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CARBON-13 NMR SPECTROSCOPY

maldT field the precession fre
veing 80 MHz and 2C being nonm
gifficult to observe BC NMR. T

quency of 1C is 20 MHg, that for 'H
agnetic. In principle, therefore, it is not

1 he magnetic moment of 3C is about
ong-quarter that of "H, so that signals are inherently weaker, but the

overwhelming problem is that the natural abundance of BCis only 1.1 per
cent. The problem in simple molecules cap be overcome by synthesizing
BC-enriched samples, but this is of little value in complex molecules..

313 NATURAL ABUNDANCE *C NMR SPECTRA

In practice, routine ‘natural abundance
the pulsed FT method discussed in section 3.3.2, with the sensitivity
enhanced by summation of several spectra (commonly a few hundreds to

several thousands, depending on the solubility of the compound, the
amount available and the number of carbon atoms in the molecule).

An example is shown in figure 3.33 of the 13C spectrum of menthol, and
for comparison the 'H spectrum of menthol is also shown.

* C NMR spectra are recorded by

3.13.1 RESOLUTION

Each of the ten lines in the carbon-13 NMR spectrum in figure 3.33
represents one carbon atom of menthol, and two immediate differences
from the 'H spectrum are apparent; the *C spectrum is much simpler, and
much more highly resolved.

The chemical shift range in the 'H spectrum is only =~ 4 ppm (320 Hz in
this 80 MHz spectrum), while the range in the '*C spectrum is ~ 80 ppm
(1600 Hz in this 20 MHz spectrum). Expressed otherwise, the chemical
shift differences in the 13C spectrum are about 20 times those shown in the
'H Spectrum, and this is typical in all other molecules.

3132 MuLtipLiciTy

Both °C ang 'Hhave | = 3, so that we should expect to see coupling in the
iPectrum between (a) *C— 13C and (b) PC—'H. The probability of two
aloms being together in the same molecule is so low that ”C—. C
vouplings are not usually observed. Couplings from 13C.— 'H interaction
ave already been discussed (page 156) and these couplings shoulgi be ob-
Yerved in the 13 spectra. However, these couplings make the l‘lC spec-
tra CXtremely complex, and they have been eliminated ny dgcouplmg. The
Proton-coypjed (or non-decoupled) spectrum is shown in figure 3.33.
533 “'H DEcoupring—NoisE DECOUPLING—BROAD BAND DECOUPLING
. Climinate the complicating effects of the proton couplings in the °C
*Pectra, we must decouple the 'H nuclei by double irradiation at their
TeSonan¢ frequencies (80 MHz at 1.9 T, etc.). This is an example of
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o ar decoupling (sec page 155), but we do not wish merely to
jeteron specific protons; rather, we wish to double irradiate all protons
) '],"coﬂmcol”’ly while rccl:ording the '_JC spectrum. A decoupling signal is
Gy ‘h“ has all the 'H frequencies spread around 80 MHz, and is
ysed 1 radiofrequency noise; spectra derived thus are 'H-

nerefore a form_ of d 13 .
1{ oupl od, OF noise-decoupled. Most C spectra are recorded in this way;
dec .

CH, CH, he menthol spectrum in figure 3.33.
i SccThc aliernative name bro.ad band decoupled spectra simply takes
of the fact that a wide spread of decoupling radiofrequency can

I mg_nilﬂncc i 2 . A
1H spectrum be po Juced by several clectronic techniques, other than by simple noise

- AV i
~ ulation. : C-{'H
ﬁ\\:é\__ nod at notation "*C-{'H] can be- used to identify proton-

The convenie !
gecoupled carbon-13 NMR spectra; in the same way 3'p.{'H} spectra are
phosphofus'31 NMR spectra with all proton coupling to phosphorus

13,
C spectra noved by broad band (or noise) decoupling, and “N-{'H} corresponds
ITRU TR TR for nitrogen-15, etc.

[\ At et
time domain (FID)

OH

w4 DEUTERIUM COUPLING
Deuteriated solvents (such as deuteriochloroform (CDCl;), deuterio-

wenzene  (CgDg), deuterioacetone  (CD;COCD;) or hexadeuterio-

pad|

316
348 449 dimethylsulfoxide (CD;SOCDs3)) give rise to carbon-13 signals which are
230 713 slit by coupling to deuterium. The multiplicity is calculable from the
499] 35 OH gneral formula 2n/ + 1 and deuterium has [ = 1, so that in molecules
109 s wilh one deuteron attached to each carbon (as in CDCl; and C¢Dg) the
aarbon-13 signal from the solventisa 1 : 1 : 1 triplet; this is seen in figures

31(b) and 3.34. For CD; groups (as in CD;COCD; and CD;SOCD;), the
slvent gives rise to a septet with line intensities1:3:6:7: 6:3:1;see

A J J the insert in figure 3.34. See also section 3.9.4.
0 it B Il
e ———— e e S
e T s 3.5 NOE SIGNAL ENHANCEMENT
= ¢ Since decoupling can interfere with (and thereby shorten) relaxation times,
the nuclear Overhauser cffect (see section 35.1.3) may operate and lead to

signal cohancement of certain 1C peaks. The line intensitics in the C
spectrum of menthol are not all equal, because of these relaxation effects.
M turns out that the major relaxation route for a 13C nucleus involves
ﬂ'.lﬁ]lar transfer of its excitation energy to the proton(s) directly attached to
i{here is a corollary that maximum nuclear Overhauser effect operates on
ca:lj(',CHz and C_H carbons, whereas no enhancement §risgs for qu}:tcrg:{)
luenlns (and this includes those carbons on aromatic rings fm -sub(;;:s
Figure 3.33 a\'csl(,mthd)‘-h happens also that these qon-protlon-‘befxn'r?'cl::lrls .
A 535’;;&;"1:/ the proton and *C NMR spectra of ntenthol, is fcil:ognr?:,aﬁml?m lin_]cs and also tc:d tto g:;:ul?c\\;;[t:l;::itz): ig
respectivefy, ,-: ::"[')"e field strength, 1.9 T (80 MHz and 2 le d) e nless special steps are ta .cn o¢ s g R "
) : Ch. The proton-coupled (i.e. non-dec?'? j ual influcnces ensure easy identification © g
Spectrum is shown at the bottom. Bre 3.1(b), for example, there are threc signals of lower intensity,

ppm
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to the two substituted ring carbop,
S ang
to
1

O .
assigned, respectivelys

carbonyl carbon-

3.13.6 QUAN'nTATWE.MEASUREME.NT OF LINE INTENSITjgg

The number of nuclei in any ENyIfONNERS (njeasurcd by ing

peak arcas) in proton NMR s routinc and quite accurately egra[iono
but this is not O in routine carbon-13 NMR spectra, Ag unanmal
above, there arc two main reasons for this. ¢ haye ¢

The nuclcar Overhauser cffect tends to increase the line ;

thosc carbons bearing protons, and to leave the qUatCr':lensilies fo
unaltered. To climinate the nuclear Overhasuer effect ”*‘quimy Carbgy,
pulsc sequence, which is described in section 3S.3, but j iSres 2 ey
routinely applied. not Usialy

In the pulsed FT mode used for normal '3C work, the pulses
with only short delays between each successive pair; carbop i ;
Jong relaxation times wilt not have fully relaxed after one bUiScn}l:dCI Wi
next pulse is applied. The signals are therefore slightly saty clore
scction 3.2) and of lower intensity. It is the quaternary carbons \l\i:;II'Cd e
to have long relaxation times, so that they show lowered inten '.Ch lc’id
contrast to this, proton-bearing carbons not only have shorter r(;mesi'"
times, but also experience the enhanced line intensities caused by the axation
Overhauser effect. clea

To avoid this saturation effect would involve longer delays betw
pulses; because T is a measure of an exponential process, it wouldeii:
necessary to wait for approximately 57 before rclaxau‘on,is complete
Since this would counteract the main asset of the FT mcthod—spced—iii;
not done unless quantitative information is essential.
N]\[/In]((erccsll)"é%ly’ Csnli)all symmetrical molecules (such as the solvents usedin
limes;,lhis S gneéofgt,hetc.) also tend to have car.bons with long relaxation
in 15C NMR spestra ac re?slons ‘for th_c observation that the solvent peaks

Paramagnetic ions nie Ob e (ot i
electfolagnetic vesto ay be added to the sample to supply the fluctuating
excited carbon nucli:i'rih‘im]lmhdCaml-yZe the relax?[ion processes .for ihe
heights. Typical parz,imasnee:i' s to lmprovement n .the quantitative line
(Cr(ACAC),). or the shif%r ic species are f:hromium acetylaceio;ﬂ:ff
course, cause shifts in the 8evz:lglents discussed in section 3.11.3 (which,

ues except for the Gd complexes)-

v,
€ sty

rc ap, IiCd

ERER’ R

Fully pgizniiz?:f liCE PROTON DECOUPLING

ages over fully coy [I)ei]d carbon-13 NMR spectra offer two main advan®

removal of couplinpm IS[_)ec_tra (sometimes called non-decoupled spectrd

and ensures almostg nou tiplicity makes the spectrum simpler in appeard®
sensitivity bonys j confusing overlap in adjacent signals, but there
In addition. As ap example, the methy! carbon 1"

vant-

AGNETIC RESONANCE SPECTROSCOPY 181
¢ (figure 3.1(b)) would appear in a non-decoupled
nsity ratio 1:3:3: 1) because of the three
ing protons and, when this is decoupled, the whole of
rs as a single line (of intensity 8 relative to the
). The fact that the signal is a quartet proves that
a methyl group, and unfostunately this valuable piece of
es s Jost in the fully decoupled *C-{'H} NMR spectrum. Theze
ot cchniques which allow this information to be retained; the
1ot the best) coimists of carrying out the proton decoupling
.on of the sample with radiofrequency which is not quite exactly
at is a few hundred hertz displaced. The consequence
decoupling is an incomplete collapse of the multiplic-
tets remain from methyl carbons, with triplets from
and singlets from fully substituted carbons. More
h allow the separate plotting of subspectra,
from CH3, CHz and CH carbons) are discussed in section 35.3
to off-resonance decoupling.

d in prefcrence
o annotate signals in '*C-{'H} spectra to indicate

abbreviations g, t, d and s for quartet, triplet, doublet
as in figure 3.34.

UCLEAR M
henonc
uartet (inte

nd coup!
| intensity appca
n‘_ o Of the quﬂl’tcl

a
veral 1

- 0lCS
gmp diat
of the rotons b
< off-resonance

al quar
from CH

ocedures (whic

and vestig!
1s:
claboratc pr
cctivelys
and these arc use
It is convenicnt t
multiplicity, with th(.:
and singlets respectively,

1esp

STRUCTURAL APPLICATIONS OF 1°C NMR

tion among alternative organic stractures has a long history in
ntially extended by '*C NMR. Increased shift
IH spectra) is often sufficient in itself to lead to
nt, but the use of correlation data for chemical
f multiplicity in non-decoupled spectra
ke. Figure 3.35 shows the approximate
al groups; the shifts

4
Differentia
I{ NMR and it is substa
resolution (compared with
correct structural assignme
shift positions and the calculation o
both have their contributions to ma
chemical shift positions for common organic function
are measured in pprm from TMS as standard.

Example 3.9

Question. There are three isomeric ether
CHy40: name them, and state how many signals wi
NMR spectrum of each.

s with the molecular formula
il arise in the carbon-13

Model answer. The three ethers are diethyl ether (I), methyl propyl ether
1 ether are all

i(lylu)racndbme“.‘yl i_SOPTOpyl ether (1II). Only in methyl propyl et e
spec"ar ons in different environments, SO this ether shows four signalsiniits
diffe um, In_diethyl ether each ethyl group is equivalent, sO that only two
gro rent environments (and, hence, signals) are present. The two methyl
10Ups of the isopropyl group are equivalent, SO methyl isopropy! ether

Bives yj .
Tise to three signals in the spectrum.
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(H,CII,OC"zC”J Cll;OCHzCHzCHg C”30Cl{< H,
CH,
I 1l i
g M Vi
Figure 3.1(b) shows the "*C-{'"H} NMR spectrum' of phy
acetophenonc, p-CH3COC6H4OH; the fact that it is the _}droxy.
para 150mer ;

easily confirmed from the spectrum, since only six nonequivalen
are present in the molecule (C-2 and C-6 arc equivalent, as are éﬂrbons
C-5). Both the ortho and meta isomers would have given spectra \v‘u.]} and
signals, from the cight nonequivalent sites in each molecule. 1th cighy
(In section 3.15.1 we shall predict the chemical shifts for the carbop;
these isomers, thus definitively identifying each isomer.) ons in

Exercise 3.16 State the number of nonequivalent carbon environment
(a) in o-dinitrobenzene and in its m- and p-isomers; (b) in ;
dimethoxybenzene and its m- and p-isomers; and (c) in the three possible
structures, 1V, V and VI, for the dimer of cyclooctatetraene. (The actul
dimer showed four signals in its *C NMR spectrum, so which is the correct
structure?)

é‘;”:ﬁf:‘;g;”_ State.the number of nonequivalent carbon environmentsit
and (b) lhzcullsomt?nc methyl esters of Fhlorobcnzoic acid (o-, m-and P
Thydrony. andric h1somers of hydroxybiphenyl, PhC¢H;OH, (2-hydroxy-
-hydroxybiphenyl).
3;15 CORRELATION DATA FOR *C NMR SPECTRA
'hile it i .
Shiﬂ:(‘;clzlri)(())rs]sn}bzc to offer reasonable rationales for proton NMR chemicd
much less self-c ). the explanation of carbon-13 NMR chemical shifts®
based on the tatﬁgsnstfcnt, (!c'spitc extensive studies; happily, prcdictlons
Itis usually "Crys(;)'frempmcal data which follow are very reliable.
m_olcculc from it Ué ;\Icu" to deduce a priori the structurc of an Offiamc
with experimenta] o MR spectrum; indeed, this would be at varian®
simultaneously 4y, .I'XPCncncC’ where much other information i © .
allable—both chemical and spectroscopic (IR« /M

and proton NM

é R 5

ing what the likcl;pselcua)' Proof of structure usually involves hypothes?
fuctures for the compound are, and thee using 1
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N .1 for cach of these possibles the appearance of the BCNMR
e 0 prcn d that structurc which gives the best fit with observed values is
a
Arum orrccte 5 :
;,‘rcl y10 bcnzrll featurcs should be given consideration.
encr
Somc g
pridized carbons :
spj hy shows that SP carbons come to resonance in the range & (0-80;
it is worth noting that the carbons of C—O

figurc >~ ovcra” rangc, ;
) S/N ponds and C—S bonds appear in the narrower ranges

Exccp‘ions abound, usually as a consequence of influential
dicated: or steric effects. An extreme and interesting exception is the
clcclmnlr he carbon atom in tetraiodomethane, Cly, at 3 =300 (that is, at

g ower frequency than TMS).

0 ppm 1

1ised carbons

7 "ybﬂ(:;c;ﬁocmatic carbon atoms give signals in overlapped areas of the
Alkenc ni' 5 and & 110-140, respectively)—a fact which can make
Sc'C"(;listinction fess clear than in the proton NMR spectrum. The great
g;:lcrrsity of C=0 groups is mirrored in theil; significantly differing shift
ositions (sc¢ table 3.17). A less common sp™ class (not shown in figure
335) is in the C==N group of aromatic imines, often called Schiff’s bases;

the range is ® 130-150. (Aliphatic imines are unstable and tend to

decompose Of polymerize.)

g hybridized carbons
For the sp carbons of
wefully narrow (sce figure 3.35).

alkynes, nitriles and isonitriles, the shift ranges are

Each main class of carbon environment (sp°, sp? and sp) will be
discussed, showing how the effects of further substitutions can be pre-
dicted.

, Tlhse first steps in deducing the structure of an organic comp
the °C NMR spectrum, are:

L Co‘”_“ the number of signals in the spectrum; this is t
gg’sr;equ.vmem. carbon environments in the molecule.
y l?:cn;'the sngn‘zl(s) frqm solvent; see tap]c 3.19.)
580_150'3““? 3.35 to assign signals approximately to't
. Note tTnd'B 160220 (carbonyl carbons).

lower i he intensitics of the peaks: non-proton
give hi ensity signals, and groups of two or more €q

T "Shcr intensity signals.
: U‘;tﬁuucc()um of any multiplicity information Q. ts q‘or ;)‘ .
shifs f_]c Correlation Tables (section 3.16.1) to predict the € em
Ot all carbons in each putative structure.

ound, using

he number of
(Identify and

he regions 8 0-80,

-bearing carbons give
uivalent carbons
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Use oF THE CORRELATION TABLES

3.15.1 o . .

There arc two pnnqpal prcglctabl_c influences which we Thus
determining the chemical shift positions of any carbop atom ‘luami[y_

: [}

1. The number of other carbon atoms attached to i

are CHs, CH,, CH or C groups).

R MAGNETIC RESONANCE SPECTROSCOPY 185
d & values (to the ncarest integer) for the sp® carbons
from C-1 on, as follows: 8, 36, 43, 27, 22 and 13: the
36, 42, 26, 23 and 14, :

serVC 7 fists the chemical shift for the C=0 carbon of a dialkyl

(ang ththc“hcxe Table :381 205-218; it is observed at d 211.
a

NUCLEA
the predicte
are, I
tanon®
in j.hcp valuCS arc 8,

2. The nature of all other substituents attached (or carb yetone
of other carbon atoms). Y alony kg
It is imperative to compute 1 before 2. i
OCOCH, C-5and C-6
/ $ g 21

Example 3.10
Question. Predict the chemical shift positions for the

heptanone (butyl ethyl ketone), I.
Model answer. To do this we must first know the § values fo
and ethane, III: these are listed in table 3.11 and are shr

arb()ns in 1

butane,

formulae. Only thereafter can we predict the influence of l}?ew e &2
substituent on each of these moieties; the influence of C=Q Carbuny e
carbons is given in table 3.15. On alkape
6 4 2 25 13 conad t C-1
CH. CH CH 51 CD, sign
. P NN z\ /CH;\ /CH, tH, L ——m \\
H, CH, C CH, CH, CH; ~ o
7 s 3| 1 13 25 I y c-2
0 X
0 solvent
3-heptanone, I butane, 11 ethax, | signal 1l
’ &on |, J
: 1F50rh C-1 we take the base value for ethane (3 5.7) and note from tabk
15 that a carbonyl group, COR, B to it increases the value of the chemicd | T T T T T T 1T 1T 1717071 N I A TR L.
200 150 100 50 0 &

ShiFf' by 2 ppm. The predicted value is therefore 7.7 (ca 8 8).
or C-2 we again take the base value for ethane (5 5.7) but the carbon

oup i : .
g:eg-p lsda - thl? carbon in 3-heptanone, so the increment is 30 ppm. The | Figure3.34 '3C NMR spectrum of isobutyl acetate.
predicted value is therefore § 35.7 (ca § 36). band proton decoupled.) Multiplicities (5,d;t.q) come from
off-resonance data. Insert: Appearance of the septet signal from

For C-4w . .
to this (stil‘;([:;;:( 031 h]esbase vallie f(')r.the terminal carbon in buFane andadd solvents containing the CDj3 group, such as acetone-dg or DMSO-ds

For C-5 the b ¢ 3.15) 30 ppm, giving a predicted shift position of 43 (CD,SOCDs).

For g the ase value of § 25 js increased by a B-carbonyl group to 82/ i
totally (:lcaretfarbonyI group is in the y position; for reasons that ar ot
commonly n;garitv cmay correlate with molecular geometzy, ¥ shifts ﬂf: Example 3.11
-3) 1082, —as here, where the base value of 5 25 is decre@d®™ | Quesiion pregict the chemical shift positions fo

%ecbutyl acetate, IV, and (b) isobutyl acetate, V-
ain is butane,

(20 MHz in CDCl,, broad

r the carbons in (a)

For C-7 the eff;
ect of the carbonyl group is vanishingly small. whose  values are

Mod,
Note that the po; el answer artd ;

. 1Y dven: . (a) The starting point ag n .
and C4) is CHpgl(l;l' L;:f attachment of C=0 on butane and eth7E (-Cis Svenin table 3.11. On this occas!i)on the functional group 1S atm.chf:dg;{q];
notwilhstanding 2lhe }ac[cr:;;c. llhe increment in each case is 30- Ei@ S":bor butane; although this is a CHy group in bum|1c0|t(sclf.51;)lsin nbllc

" at th . . an -bu . 220 ent 50 (not 52 ;
sarbon is CHs. (See also examplf: lZlcrlnl")nal E81501 B{ERcH XS 315, tyl acetate, so we therefore use the incremen
———CE
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