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Introduction

The nuclei of certain atoms act & i they are spinning and this gives them the
propertics of & magnetic vector. Common ruclei with this prupeny are 'H; PC; N
ME: #8i und M'P. When such nucler are placed in u magnetic field they will tend to
align with the field {Fig. 5.1).
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The energy difference botween the spin heing aligned with the ficld and against the
field depends on the strength of the magnetic fiekd applicd, The greater the field
strength the greater the encrgy dillerence A £

AL= F"-.'r'ﬁu

whure f is Planks constant, ¥ is the magnelogyeic ratio of a particular nuclous and B,
is the applied magnetic ficld,
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Figure 8.2 itlustrates the absorption of cnergy to produce alignment against the
applied magnetic field. Compared to other speciroscopic techniques, the energy
differenie between the ground and excited stale is not large and thus A N, the
difference between the number of protons in the low energy (M) and high energy
stafes (N, s very small. 'This is bocawse the energy ditference berween the two stules
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i low relative fo the thermal enerzy in the environment, This means that NMR &5 a
relatively insensilive lechnigue because the net cnergy absorption by the popalation
of low energy profons inoo sample is low, The wavelengb of the radiation used in
MM i of low energy and is in The mdiclrequency region. The units of encrgy used
in NMR are in Herrz, which is a wnil ol Ireguency (ofh, where ¢ = 2 10" emds and
A ds in e The stronger the magnelic lield applied the grealer the radiation frequency
in Hertz {the shorger the wavelengih) required o cuuse the spin of a nucleus to align
againat the field, The values for the strength of the applied masenctic field arc in the
range B4 (M-T400 008 Cravss (1,414 Teslu), A proton in the ground state will absorb
radiation haviag a freguency of oo 60 mbz al L4 T and cg 600 mHz at 14 T. NMR
instruments are describecd in terins of the frequency wl which they cause protons to
resonate, thus a 600 mHz instrument 14 one which couses protons (o resonate 4t a
frequency of ¢u 600 mHz, At higher magnetic field stréngth greater sensitivity is
oirtamed because of the preater difference in the populations of the higher and lower
energy states. For a 60b mHz insrrament the popalation difference between the ground
and excited state fora proton is ce Tan T OO0, whersas Tor o 600 mHe instrument
the population difference is ea 1 in HOO0, e abowd o 10-fold increase in sensifivity,

Instrumentation
Fig. 8.3 ¥
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Frgure 8.3 gives (he basie luyvout of 4 continuous wave NME spectrometer. These
infruments were the onginal type of instrumient and have largely been replaced by
Fowrier translorm instruments, However, the principles of operation are broadly
similar

(3 The sample i5 placed ing namow glass NME twbe and 18 spun in the fixed
magnetic field A o 30 revolutions's by means of an air furbine thus cnsuring
uneformety of the magnetic field across the sample in @ hosizontal direction,
The sumple 15 analysed in solution in g deuterated solvent to cnsure there 15 no
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interference [Tom pritons in the relatively much Targer amount of solvenl with
the signal [romm the sample protons,

(i) The relerence pointof [Fparts per oillion (ppin} is determined by the
freguency 2t which the protons indetramethylsitanc (THMS) absorb, Somerinies
residual protons in the sulvent are used to lock the protons in a spectrum, e
the residual proton in deuterated chlorslorm is at 723 ppm relative (o THS,

i) Inerder to obtain & proton specitum the radiofrequency radiation i swept
werass a range of car 10 ppm, e.g. 1000 Hz when the magnetic field 15 recorded
oo 100 mHz instrument or G000 Hz when (he spectrum s recorded on o
GO0 mH 2 instrument. The receiver coil measares the absorption ol radiation as
the frequency is swepl over the range being examined,

{ivl  As well as determining the frequeney ul which protons in the molecule absarh,
the instrument determines the areqs of each signal which is proporiional to the
number of protons shsorbing rdiation, g, three protons give an area three
times as laree as o signal due to one proton in the same molecule.

iv)  Modemn instruments. rather than heing basedd on 2 continuous wive, are based
on a pulsed wave, In briel, the sheet powerful pulse used in this type of
spectroscopy belaves as a sproad of fregquencies covering the He range of
interesl, &g, the range in which protons resonate. Most of the principles of the
contingols wave instrumen! sl hold but rather than the absorption of radistion
hy the sample being ohserved enission is ohserved as the excited prolons
relax back (o the ground state following the short high eacrgy pulse ol rdiation.
Thus spectra arc accumulited using a high intensity pulss fllowed by & time
delay of a few seconds whale the relaxation data of ditferent protons in the
molecule are collectad. This type of procedure enables a specininn 1o be acguired
every few seconds as opposed toa few minutes required o collect the data
wsing a frequeney sweep on 2 continuous wave instrument. The data from a
rumber of pulses are accumulated wing & computer, ondergo mathermatical
mamipulation {Fourer translormationt and are combined o produce 3 spectram
in which the sipmal to noise churseteristivs ane much improved compared 1o a
specirum obtained on a single scan CONGNUCILS Wave imytrument.

Proton NMR

Chemical shifts
Procen ('H) NMER is the most commaonly used Lorm of MM because ol ils sensitivity
and the large amount of structural information if yields. The exact absorption o
resonance frequency of a prowon depends on its environment. For example. a proton
attached 1o carbon alom is affected predominantly by the groups which are separated
from the carbon atem o which it is adtached by one bond or toa Jesser estent o
bonds. As discussed earfier, the chemical shill of a proton 15 determinsd i relation
the protens of teframethylsilane, which are arhitrarily assigned a shill of O ppm. Shift
values for individual protons m a molecole are expressed in ppm and the value of
| ppm in Hertz depends on the strength of the applied magnetic ficld which defermines
the eneray reguirst 10 excite a proton, For example, at a feld strength 100mHz 2
shift of | ppm = 1K) 1z, Proton shifts in organic compounds range Irom slightly
below O ppr fo 14 ppim, ie. from a & value of slightly less thun (Ho a @ value of 14
The chemical shifi is determined by the extent to which a prolon is deshiclded by
the groups Lo which it is attached The more a proton is shiclded by the electron
density arcund it, the lower its d value, I a proton is attached to a sysiem that
withdraws clecirans from s environmenl such 45 an electronegilive group o1 10 a
aroup which alfects its environment by creating a field opposing the applied
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magnetic ficld. soch as occurs in the case of protons atlached (o an aromatic ring, s
d value will increase, i.c. it will resonate at lower liekl (lower fTeguency),

Note:

(i1 Ay protons such as those in CH, and CH; zroups not actached o adjacen
electronegative sroups resonate hetween 4 00,2-2 pp

i1y Protens on CH., CH: and CH groups attached to electronegative aloms or
groups such as O, N, F CL CH, C=C and C=0) resonate hetween o 23

i) Protans anached direcily o C=C resonate botween o 4-7,

iiv)  Protons attached 1o arematic rings resonale belween o 69, Tables 8.1 and 3.2
shosy o values in ppm for protons attached to some common organic groups.

I[ the NMR spectrum of methylacetate is examined, (Figure B4 )il can be seen 1o
yvield two signals of the same size at d 2.06 and & 367 more or less as predicted for
CH.CO and CHLOCO proups according to the values in Table 8.1,

Self-test 8.1 P T T R R
' U L N e
1

Determing the freguency differonce betweon the shifts of the protors of the methyl groups of
methyl acelale in Hz at field strengths of 60 mHz, 250 mHz and 400 mkHz.
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CH,COOCH,
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Table B.1 Approsimate chemical shift values far mon-aramatic protons attached to carbon

Group 4 ppm Group d ppm Group o ppm

CH.-C 0.9 R-CH,-C 1.4 CH-C 1.5

CH.-C-0 13 B-CH,-C-M 1.4 CH-C-C 2.0

CHAC=0 1.6 R-CH,-C-0 1.9 CH-CO-M |

CHACO 2.0 R-CH,-CO-M 2.2 CH-CO 27

CH OO 2.0 R-CH,C={ 2.3 CH-M 25

CHAM 2.4 R-CH,-CO 2.4 CH-Ar 1.3

CH A 23 R-CH,-M 25 CH-0 8

CH.-O 33 R-CH,-Ar 29 CH-M-CO 4.0

CHNE (R, 33 R-LCH,-O EX CH-CI 4.2

CH-0-C0 37 R-CH,-0-C0 4.1 R-CH=C 4,560

BE LT {3H) AR 2.08 (3H). Fig. 6.4
The 230 mHz H' NMR
spectrum of metnyl
acetate.
A B
CHLCODCH.,
s | TMS
| EPL R o e e o LR e T T T
6.0 5.0 4.0 aan an 10 0 ppn
S |
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' Self-test 8.2 e

Predict the approsimate shifts irpum of the CH, and CH, groups in the following maolecules
and the number of pratens proedudng the signal at each shitt:
CH,
C}I.JDC!CH3 CHEGDCHECDCH:!: CH,COM
CH,
Acalong Acetylacetone Diameathylaming
apematides
CH; COCH,
CHaGHOCOCH,
Ethyl acetats Toluara Acstophenons
HE 07 Aunusydoine \HE £7 © BUBMOLHT LT e HE 0T ¢ HE E'L 0 #erase e He e
HE T @ SPILEEIE AULLEALAWIR CHE ' £ HS (°F £ SUDIE0e| i 1HY 07 P aU008 SIEmIuy

Tabhe 8.2 Chamical shift values for profons attached ta an aromatic ring. The effects of the
substituants are either added to of subitracted from the chemical shift for benzene ato = 7.27

artho # X
H
‘_l\_“-;::: |I:|I'|EEIF.I |
H
para
Substituent X H orthoe H meta H para
N, 094 018 .39
OH .49 -013 -0.20
WH, - 076 -0325 - (.63
Cl .01 - 0.0& - Q.08
COOH 0.5 0.16 .25
MH, 0.40 0.20 0.20
CH; =016 -0.0% .17
R 0.4 -0.1 - 0,46
CH,-CO-NH - 0,12 -0.07 (21
COOR a.71 0.1 (21
Calculation example 8.1
HHE . NE’E 'NHE' i
TH W CHY Y H
2y a2y gt o2y K3
- 3
* H NG,
Apilng Nimbenzsne  NitroariHine



Awdline: Tnanihine the |and 5 and 2 and 4_pmmns ace eqm'.alem
H-1 and H-5 shift = 7.27 ~01.76 = 6.51 ppr,

H-2 and H-4 shift = .27 - (.25 = 7.02 ppm_

H-3 shatt = 7.27 - {1.63 = 64 ppm.

This the spectrum of aniline would contain:

H A5 ppm; 2H 7.02 ppm god 1H 6.64 ppm.

Nitrobengene: In nimobenzefie the 1 and 5 and 2 and 4 protons are equivalent,
-1 and HI-5 shafy = 727 +0.94'= 8 21 ppm,

H-2 and H4 shift = 7.27 +0.18 = 745 pprm.

H=3 shifi = 7,274 0,39 = T.66 ppm.

Thus the spectrum of nilrobenzens would contan:

2H 8.21 ppm: 2H 7.45 ppm and {H 7.66 ppim,

Nitvoaniling: In nitroanilioe the 1 and 4 and 23and 3 protons sme equivalent,

H-1 ard H-4 shifr

=727 076+ 0L18 = 669 ppim,

H-2 and H-3 shift = 7.27 — (125 + 0.94 = 7.06 ppm,
Thus the spectum of nitroaniline would contain:;
21 6.69 ppm and 2H 7.96 ppm.

- T H T b A 0. 1 ey T 1 1 B
F Self-test 8.3 : TR i i | Ll e b i e T
be 2 : i t H FERRET TR - ) S ﬁ!

Getermine the shifts of the grotons in the fallawing molecules;
OH CooOH 1 CH

4
5
H TH e | H H H
2
2y TR H H3
5H I COOH
Phanal Banzoic acid o-pdrosybenzo ¢ acid
ik

] OH 1 4

H COCH
b ng:l‘}d 2 CO0OH
H

a-hydraxyberzoic 2cid m=fydromybaneces acd

G

@ I

HE'EwH LB LEH 'GEL EH
QLT LM PR Sp0IueqAXoupAY-1U E L P H CED L EHBE L TH PG R LH ROP A0FUagAncipiy-o

ZHLOCH P AH PUR LK POR N0ZUBG I @ EH P P PH TH BOS 0 SH PUE LH R d Sy

Spin spin coupling

In svme of the molecules considered above we have neglected an additional shill
effect which is caused by the spin of the protons on the atems next oo particular
proton, Io examining the proton NMHE specorum of ethyl acelate (Fig. B.5), it can he
seer thal ils spectrum 15 more complicated than thac of methy | acetate and that the
signal due o the CH. group B in the aleohol part of the ester is now three lines
instead of one, the middle line of the three corresponding o the chemical shifi

Nuclear magnetic resarnance spectroscogy
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estimated from Table 8.1, The protons of the adjacent CEL group C can align their
apins in three dillerest ways relative to the CH; as seen in Figure $.6, For alignmenst
1 there are two equivalene alignnients shere the eflects ol e adjacent protens
cancel each other out and do not perlurh the signal of the methy! group from s
predicted shift (ca 130 ppm), This produces a central line which is twice the height!
area ol the twa lines produced by alignments 2and 3. The CH; group ilsell is also
split by the effect of the adjacent methy] group. In this case statistical analysis ol the
possible combination of the spins of the whacent methy| protons indicates that the
signul of the {H, protons should be g quartel with the lines in the quartet being 10
the ratio 1:3:3:1: the mid-point betwseen the two central lines gives the predicied
chemical shitt of 4.1 ppm. The methy] group A appears. as it docs in methyl scetate,
ws @ singlet since it 15 solated from any adjacent protons. The effeet of adjacen
protons on the signal for a given group is known as coupling and coupling constants
are given in Hz; the range of coupling constams between adjacent protons is
0200 He, When when two protons are close in chemical shift. coupling can cause
their signals to overlap, The coupling constant is independent of the applid
magnetic field and thus the size ol coupling conatants in ppm will decrease with
increasing fizld strength although their values in Hz remain the same. The higher the
fickd sirength the Jess likely it is that signuls [rom individoal protons will overlap,
The spectiuan in Fizure 8.5 was obtuined om a 270 mHz (1 ppm = 270 Hz)
instrument. The shifts in ppm obtained lor the three lines in the CH; group signal are:
[.235, 1.262 and 1.289, Therelore thase lknes are evenly spaced 0.027 ppr aparl.
which is equivalent to 270 = 0L027 Hz = 7.29 Hz. Figure 8.7 shows the spectrm ol
ethy| acetite obtained on a 60 mz (1 pprm = 6l) He) instrument; in this case the
coupling comstants are large (ea 0,1 ppm) relative to the ppnr seale but have s similur
coipling constant of ca 7 Hz to that ohservad using the 270 mHz instrument.

A Fig. 8.5
f;f*ﬁl 270 iz WA 'H
i spectrum of ethyl
aretate.
A coB
DHWCODCH,DH,.' o
: A o) |
1262
|:|1.2‘,EQ. d
o i11.238
Al2H;
4740 e,
44,7385 -5 e d
4050
i WS
Ay S —:
" P Iy ! 1 1 i i
E.D 5.0 4.0 0 24 1.0 o
ppm
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A the number of adjacent protons in a moleculs increases, the splitting pattern of
the protons increases in complexity, Figure 8.8 shows the proton NME spectrum of
propy| aceraee. In this case the CH; proup B s presenl as a trplet as in éthy| acetate,
but the CH, group C now has six lines due 10 the presence of five adjacent protods —

three on group A and two on group I The ratio af the lines in this case Is 1:5:10:10:5:],

Magnetic
flided

Flg. B.6
Pagsible spin alignments

A ooB

Qﬂa?'ﬂﬂﬁﬂz@&?’

—r

il Fig. 8,7
|l &0 mHz NME H spectiuem
| of ethyl acetate.
‘ Reproduced with
prerrmission of Aldrich
| Chenmical Co.

A iH) Fig. B.8
G20 270 mHz "H NMA
spectrum of propyl
A o G B B{3H) acetate.
“HeH- 080
CHOOOCHLCHOH 5081 | A0&T
O (2H) ] !
B4, 04
6406 §a02
I G
816351,
i
l TME
e kb e———
6.0 50 4.0 3.4 24 1.0 O ppm
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The number of lines cxpected and their relaive inlensities can be obtained from
Pascal's triangle shown in Figure 8.9,

I n=14{  Fig.88
11 po=]  Pascals triangle
indicating the pattern of
I 2 =2 lines produced by a
1 3 % 1 it=3  particular number of
I 4 6 4 1 ne=a4 Aadiscentprotons having
the same caupling
L5 o w3 | =3 constants toa particular
sigral

If the pratons of proups B and I in propy] acetate did not have similar coopling
constants with the protons on group C g more complicated paltern ol Tings would
result as indicated n Figure 8000 In the case shown in Figure $.10A, the protons can
be vicwed s being splitinto four lines by an adjacernt methyl group and each of the
four lines are [urther split fedo three lines byoa CHL group giving a roal of 12 lnes (a
quartet of wiplets), If the coupling constants W adjacent protons are not widely
different the patrerns tend to merze inte those thil would be expected iFall the
adjacent protons coupled identically as in the chse of propyl acetale, where coupling
o five adjacent protens on two carbons prokluces sis lings,

Fig. B.10
Coupling of CH, with
adjacent and CH, and €H,

] greups where the
I | coupling constants to the

) i [ 1] adjacent groups are

unequal.

1 Tencs towards

el

A mdicated in Figure 8.0 splitting patterns can be complex but the NMR
speotry of many drug molecules do not reach this level of complexity. Some classes
of molecules such g the stéroids or prostaglandins provide examples of spectra
where cormples splitting patterns occur but the majority of drug molecules contiin
one of wo armpalic rngs with varving types of relatively simple side chain. In the
case ol comples inolecules such as steroids, two-dimensional NMR tcchnigues
involving predon—preaton and proton-carbon correlations have simplificd spectral
interpretation: The most complex applications of NMR ave found in the structure
elucidution of nagural products.
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Application of NMR to structure confirmation in
some drug molecules

Proton NMR spectrum of paracetamol

Fig. 8.1
IT0 MMz H NMEA

spectrurn of paraceramol.

A
MHCOGH, A [3H)
5207
I-l'l T | H4
Ha = H,
oH
23 {2H)

14 (2H} EBET4HET
ar31aree”
o

CD40H ™S
]

Tt T T T
B0 .0 6.0 5.0 4.0 3.0 20 1.0 i ppm

The NMR spectrum of paracetummol run in CI00 is shown in Figure 8,11, The
spectram shows a signal for an iselated C1, group at & 207 ppm dee 1o CHCONH.
The broad signal at o 4.88 is due (o the proton in COO0H, which formes as a result of
exchange of deuterium with the MH and O protons of paracetamal, this is why the
protons attached tir these groups sre nob seen in the spectrum. The other signals in
the spectrum are two doublets with mean shifts of @ 6,72 ppm and d 7.30, which
from the information given in Table 8.2 can be suid @ he assigned 1o the cquivalem
protwns 2 and 3 und 1 and 4, respectively. Proton | is coupled to praton 2 and proton
4 is coupled W proton 3, thus causing the signals 1o appear a5 doublets,

Proton NMR spectrum of aspirin

Figure #.12 shows the proton NME spectrum for aspivin run in CDLOD, The methy|
group i isolated and appears i d 2,28, which could be predicted from Tuble 8.1.
There is a broad peak ar 2 491 due 1o CI0H formed by exchange with the —CO0H
eroup on aspirin. The aromauc region s more complex than that observed fon
paracetamol because th: [owr aromatic protons are non-couivalenl, The four protot
signals have mean shiftsof 7.13 ppm. 7234 ppm. 7.60 ppm and $.02 ppot and from
‘Fahle 8.2 itis possible do assign these signals to protons 4, 2, 3 and | respectively.
H-1 iz a doublet due to coupling to H-2; H-2 appears as a triplet due to overlap of
twi doublets cavsed by coupling o H-1 and H-3. Similarly, H-3 i5 o iriplet duoe o
coupling equally with H-2 and H-4, and H-4 is a doublet due o coupling with H-3.
It is actually possible with a closer view to see additional splitting of all of the
aromatic proton signals and this is due to long-range coupling between the protons
meta to each other, e H-1 and H3 and H2 and H4, which can occur in armmatic
systems and can be up e 3 Hye. Para coupling can also ovcur bul itis only ra | Hz.
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A H
_ 5228
5 HH A1HI
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Fig. 8.12
210 mHz2 NMR snectrum
ot aspirin

Proton NMR spectrum of salbutamol: A more complex
example

A
A
OH B Chy
CGHGH;.NHI?"'CH; A
u"-:
A R
ke fea
CHLOH
oH
= l‘-" JL__
5]
1. 4 M
z G B
15 .!.I J - —‘L_ AL ]
T T s 2T s ey I - T i T T
a0 To &0 50 43 38 20 1.0 ¢ ppm

Flg. B.13
270z 'H NMR
spectrum of saibutamal,

Figure 8.13 shows the NMRE spectrom of salbutamol obtained i C1,00 and in this
witss the speetmim i somewhat more complex. The signal acd 130 arises mom the
byl growp & in which the CH; groups are all equivalent and have no sdjacent
profoss o which they could couple, The signal at o 4.65 is due o the CH, group T3,
which is also ool coupled (o any other protons. The protons on the ardmatic ring are
also readily assizned: the doublet at d .80 35 due to H-3, which is coupled 10 11-2,
H-2 appears ul d 7.22 and is split into & doublet via coupling o H-3 and each pedk in
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the doublet is split again through meta-coupling to H-1, which appears at d 7.37 and
is splil ko« closely spaced doublet through meti-coupling to H-2. A signal centresd
atd 4,97, uppearing on the shoulder of a broad peak due to CDROH, s due 10 proton
C. This proton 15 sttached 1w a chiral centre and is coupled 1o the two adjacent
protosis B and B2, which are non-equivalem since they are immediately next toa
chiral centre. Thus proten C has two different coupling constants to protons B and
B2, and appears as a doublet of doublets. The st complex signal in the spectiun is
due |¢r projons Bl oand B2 and this requites jnore detailed explanation. These protons
produce what is known as an *AB tvpe signal” where, becausc the protons are close
in chemical shift {less than 30 Hz apart). they give lines which arc of unegual sizes
s shown i Figure 8,14,

The NME spectrum is perturbed inan AB svstem so that the ratio of ling Fig. 8.14
; i L - P = Ly I 22 Line intensiles in AR
mlensilics composing the dowblet instead of being |1 are given by: SRS,
, s Mgy
Line ratic = ———
V= Wy

where the difference between v, and v, is 30 Hz and the difference between v,
and vy is 1 Hz, the line ratio of the guter to inner Hoes will be 1:3 The smaller
the difference in shitt in Hz between the joner A and B lines the smaller will he
the satellite peaks.

A G

.

WMoy

The place to start wilh the analysis of the signal for the B protons in salbutamol is
with signal C, which gives the couplings of the B and B2 protons with the proton
on position O, From analysis of this signal the two couplings arc 4 and 10 Hz. 'The
total width of the B signal is 44 Hz, thus its width in the absence of coupling to the O
proton would be 37 He (see Fig, 8,015 for clarification), To make the full analysis
one has oty some values [or the AB coupling that make approaimate scose in
rclation to the final signal, Wihe coupling of the B proelons (o eqch other 35 12 Hz,
then the pattern when plotted oo graph paper (Fig, 8. 157 gives mote or less the
pattern seen tor the B protons in sutbutamol (leaving 13 Hy from the total signal
weidth for separation of the inner lines), Two other points should be noted: the ratio
ol the outer te the inner Hnes 35 ca 133 s predicted from the egquaticn shown in
Figurc 8.14 and the original separation of the BT and B2 signals is given by the
following equation:

By — B = 'lJIT":':TI ViV — V)

IF the differences hetween the fregquencies are substituted in the equation this gives a
difference in frequency ol BI und B2 of 22 Hz, ie. the germinal coupling (coupling
of protons on the same curbon) of the two signals gives shifts of 7.5 He in onc
dircetion and 4.5 Hz in the other direction instead of the wsual even splitling,
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Using 1hee values glven in Tables 8.1 and 8.2 predict the appraximiate NMR specira of the
frliowing drug melecules with respect to chemical shift, the number of protans in each signal
and the multiplicity of their protan signals.
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]
Use graph paper (o delerming the coupling constants experisnced by lines far protons & and B
thewin balaw, which are coupled (o each other and 19 s thirg proton and determime the
separation of the A and B signals,

B A

GHz GHz 6Hz 2 Hz T1Hz 1Hz ¥1Hz

£n| abed ue Sosiay

Assign the protons in the '"H NMR spectrum of phenylephrine. (Nota: protons B and € are
non-equivalent since they are next to an asymmetric centrea),

E E
HO  How iii N
| _
HH '"F' ; ':|3 MHCH, 1 zinglat {3H)
H H
H H 3 C
&G F
EI doublst (1H)
] |
i |5 singhel (1H} ’ "
_ | 4 doubler (1H) ranabipet{ztl
T lriplet {1H) |
I walar
n’ W gruanet (1H}y
I
l,___. Lh _.l--'l "-.._ _ -r'- I
80 o eo 850 40 &g 20 ppm

4 pue  suesand o sBdnos
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Carbon-13 NMR
Chemical shifts

Nuclei other than 'H give nuclear magnetic resonance spectia. One of the most
useful is C but since the maniral abundance of 7 s only 1,15 of that of ", the
i resonance is relatively weak. “'C resonance occurs at a frequency cat 25.1 mHz
when proton resonance 15 occurring co |00 mHz (i.e. at 2.33 Tesla). Thus it is at
lower energy than proton resonance and the spread of resonances for 'C is over va
1RO ppm, thus there 15 less likelihood of overlapping lines in O NMR, Table 8.3
shows the chemical shifts of some "C signals. Tt is possible o calculate these quite
precisely! and the following table iz only an approximare guide. A 7 aom will
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eouple L any protons attached o), eg. a carbon with one proton attached will
appiar a doublel, W get the inost inlormation from the weak carbon spectram it is
beter if this conpling is removed. In the salbutumaed cxample the coupling is
reinoved wsing the | mod technigue.

Tabde B3 Typical chemical shifts of YC atoms

Group A ppm Group o P Group d ppm
ML 5-20 C-HCLN 3565 [{of ol 50-70
H.CsC=t 1530 C-H,C0 55-75 0,0 C o H0-50
H.O3- A ca 20 (O HC=-C 25-3%

H,CH-Co 2 20 {C1HO-CO 40-70 ArCH 115-135
H- -0 22-32 (), HO=-Ar ca 40 ApCrg 137-147
H. G- 250 {OOHC A T0=B0 ArC-Cl i35

H. L0 45-55 FCLHT=N 45 75 ArCA0 137

[ Rl o 1h—dE WC)HCA- O 6583 ArTap 145-155
C-H,C3-C0 3050 {C),Ce-C 35-5% A0 150-160
C-HL A ca 30 {0),CP-C-CO 4505 =0 TH-200
O-H.C'*-Ar a0-70 {010 -C-Ar 4565

An example of a '3C spectrum

A
eH,
LPHU B
CHOH,NHG~CH, A
1
2 : CH;
e O
IS B oH L OH

E Signal from

OH Balvent
Ec

Coand CH, up

CH5 and CH chawn

"150 100 56 pam

Fig. .16
I mad L NMR spectrum
of saloutamel sulphate,

Figire #.16 shows the | mod spectrum of sulbutamol sulphate, As can be seen the
1ol B spectram of salbutamol 15 much simpler than Hs proton spectmm. The
carbons can be assigned as follows: Ad 26 ;Ca 58 Easl DI04 32 116
127059 1295; 1d 133 and 4 9 156 icarbons 3 and 5 are shilted upfield
thircaigh being crtho to an (OH group). The signal due to carbon B is mussing and this
illustrates one of the problems of BC NMR which is thut the relasation tmes of the
carboiatnns tend to vary more widely than thuse for protons In 'TH NME and ths
their signals may be missed or not fully sccumulated, This is particofacly true for
guaternary carbons and it can be seen in Figure 8,06 thul the qualernary carhons 1, 4
and 5 give weaker signals than the other carbons which have protons attached. In the
case of quaternary carbon B, its signal has been completely missed, Thos the signals
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Fig. 8.17
The praton-praton
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the aromatic regian of

Aapirin.
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in *C are less quantittive (han "B NMR signals. A ] mod spectrum is one of the
maodern equivalents of the PC spectrom; it allows the number of protons atiached 1o
the carbion atents o be known while @t the same time removing the signal
broadening due to the coupling between "C and its attached procons,
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Two-dimensional NMR spectra

A simple example

Computer control of NME instruments has ledt (o greal advances in both data
acquisition and processing and hiag given rise o advanced NME structural
clucidation techniques. One of the the firstof these was two-dimensional

ke M M
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proten—proten correlation or COSEY. This technique enables correlations to be made
between protons which are coupled to each other, Taking the simple example of the
aroematic prowen region of aspinin the correlated speciroscopy COSEY spectrum
appears as shown in Figure 8,17, the diagonal pives the correlation of the signals
with themsclves, Lo, A with A, B with B, ete. On cither side of the dixgonal iderical
information is presented, thus only one side of the diagonal is required for spectral
interpretation. From the information given in Figure 817, it can be scen that A s
coupled o C, B is coupled 1o C and D, and C is weakly coupled to I via long-range
meta-coupling. COSEY has simplified interpretation of complex NMR specini,
There are a number of technigues slemming from the basic two-dimensional
technigue, which for exsmple allow correlation between carbon atoms and the
protons attached to them and vorrelations of carbon atoms with protens one ot W
bonds removed from them, heteronuclear multiple bond corvelation (HMBC),

A more complex example

H

G Fal

H
H H
H 4 e

H H
CHaMH 2
4
Tranesamic
acid

H, 4

1 2aia 28 3s
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Fig. B.18

The proten -praten
correlation spectrum of
tranexamic acid
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The anti-haemorrhagic drug tranexamic acid when drawn in a two-dimensiona!
representation may look as if all four protons on position 2 and all four protons oo
position 3 are equivalent. However, when the structtre is drawn as indicated on the
left in Figure 818 it is apparent that, because the molecule is forced for sterie
reasons to remiain with the carboxylic acid and methylamine groups more o less in
the plane of the paper, the axial {a) protons, which are held above and below the
plane of the paper, and the equatorial () protons. which are held more or less in the
plane of the paper, are no longer in an equivalent environment. This introduoces a
aumber of additional couplings betwean the protons in the molecule leading toan
increascd complexity of its spectrum. Assiznment of the protans in this spectrun is
simplificd by two-dimensional NMRE ¢nd as for the aspinin example the cormclations
can be derved from the signals either side of the diagonal. The place eo start in this
type of assignment is usually with the simplest signal, which in this case is due to the
4 protons which enly couple to the 4 protons, The 4 protons themselves present the
most complex signal sinec they arc scparately coupled 1o the 4. 3a and 3e protons
producing 3 % 3 % 3 =27 lincs which are not all scen becavse of the overlap of the
stenals, Two additional factors emerge from examination of the siznals doe to axial
and equatoridl protons in Figure 8,18 that src applicable to the interpretation of more
complex molecules:

1i¥  The signals due to 2a and 3a experience three couplings doe to coupling to the
equatorial protens allached Lo the same carboen {germinal coupling? and due o
coupling (9—13 Hz) to two adjacent axial peotons resubting overall in hroad
sipials. The signals duc to 2e and e protons are narmower since they only
expericnse one luree germindl coopling 1o the axial proton atiached (o the
same carbon, The axialf eguatorial and equaloralfegquatonal couplings
ez, 2efda and Jefde) are small (2 -3 Hz) resulting in nareower signals overall.

(i) Accial protons £ 2a wod 3a) are waafly upleld Gomegquatorn)l protons (2e and
) sinee they are shiclded by being close in space o other axial protons.

Application of NMR to quantitative analysis

NMR can be used as a rapid and specific guantitative technigue, For example a drog
can be mpidly guantificd by measuring sultable protons (often isolated methyl
prolons) against the intense singlet for the methy! groups in t-butanel. The amount of
drug present can be caleulaed vsing the following formuls for the methyl groups in
(-butano] wsed as an intemal standard (int. st

Arca signal for drug protons
Area signal {or int. std. protons
MW drug 7 Mo, prodons foom inl. s1d.
MWintsd, Mo, protons (rom drug

» mass of it sod. added =

Amt. of drug =

An advuntage of this method of guantitalion is thal a pure external standard Tor
the drug is not required sinee the response 1s purely proportional to the number of
protons present and (his can be measured against o pure imernal standard. Thus the
purity ol @ suebstanee can be determined without @ pure standard Tor 1t being available,
Figure 8,19 shows the spectrum of an extract from ablel powder containing aspirin,
paracetamol and codeine with 8 mg of Sbatano] added as an interpal standacd, In the
analysis, deuterated methanoel containimg 8 mgd/ml of t-butanol was added 1w the
surnple of tablet powder, and (he sample was shaken for 5 min, filicred and
transferred o an NMRE tube. The t-butanol protons gave a signal at g 131, the
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OGOGH,
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CHLCO group i aspivin gave a signal at d 225, the CHyCON group in paracetarmol
wive a siznal ul @ 2,08 g the CHLO groug in codeine gave asignal at d 3,92, The
lovwe srnouet ol codeine present would be likely o make its quantitation inaceurale in
the example shown, which was only scanned for a few minutes. Since its signal is
clise Lo the baseling, a longer sean wouwld improve the signal:neise rtio giving better

yuaniifative acciracy.

The dala oblained from the analysis is as follows:

» Slaled contentfahlet = aspicin 250 mg, paracetamol 230 mg, codeine phosphaty

fid mg
= Weishl of | lahlel =

*  Weight of tabler powder waken for analysis = 01228 g
= Weight of ¢ butanol imernal stundard sdded = 8.0 mg

0.6425 ¢

*  Arca of internal standand peak = 7.2

= Areg ol aspirin CH;
*  Areaof paracctamol

[eak =365
CH. peak = 6.73

v Codeine phosphote CH; peak =015

¢ MWW -hotanol = T4
= MW aspinin = 180.2
= MW paracetamol =

151.2

o MW codeine phosphate = 3974

*  Number of protons in t-bulyl group = %
= Number ol predons in inethy] groups of aspicin, paracctamel and codeine = 3.

Culeudation ol the paracetamaol in the tablets i3 shown in Example 8.2,

INEEQCH, t-bdanal 15
' CHs
) 1
=T CHy—E— OH
|
CH,
0 ppm

Fig. 8,19

MMP spesct i hained
from a tablet containing
aspirin, paracetamol and
codeine with B ;g of t-
butanol added as an
internal standard.

Other specialised applications of NMR

There are o nurnlser oF other specialisecd applications of NME which are valuable in
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Calculation example 8.2

Weipht of aspirin and paracetamol expected in the tablel pmgd& =250% E—ﬁ‘;—ﬁ =47.97 mg

1228
Weight of coleine expected in the tablet powder = 6.8 % 51— =1.300 mg

06425
Calculation for aspirin
Substiluting inte the formula given ahi:wc:'.
mg of aspirin present in extract = ﬁ; B I?T:‘? ; 2 =A5EN mg

: ; 458 :
Percentage of stated conlent = w L0 = 95, 48%
4747
e Sk Ll TN N R0 AR - e - e
Self-test 8.8 TR CTIE S TR TS TR TR R R
s 4 PEC TR e R SRRy !‘_ :u ;cga

Fram the above data calculate the percentage of staled content Tur paracetamol and codeime
phosphate,

145951 @eudsoyd aulEpod ‘w7 oR (owelasesed Eamsiy |

pharmueecticul development, Chiral NME employs chiral shift reagents, e.g.
eyrcpivm nsil.d-dicamphoylmethanate), which can be ssed to separate signals from
ensntiomers in 4 mixture and thus quantify them. Solid state NME can be used to
caamine ervstalline structures and characterise polyvmorphs and ceystal hvdrares.
Biological NMR uses wide bore sample tubes and can be tsed to examine drips and
Iheir metabalites directly inbiological floids such as urine or cerebrospinal fluid,
High-pressure liguid chromatography (HPLC Y NMR 5 currently onder developmen
a0 that impuarities or drug metabolites can ba chromateeraphical Iy sepurated by
HPLC and identified by using an NMRB speciromeler as o deteclor

T R O | IR OO O R e T
Answer to Self-test 8.5 b 5T o SR ags Tl s -
- b ¥ o 4 ':f U 1 IR i |,<'r'.-;"|‘i'°|1.\-r'l-n:_
A g
27 Hz
- B

; ".-"".- . '
.

BEHz 5Hz 6Hz #8H=z 16 Hz le 16 Hz
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