lattioe relaxation and ΝΟΕ then haye ηο effu ot οη
the populations ofihe nuclear energy leyelsand therefore ηο
effect οη the gignal intensities. The disadvantage of this
method compared to the use ofτelaxation reagents is the long
measurθment timps caused bythe long pulso delays_needed ßο
ensure full relaxation.

5.ι
s.2

ι
Η
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F^is.3.73 
,,3C ΝΜR spectrum (pro-ιοη, broadband decoupled) of4-eιnyl-b-methy1-1,2,3-ihiadiazole

|ι|"s111 
cοcΙ: containing Or(acac],

ννιtη ιntegratιon cUrve

ι

ι

ι

ι

16ι.0 ι44 5
ι9.ι 128 82

üò

Use ofLanthanide Shift Reagents

Αη introduction tο the use^of lanthanide shifts reagents ßη ΙΗNMR was given οη ρ. i2SJf. Esseηt';''; il;".;onsidera-iions αρρΙγ το their use ßη l]c ,r;.;;;;;;. ºι," ,ßλ .ο,r, 
^

made υρ of α pseudo-conÞact and α contact term, For chelatecomplex- es of the lanthanides th. Θelmiß;;;ÝJι ω.- ß,generaily small, and the McConnel-R;i";;-"quation
appΙies approximately (see ρ. 128). Ιt therefü;;fb;;;. τhατ tH

and 13C nuclei ßη comparable positions (relative to the lantha-nide central atom) should h."" ,ßr. ,Ιλ.lft;. ºh.literaturevalues for isoborneol (200) ιrυυ. υ.*^.ι,**'υr'υη 
""υ.ηρΙ"The upper shift value refers to E;þ;';#;lIe value toEu(dpm),, and the lorryer ναΙυε^tο^ρ.ιßÝ'αΓτιr. ßΙυ. figur..give the lanthanide-induced shifts for iC,iΙr. ßΙλt tigures theιΗ va]ues. (Eu(fod). .rd Ε"þþ, ,r,rßß"ßßß¹ºd, Pr(fod)3to high field,)

Specific Isotopic Labelling

If one ormore Η atoms ßη a_compound are substituted bydeu-terium, the i]C spectrum changis t";;;;;;;eristic fa-shion,

Whereas CH, CÞ, and CH, groups οηιγ show singιets ßη the
,r,r 

Urglaula decoupled 'α"r;;;;,;ßßß,ß'"r"'ο'.' 
^ "ο-served forCD-,CHD-.and CH,O-eI";i" r,Z,r',! : 1 quin-tet for CDr- and CHD,-aroups, and α t ::': σ : 7 :6-:3' :Ι septetΓor CD,-group, ιree ρ, }Ζι.

*,,ºa,Ο ,couplings are smaΙler than the corresponding"C,'H couplings by α factor γrΙ γο - 6.5, λ ξ,δ'"Ιß.υ"*. .ο"-plings are therefore usually not ouservea. ýe π).ß'Jr.ιrung.isτlso noticeable by α smail isotope effect οη the i3C shifi: for''C-D α high-tield, shift of òα. ο2 ßο or ρρ* ß, ous'ervoa, τor''C-C-D ιhe isoιope shiΓi is even l.r, ßο,ßl' ,"ßΙßß οοrn,.

- sι H3C
- ι1

86
,CH:

]9,5

] 9.2
3ι1

_ 4.8

- 5,1

9.2

Η

-9.3
-9,3
ι6,8

200



More important is the fact that ihe nuclear Overhauser effect
of fully deuteriated l3C nuclei (i.e. with ηο C-H bond) is re-
duced and the relaxation time is increased. These two factors
combine to òαιτsε α considerable loss of signal intensity. Tb-
gether with the splitting caused by l3C,D coupling described
above this often leads to the signals offully deuteriated 13C

nuclei disappearing partially or wholly into the noise. The
signals of undeuteriated 13C nuclei are scarcely aflected; at
most they are split or broadened by the small l3C,D ooupling
over two or three bonds.

H/D exchange is therefore averyvaluable methodformaking
unambiguous signal assignments. This goal òαη be appτoached
even more directlywith 13Clabelling.The incoφoration of 13C

Θ

ι83.7

δò

Θ

δαο

enriched oarbon into specific positions ßη α molecule leads ω
intense l3C signals. With α small number of accumulatioηr
these may often be the οηΙγ signals observe6. Ι:Q fufoglling αΙω
affords α oonvenient method of measuring 13C,l3C coψlΕrg
con§tant§,

Ιη Fig.3J4 this is demonstrated using cyclopentanecarboxylic
aoid (201) as αη example. Fig. 3J4a shorrys the "C NMR spea-
trum of the normal, unlabelled material. Iη Fig, 3.74b, rvheτe C
atom α has been enriched with 13C to α level of 500/ο, the sipnal
ofthis carboxy C atom has gτeatly increased ßη intensity. The
tertiary C atom b sholvs three peaks ßη the speotrum, The ceo-
tral line is the same as ßη Fig. 3J4a, being due to α l3C nucleιrs
at b ιγßth οηΙγ 12C neighbours. The two remaining lines are ι
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Fig.3.74 ]3C spectra of cyclopentane-
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Κ.-Ρ., Meier, Η. αθ77), Tetrahedron 33,
453)
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b vuith 50Ψο enrichment of the carboxy C

atom αδò



Molecules (20Ι)

'3C signals
natural abundance
enrichment
Molecules (20Ι)
r3C signals
natural abundanoe
enrichment

α: "C; b "C

9,7:7960κ

49.45 0/ο

α: '2C; b: r]C

1.096 Ψο

0.55 0/ο

α: 1]C; b: ''C
S;-
1.096 Ψο

49,450/ο

α: 13C; b: ''C
d;d
0.012 Ψο

0.55 0/ο

doublet, caused by l3C nuclei at b lvith neighbouring "C ηυ-
clei at α. From the separation ofthe lines ofthis doublets the
coupling constant '"/(Cn,C^) : 56.8 ΗΖ can be obτained.
(Because of the natural abundance of r3C of ß.10/ο at nucleus b
and the enrichment of nucleus b to α leve1 of 50 0/ο every other
13C nucleus at b has α 13C neighbour at α, but οηΙγ every ninety
ninth nucleus α has α l3C neighbour b).
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ΝοΕ Measurements

Ιη order to measule the '3C,'H nuclear Overhauser effect
(ΝΟΕ) the signal intensities of 1Η decoupled and ΙΗ coupled
spectra ιvould normaliy need to be measured. The intensity
determination is particularly inaccurate Γor coupled spectIa.
Therefore it is preferable ßη practice to compaτe the intensities
of two deooupled spectra, one with, one without nuolear Over-
hauser effect. Τßι produce the decoupled spectrum without
Overhauser effect gated decoupling is used, with the decou-
pler οηΙγ svvitched οη during the pulse and the measulement
οf the FID. Ιη the (long) pulse delay Γollowing accumulation
ofthe FID the decoupleτis srviτched off.ThiS method relies οη
the fact that the nuclear Overhauser effect builds υρ relatively
slowly, whereas the decoupling occuIs almost spontaneously.
If the 13C relaxation οηlγ takes place through the dipole-
dipole mechanism (i.e. as α result of the effect of the protons),
the nuclear Overhauser effect is given by

Much smallervalues than this maximum are observed if other
relaxation mechanisms are important.

Χ=Υ=Η

The converse procedure,l3C depletion belorv the natural abun-
dance of 1.1 0/ο, is also of interest. The incoφoration οf '3C
depleted carbon leads to α disappearance οf the relevant
signals ßη the l]C spectrum (For the use οf 12C enriched sol-
vents see also ρ. 143).

Since α rvide variety of D-, 13C-, and l2C -labelled compounds
are commercially available, the synthesis οf suitable labelled
compounds is becoming αη increasingly popular method fοτ
the unambiguous assignment οf l3C spectIa. Such labelling
techniques are of especial importance for fo11owing reaction
pathways οf organic and biochemical processes by NMR.

The isotopic perturbation method already described οη ρ. t27 f.
forlH NMR spectrosoopy òαη naturally also be applied to 13C

NMR. The central problem of non-classical ions, the norbor-
ηγ1 cation (202) will be discussed as αη example, There ale two
alternatives

α) the double energy minimum model, with two "classical"
ions ßη equilibrium

b) the single energy minimum model of α symmetrioal,
non-classical ßοη.

Afterthe incorporation of deuteτium (X:D,Y:Hi Χ:Η,Υ
: D) οηΙγ α very small splitting οf the 13C signals of C-l and
C-2 is observed.

This is οηΙγ compatible with the static model b. ΙΓthere τι/ειε α

"peτturbed equilibrium" οΓα Γast Wagner-Meerιvein τearrange-
ment (Model α) the difference between the chemical shifts
would be αη order of magnitude larger.

Here borderline cases are naturally also feasible, involving α

fast equilibrium between two species which οηΙγ deviate very
slightly from the symmetrical iorm.

4.:1Ε: 1,988,

*, -Φ*ß-," ",,,,,".-'Ιß
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The importance of ΝΟΕ measurements ßη structure determi-
nation has already been indioated (see ρ. l34 ff.).An explicit
example οΓ the use οΓ α heteronucleaτ ΝΟΕ experiment is
dimethylformamide (45) (Fig.3,24, ρ. 94). At 25'C the follow-
ing ΝΟΕ factors are observed.

CΟ OH3(b) CH"(a)

η 1.4 1.8 1,4

cH3 (b)

cH3 {α)

45

(α) is the CH,-group dτι rß to the formyl hydrogen. Ιts signal 1ies
at higher field and has α lower intensity than that of (b) ßη the
broadband decoupled spectrum.With increasing temperature
the exchange late ofthe two methyl groups incτeases, and the
difference betιyeen the two ΝοΕ factors decreases.

Polarisation Transfer

From Tab,3,1 (see ρ.º2) It can be seen that the natural abun-
dance and the sensitivity of certain NMR measurable nuclei
like 13C and Ι5Ν are very Ιοιν, One reason for the low sensitivity
is the 1οιν population difference betrveen the tryo spin states
(see Sec. 1.1, p.71).Yarious methods are ayailable (SPI: selec-
tive population inversion, ΙΝΕΡΓ, DEPT pulse sequences)
which allow the transfer of the larger ρορυΙαtßοη difference for
protons to α less sensitive nucleus (13C, Ι5Ν, etc.) present ßη the
same molecuie. This polarisation transfer oauses the transi-
tions (absoφtion and emission!) to become stronger. The
effect exceeds that due to the nuclear Oyerhauser effect.

One use ofpolarisation transfer is therefore to increase the
signal intensity oflH deooupled or ΙΗ coupled l3C speotra. Α
second application οfΙΝΕΡΤ (insensitive nuclei enhanced by
polarisation transfer) or DEPT (distortionless enhancement by
polarisation transfer) is the measurement of spectra ßη which
peaks òαη be seleoted by their multiplicity (spectral editing).
For example α ΙΗ decoupled or ΙΗ coupled t]C spectrum of
cholesteryl acetate (203) can be obtained ßη which οηΙγ the
CH-groups are present (Fig. 3J5), or alternatively οηΙγ the
CHr- οτ CHr-groups. 203 has α total οΓ 29 ohemically ηοη-
equivalent C atoms.The congestion of signals ßη the region be-
tryeen d: 20 and d: 40 is particularly high. Ιη the normal
decoupled οτ off-resonance decoupled spectra the signals aιe
hopelessly overlapped.
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Fig.3.75 13C spectra of cholesteryl acetate (203) ßη CDCI3

α Normal broadband decoupled Spectιum of the saturated
carbon atoms

b Sub-spectrum of the methine groups (CΗ) coupIed and
decoupled (DEPT technique)

Multidimensional '3C NMR Spectra

As α complement tο the section οη ρ. 136 the applications of
two-dimensional spectra to 13C NMR ινßΙ be briefly described.



J-resolyed 2D '3C spectra give α separation ofthe palameters
d(l3C) and "τ(Ι3C,lΗ). Chemical shifτs and '"r(C,H) coupling
constants (multiplicities) òαη be instantly read offfrom the,ξ
and Þ axes respectively. Signal overlap] oommon ßη coupled
r3C spectra, rvhich often causes difficulties with interpretation,
is thereby avoided.

Using several examples more detail will be given about l3C,'H
shift correlation (H,C COSY, HETCOR).

Ιη Fig,3.76α the normal broadband decoupled 13C spectrum of
a-ietralone (204) is shoryn. The signals of the quatemary C
αιοm§ αιε \mmeÜrate\y leoognisab\e by theu \οw intensφ.
There remain the signals of the CH2 groups HrC-2,3,4 and the
CH groups HC-S.6J,S.

The oontour plots reproduced ßη Fig, 3J6 b and ò allow αηunambiguous assignment of the coirespondence οf the 13C
and 1Η signals. Thus it can be directly jeduced that the lrC
nucleus with ü: 126.7 bears α proton that absorbs αt d: 8.00,orthat the carbon ofthe methylene group rvhich absoτbs at d:2.85 ßη the tΗ spectrum has d:29J 

"t.. 
ρ'lηυßßγ,ßΗ" individ-

υαΙ proton signals are shown ßη Fig. 3J6 α. meiüuutet, trip-
1et, or quintet structure, ιesulting fτοm vicinal 'ΙΙ,'υ'.οß_plings, is clearly visible without overlap. If the assignments οfthe ΙΗ spectrum are Κηοινη, the shift coιrelation afΙbrds thel3C assignments, and vice versa. Ιf neithe. u..ignλ*t is com-pletely κηο!γη, then the shift correlation, tog"ether with thesplitting pattems and perhaps increment taþ"r, ß; αη espe-
òßαΙlγ valuable aid to the complete assignmenτ οßδ. 'rc αλαrH signals of α compound,
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able, which depend οη the existence oΓsmaller CH couplings
(2.Ι. η and 3-r.,n1. 4;-Dimeτhoxy-2,3-dimeτhylindole (205) will
be discussed as αη example.

Fig. 3J7 α shorvs the "normal" HETCOR spectrum (contour
plot) with the correlations betrveen direotly bonded C and Η
atoms. This relies οη the r./c.H couplings. The assignment of
the six quatemary C atoms of 205 is possible by α long-range
HETCORmeasurement. The plot ßη Fig.3J7 b shorys the òοτ-
relations arising from 3J.." and 2.Ι..η couplings.

ι--->)

(-+)

5-Η-Ο_4
6-Η-ò_5
6-Η-Ο-7

3-CΗ3-ò_3
2_CH3-C-2

5-H-C-3 α

5-H-c-7
6-Η-ò-4
6-H-C-7 α

3-CΗ.-C-3 α
3-òΗ3--ò_2
2-CΗ3-C-3

4-οCΗ3-C-4
7_ΟCΗ3-C-7

Νο correlation is visible for 5-Η to C-6 (2"rc,H). The assignment
of the individual quaternary C atoms is'ii.t aooe starting
from α reliable reference point. C-7a ro. .*υ.ρl.'.αη οηΙγ
show α single correlaιion,'J, ßο ü-Η.

Ιη αη analogy tο the H-relayed (Η,Η) COSY experiment the
magnetisation òαη be carried over from one ρλtοη, νßα αη-
othel proton, tο α r3C nucleus. Ιη Fig. 3,7S is shiwn iart of αηΗτεlαγεd (H,C) CO§Yspectrum οßrυ..οr. (1α4).Ißγ compa-
rison with α normal '3C,ΙΗ shift correlated 2οßýΚ rρ..t--
the òοηtουτ plot contains additional peatr, ariri.rg λοm the
relayed technique employed, whioh cürrespina to"'iC nuclel
and protons οη neighbouring carbon atoms (2,Ι.η):

Þ ('3C) ι) (1Η)

CHl

OCH3 μ
205

Fig.3.76 2D NNzlR spectros-
copy οf a-teiralone 1204ι; (ßη
CDCι"
α r3ispectrum, bιoadband

decoupied (1 D spectrum)

ι.- ι

ò-4
C-4a
υ-5
ι.-b

c_8
C-8α

197,7
38-Β
22,9
,oe

144,1
128,4
133.0
126,2
126,7
132,2

2,55
2,Ο4
2.85

7.24
7.45
7.3Ο
8.0Ο

Tb extend the technique to quaternary C atoms variants of theexperiment (long-range HETCOR, bιι-COiOij λτε αναßΙ-
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Fig.3.77 rH 13Ο Heteronuclearshift oor-
relation of 4,7-dimethoxy-2,3-dimethyIin-
dole (205) ßη DlVSO-d6
α HETOOR
b Long-ιange ΗΕΤΟΟR
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I Fig. 3.78 Expansion of an H-relayed H, 
C-COSY spectrum of sucrose (144) (The 
arrows indicate correlation peaks which 
correspond to 2Jc, H- couplings, and
there fore do not appear in the normal 
13C, 1 H shift correlated 2D NMR spec
trum) 

For very complex structures a variety of three-dimensional 
techniques have been developed. For example it is of interest 
to combine the connectivity through bonds (2D) and the con
nectivity through space (2D) in a 3D measurement. A further 
application is the correlation of three different nuclear types. 
Fig. 3.79 shows a three-dimensional 1H-13C-15N correlation 

spectrum of 13C and 1sN labelled ribonuclease Tl, measured at
750 MHz. Each crosspeak indicatess the 1H and 1sN shift (cf.
Sec. 6.3) of an N-H group in this higher protein. In the third 
dimension the connectivity to the a-C atom of the next amino 
acid is indicated. The method allows a signal assignment re
lated to the amino acid sequence. 
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about 0.010/ο of the molecules contain tιyo anisochronous ''C
nuclei and therefore fulfil the condition fοτ the appearance ofl3C,l3C coupling ßη the spectrum.The main signaiarisingfrom
molecules ιyith one 13C nucleus is accompanied by Ιοιν inten-
sity satellites, ryhich are however difficult to meazure. This is
particularly so when the coupling constants are small and the
satellites lie under the wings οf the main signal, The INADE-
QUATE technique (incredible natural abunilance ιΙουbΙε quan-
tum transfer experiment) suppresses the main signal. Α special
pulse sequence exoites the ιΙουbΙε quantum transitions. Α prac-
tical example, piperidine (190), is shown ßη Fig. 3.80. Fουτ cou-
plings are observed, arising from the isotopomers (t90a-d)
ιyhich are present ßη low concentration ßη ηüτmαl piperidine.

sΛr:
u(;J» z !rr= 35:ΗΖ

Η

1θ0 α

a]
\ ιυ/

Η

i90b

Αtt'Ν-
Η

190 c

Þ\*Ι
Η

190 d

Each ΑΧ (ΑΒ) spectrum is made υρ of four lines. Ιη Fig. 3,80
the two components of each doublet appear ßη antiphase. The
experimental conditions can be adjusted so that they appearas
ßη phase doublets.

%, = 33,0 ΗΖ

2JΖι= 2,6Η,

}r.υ =,ι,7εΖ

Fig.3.79 75Ο Ιι/ΗΖ3D H-l3C-'5N-NH(Oo)CAcorrelatιon Spec-
trum of α 2 mM solution of 13C and r5N enrjihed riboλuctease Τ1ßη H2OID2O (Bιuker, Analytische lVesstechnik)

Double Quantum Coherence for ihe Measurement of I3C,I3C
Couplings

As outlined ßη Sec. 4.5 (see ρ. 154), Ι3C,l3C couplings giveyaluable information about the C-C bonds preseni ßη α mole-
cule, Because of the ßοτη, natural abundance üf l3C 

11.1Οlο;, οηΙγ

Fig.3.80 Sections of the 13C 
Ν Μ R spectru m of piperid ine (190):

lNADEQUATE εχρειßmεηt foι the dειειmßηαιßο; ;ßτh; laü' ];δ
coupling (Βαχ. Α., Freeman, R,, KempselJ, S, Τ, (]9ΒΟ), J, λm, Chem
Soc. 102, 4Β50)
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