NUCLEAR MAGNETIC RESONANCE (NMR)
SPECTROSCOPY

The nuciei of some atoms exhibit magnetic behavier. The
ability to behave in this way is related to the “spin quanium

nurmnber"”, /, of the nycleus.

When such nuclei are placed in o strong magnetic field they
may assume “spin” stales of different levels, If the nucleus
15 irradiated with radio frequency energy corresponding io
the energy difference berween pvo spin states, energy is
absorbed, causing a transition of the nucleus from a lower
ENErgy spin stale to a higher energy spin state.

Not all nuclej are “magnetically active”, Such activity is
limited ic nuciei in which the Spin guantum number, /, is pot
zera. In general, the magnelically active nuclei have either
an pdd mass number or an odd atomic number, or both.

Some magneticaily active nuclei are:
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In a vastly oversimplified analogy, it is useful to compare
the behavior of 2 proton to that of & simple bar magnet,

When placed in an external magnetic field 2 bar magnet has
two stable orientations, aligned-parallel 1o the external field,

or aligned antiparallel,

Ui autiparaliel (8)

H': paraliel (o)

The energy difference AE between the two States depends
upon the strength of the external field (typically expressed
in terms of gauss, G, or tesla, T) and the strength of the
anuclear magnet, which is a constant ¥y (gamma}, defined as
the magnetogyric ralio of the nucieus. The value of yisa
constant for a particular rype of nucleus.

When a proton is iradiated with electromagnetic energy,
mnergy will be absorbed by a nucleus when the energy of
rradiation exactly equals AE, the energy difference between

1€ WO Spin stales.

The following nuclei have Spin quantum numbers of
zero and are magnetically inactive. Asa conseguence
they are “invisibie” in the NMR specliomeler.
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The simplest nuclei in lerms of their magnetic behavior are
nuclet having /= 4. Such nuclei exhibit 1o Spin stales,
The number of spin states is equal 16 2/+ |, 50 when /= 4,
x4+ =2

The two nuciei of central importance in the study of arganic
compounds are 'H and *C, and both of these nuciei have

/=1,

At this poinl we will focus atiention on the 'H nucleus,
Since the 'H nucieus consists of a single proton, '"H NMR
Spectroscopy is some times referred to as PMR or Proton

Magnetic Resonance spectroscopy.

With a spin quantum number of %, there are two magretic
spin states that o hydrogen nucleus can assume when placed

In an external magnetic field.

"The equation relating frequency of irradiation and magnetic
field strength is:

v is frequency of jrradiation {in hertz, Hz, cycies per second )

B, is magnetic field strength (in tesla, T)
Y s the magnetogyric ralio

Since /27 is a constant for the *H nucleus, the equation
shows a direct retationship between the absorplion
frequency for a proton and the strength of the magnetic
field in which the proton is located. The frequency at
which the proton absorbs energy is called its “resonance

frequency”,

Thus, by measuring the absorption of radio frequency
energy by a proton, we can obtain information about its
magnetic environment whep placed in the nuclear
magnetic resonance spectrometer,



Whern a molecule is placed in a strang magnelic field, the
motion of the electrons in the molzcule responds to the
external magnetic field by generating very small magnetic
fields within the molecule. Since the glectrons within a
molceule are localized in the various bonds, the result is that
the internally-generated magnetic fields within the molecule
are not uniformly distributed. The result is that different
hydrogen atoms situated in different iocations within the
same motecule may experience different magnetic
environments and will have different resonance frequencies.

The PMR spectrum is a measurement of the rescnance
frequencies of the magnetically nonequivalent sete of
prolons within 2 malecule.

Since the magaetic environment is relaied to the structure of
the molecute, the PME spectrum provides information about
the structure of the molecule in which the protons are

jocated.

Another possibility is that proton in a molecule may
be located at a position within the molecule where the
internally-generated motecular magnetic field
reinforces the external field. A proton in this
environment ¢xperiences a slightty stronger total field,
" g0 its resonance frequency will be slightly increased
from what it wonld be in the absence of the molecular

environment,

H
Molccuiar field

s . Net field experienced by the proton
TR (external fiekl + internal field)

be “deshie!ded"” by its

In this case the prolon is said to
molecular envircnment.

Shielding and Deshielding of Protons

in some cases a proton ina molecuie may be located at
position where the internalty-generated moiecutar
magnetic is oriented in the opposite direction to the
dirsction of the external magnetic field produced by the
large magnet that is a parl of the instrument.

Melecular fiald

External field
of instrument Net field experiznced by the pratoy.
(exterual field - internni fieid)

i this situation the proton will havea lower resonance
frequency than it would have if it were not located in
the molecular environment. The proton is said to be
“ohizided™ by the internally generated molecular field.

In reporting NMRE dute the gcale used in designating the
lucation of signals is not expressed n units of frequency
(Hz), but in units of parts per millien (ppm}. The lncatian
of a signal for a proton in the NMR spectrumn is cailed the
“chemical shift”, §, for the signal in ppm. The typical PMR
spectral chart has an appearance like that showr below.

Incrensed Deghielding (" downlield shift")

Encrensed Shielding (upfield shift”
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Chemical Suift, & (ppm) ¥ 1
The chemical shift of a signat is scale {s located along the
horizontal axts and is expressed in units of parts per million
{ppm} relative to the chemical shift of the signal for the
protons in tetramethylsilane (TMS), (CH,),Si, TMS gives a
single sharp peak in the PMR spectrum that is assigned &
value of 0 ppm. Maost of the 'H atoms in organic molecules
appear “downfield” (to the Ieft) of the signal for TMS; they
are “deshieided” relative to the 'H atoms in TMS.




Two principal factors-influence the magnetic environments
of protons within motecules,

I} Inductive effects: effects resulting from polarization of
the bonding electrons of the hydrogen atom. When a
moiecule is placed in the strong magnetic field of the
NMR spectrometer, the bonding electrons for a
hydrogen alom respond by producing a magnetic field
tha! ghieids that hydrogen atom, Electron-withdrawing
groups that draw electron density away from the’
hydrogen atom cause a decrease in the ability of the
bonding electrons to shield the hydrogen atom. The
effect of the electron-withdrawing group is 1o deghjeld
the hydrogen atom (i.e,, cause a downfield shift in the

signal for the proton).

The preseace of atoms of electrone gative elements is a
very common cause of an eiectron-withdrawing
inductive effect, Inductive-effects are exerted through
polarization of the sigma bond hetween the
electranegative atom and the hydrogen atom under
consideration, Two common features of inductive
effects in PMR spectroscopy are:

a} The strength of an inductive effect decreases as the
number of intervening bonds between the electro-
negative atom and the hydrogen atom increases,
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b} Inductive effects are roughly additive. For
exampie, consider the effect of successive
repiacement of three of the hydrogen atoms of
methane by chlorine atoms.

CH, Cﬁ: 1l CP}'I;CH: ClgC‘l_s,

023 ppm 3.1 ppm £.2 ppm 743 ppm
2) Magretic fields generated by x bond systems in the
molscule.

The c#cctrons in n.bonds; generate particularly strong
magnetic fields when the molecules are placed in the
strong-magnetic fisld in the NMR spectrometer. This is
particularly true foraromatic rings such as those in =~
benzene and bcnzcne derfva[Wes

Consider the effect of the presence of an electron-
withdrawing bromine atom on the chemical shifts of the
protons in [-bromopropane, compared with propane.
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0.9 ppm 13 ppm 0.9 ppm
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In u simple alkane, the chemical shif! of a primary (1)
H is typically about 0.% ppm, while the chemical shift

of secondary (2% H is slightly larger, around 1.3 ppm.
In l-bremapropane the electron-withdrawing inductive
effect of the.Br atom has a deshielding effect, The
magnitude of the deshielding effect decreases as the
number of bonds intervening between the Bratom and

g hydrogen atom increases. The greatest ‘downfield
shift ts seen for the hydrogen atoms located on the same
carbon atom as the Br {2 intervening bonds}, where a
downfieid shift of about 2.5 ppm from 0.9 to 3 4 ppm is
seen. Foran H atom on the second carbon (3
intervening bongs), the deshielding effect is much
smaller, only about 0.6 ppm (from 1.3 ppm in propane
io [.9 ppm in !-bromopropane). The effect on H at the
third carbon (4 intervening bonds) the deshielding
sffect has decreased to only about 0.14 pprm.

Flux llnes of magnetic
field generated within
the molecale by the “*-... 8
«© electrons
: } Proton located in
deshielding region
of molecular

magnetic field

‘Magnetic [ield
of NME instrument

When an aromatic ring is located in the strong magnetic field of
the NMR spectrometer the electrons in the cyclic x electron
cloud of the ring generaie an internal magnetic field. The
crientation of this internal field is such that the magnetic fiux
lines at the center of the ring are in the direction opposite to the
external field. However, if you follow the path of the flux lines
of the internal magnetic fteld, you find that the protons attached
to the ring carbons lie in-a region where the Tux lines are
ariented in the same direction as the field of the NMR
spectrameter. The result is that protons attached to aromatic
rings are strongly deshieided by the aromatic ring. The
chemical shift of the hydrogen atoms in benzene appear at a
chemical shift of about 7.15 ppm. The signals for hydrogen
atoms on substituted benzenes or other aromatic rings are
usually found in the region of about 6-9 ppm,



A similar situation is exhibited by prolons directly bonded o the
double bond carban of an allente, bu the deshieiding effect is not
protons attached lo aromatic rings. For

so strang as is the case for
| region is about 4.5-7

vinylic protons, the typical chemical shif

ppm.
\ ' / “,,Mx.s-"; ppwm

=

) c\H/,.

Protons [arther away [Tom the x bond such a5 those attached al
benzylic or altylic posilions are also infiuenced by the magnetic
ficld generated.by the aromatic ring or the alkene, but not as

strongly.

\ P ~2.2.5 ppm == H
- ¥ "-' C/ v
SN \ / ~23-3 po
Pratlons ob penzylic
Protons on ailylic carbons of aromtle
gnrbans of alkenes compounds

The effect of a carbonyl group (C=0) involves.a combiantion of
inductive deshielding due L0 (he electron-withdrawing oXygen
aiom oad the deshieiding caused by the magnetic field gc_ncrmed

by the & bond,
O

~2-2.8 ppm 0
ﬁ‘ L §-10 ppm e ”
g i H |
w H e Ty
Aldehyde Protons o Lo sarbonyl group in
" aldelydes, ketones, carboxylic acids,

carbexylic acid derivotives

Shoolery's Effective Shielding Constants

Functiona! Group Djer
-Ci 153 -
—Br 133

"CNR-_! .59
"CF3 1.14
~C=N- 1,70

()ver the years an Enermous number of compouads have been
examined by NMR spectroscopy. Mot onty have the usuni
deshielding effects of the most commanly encounterad functicnal
groups been determined, but tables of “shielding coqg;mms" for
those functional groups have been constructed. [f a pralen is
jocated in an organic molecule where more thén otie ‘fun"cliana!
group is influencing it cherical shift, the shielding constants can
e used Lo predict whal the chemical shift of the praion woutd be

expecled to be.

The most useful table of shielding constanls foriprecicling
chemical shifts was formulated by james N. Shoolery, who was
employed by Yarian Agsociates, e company which developed the
earliest commercial Nuclear Mmagnetic Resonance Spectrometers.
Shoolery constructed 2 table of shielding constants based upon
experimental observations. He formulated an equation thot could
be tsed to estimate the approximale chemical shifts of protons an
alkyi groups that are alfected by Lhe deshielding effects of mose

than ene deshizfding group.

In using Shoolery's equalion to predict chemical shifts, various
substitugnt groups are agsiyned waffective shielding consiants”, Sy
The oliowing 1able shows the Oy values for a number of common

Lroups.
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To predict the approximate chemical shift, &.for the signal for the
hydrogen atoms o9 the methylene group (CHy of X-CiY
simply substitute the shieiding constants.for ¥ and Y into the

equation below:

b =023+0x+ Oy

I this equalion 0.23 is the chemical shift of the protons in CHy
The agreement between experimentally observed chemical shifts
and those predicted using Shoolery's equation, while not perfect, is

often remarkably good.

Compound 4 caiculated . b observed
1ICH,! 023+ [ 82+ 182 = 387 4.09
CQICH,Br 023 + 253+ 233 = 5.09 5.16
CEHSC&CH! 0.23 + 1LES + D7 = 285 2.52
T HCH,OCH; 1I+ 185 « 2.36 = dabd 4.1
CoHCH:Cells 023+ 185+ 1 ,85=3.93 392
C=C-CH3%H 023+ L1324 256 =411 191
Ci,CH;-CCH,y 823 + 04T+ 1.70= 2.40 147
C=C-CH,-C=C 023+ 132+ 132= 287 191

Shoolery's constants cannot pe applied in predicting the chemical
shifts of mething protons i CHXYZ. Apparently factors such s
steric crowding in those cases CAUSE unreliable correation between
observed valuss and values predicied fram the exiension of

Shoolery's rutes.

Other useful 1abies of PR chemical shift information are found in
the |zb manual and shown 6n the next page.
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When Interpreting o 'H NMR spectrum, there are four
information that might be decuced.

types of

!} The number of structurally distinel sefs of protons in the
molecuie. -

2)  The'possitle chemical environments 61 the protons ™
giving risé to the various signdlé -

33 The refative numbers of protons in the sets that give rige
to the various signals in the spectrum,

4] The relationship between chemizally nonequivalent seis
of prolons that are in close proximity in the motecule.

‘e will consider these items in order,

Some poinis thal are worthy of note in the tables.

L} The chemical shifi ranges-within which signals for
prolons attached 1o oxygen or nitrogen might be Found
are very broad. [n facl, for NH-or OH pratans, the
chemical- shifts of the signals for Lhose protons may vary
greatly in different speetru for the same compound.
Protans atinched 1o N, or especially to O exhibit
hydrogen bonding intzractions that influence the
magselic eavironments of those prolens. The exient of
nydrogen bondtng is guite sensilive (o concentration,
lemperature, and solvent, accounting for the variabifity.

2} There is considerable overiap of the normal chemical

shift ranges For the signals of pratons in different

chemical environments. More aften than not it is
necessury Lo have more informalion about the compound
thna the PMR spectrum alonc in order 1o assign the

motecular environment of the proton which produces a

signiai at a particulor chemical shift in lhe spectrum of

that compound,

tt ts not uncommon for signals for structerally different

sets of protons in the same malecule 1o give signals that

overiap so that it may nat be passible to recognize Lhe

appearance of the individual signals. For example, a

molecule of heptane, CH;CH.CHaCH,CH,CH,CH,,

contains four structurally distinet sels of prolons.

However, the three structuradly. distinet sets of 2¢ prolons

all have similar molecular environments and their PR

giving one unresolved signal

signals are not separated, I
for all ten 2%protons, A separate signal appears for the

six 1° protons.

k)]

ri]

[} The aumber of structurally distinel sets of protens in the
molecule:

If the spectrum of & compotnd contains “n” distinctly
identifiable separnte signals, the molecuie generalty must
have al feast “n" structurally distine! sets of hydrogens.
However, since protons in different structural envirorifents ©
may not be different enough in their magnetic environmenls
to give signals at different chemical shifis, there may be more

structurally distinct sets of protonsithan “n”.

Usually, in conformationally mobiie sysigms, hydrogen atoms
on the same carbon are magnetically equivalent. Hydrogen
atoms on dilferent carbons but in symmetrical focations in a

molecule will be magneticalty equivaient. Where _
conformations! mobility is restricted (e.g. by ring systems or
double honds), prolons attached.to the same carbon may not

be structuraily or magnelically equivalent,



I

Eor example, how many structurally different ety of proons
are there in Lhe malecuies below?

(‘:HJ (FHJ
CHJCX—lgCH;OH CH;-*,C;-O—CHb CHJ—'CH—CH:CEHCHJ
CH,
(‘:Hj Cl:HJ H H CiN B
CHJ‘-CH—'CH—CH'CHJ :
| Ct / \ cH, H H
Br .
H H H H
Kr H
N /
c=C I - [
}/ S CHJCH:'—C_.CHIVHJ CH]CH:—C"—C(CHJJJ
i
H | u
Cﬁ u el H Ct
CH_,CH;-—C'—OCH;CHJ /B \
H o, B ol

pogsibie structural environmetits of sets of protons: this would
involve cangideration of the chemicat shifts of the various
signals using the refationships described-earlier in this

B

discussion.
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Suppose, fof example, Lhat the PMR spectrum of a compound
showed the three signals A, B. and C.

Integrotion
‘traces-

Bl

Original
gpectrum

ce of the spectrum shows the series of ascending
steps whose heights ate in the same' Fatio es the numbers of protans
in the sels producing the signals in the original spectruli. Suppose:
in this case. that measurement Of the three steps gave
measurements of 11 mue6 mm: 17 mw, for A, B.and C. Motice
thal the measurcments may show some slight deviation from &
perfect whole number ralic. However.a reasonable whole nUmMoLs
eatio for the measurements would be 5:1:3, This suggests that
relative numbers of protons in the sets within the motecule are 10 8

ratio of 5 protons in el A, | proton in sel B, and J protons inset €

The ratio must D¢ B whole pumber ralig, since & molecule can'l

contain fractions of H atoms. (e word of caution. however, is
that the actual nurbers of prolons in the motecule might net be 3.
| and 3, but could be some multiple like t5.3.and 5. which also

raguces o a 3:1i integer ratio.

The inlegration 8

s

otons represented bY the various

1) Relative numbers of pr
he gpectrum.

signals in the speclrum--kmegmtion of U

There is a direcl retationship between the ares under signal
in the PME spectrum of 2 compound: The ratioof the aEdd
ander the signals i the' spectium of & stmpound chrresponds
wo the relstive nummbers of protons in the various SEis ok
protons represcmed by those signals. The areas under the

signals can be measured by the “integration™ of the gpecirum.

The classical methed of determining the inlegration ratio of
the peaks was Lo rud the spectrum to obtain the paterm of
peaks in the spectrum, then 1o change Lhc.elcctronic_seuings
af the spectromelerand scan over the spectrum. & secorid tme.
This second scan produced 8 plot in which.a series of- -
ascending SIeps were shown corresponding to the positions af
the signats in the original spectrum. The height of the Step
over o signaf was directly retated to the number of protons in
the sel of protons that procuced that signal. One then
measured the heights of each of the Steps in the integraion
trace and determined the whote aumber ratio af-the various
steps. This whole number ralio corresponded 10 (he relative

numbers .ol protons in the sets of protons in the molecule.
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¥ ou cannot assume that the peak with the gmallest integration has
to carrespond L0 @ single proton. For example, SUppose that b
speclruml consisted of two stgnals and that the heights of the

ratian steps was 18 mm:27 mm. 17 the signal

corresponding integ -
o represent one H

with the 18 mm integration step was assumed L
atom, then the step of 27 would represent .5 H atpms. which s
nat an integer. Upon furtier consideration, if the step whose
height is 18 represents a set of two protons, then the integration for
one proton would have a height of & mm. Using this vaiue, the
catic of 18:27 reduces to @ 2:3 ratic in terms of the numbers of

protons rcprcscmed by the two signals.
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Splitting of signals into multipiets by interaction with
neighboring protons (Spin-Spin coupling).

Sometimes Lhe signal for a set of prolons with give a PMR
signal that is a single sharp peak referred to as a “singlet”,

Often, however, a signal does not appear as a single sharp
itne, but s a cluster of lines called a “multiplet”. Muliiplets
resuit from the mutusl magnetic inleraction of protons thal are
in close proximity to each other in the molecule. This
Interaction is transmitled fram one prolon-lo another through
the o bonds that intervene benween the two profons.

Scme imporant peints regarding the magnetic interaction, or
coupling, between 1wo prolons in the same molecule are:

a)  Coupling is not observed between two protons that

have identica! chemical shifts.

b)  The magnitude of the coupling interaction drops off
rapidly as- the number of intervening o bonds
between the two protons increases.

Two hydrogen atoms that are altached to the same carboa
atom are described as “gemina!” hydrogen atoms. {n lke most
commen cases hydrogen atoms atteched 1o the same carbon
atom are in magnetically identical environments and have
identical chemical shifts so that coupling bewween them is not
chserved. We will not deal with that at this point,
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Considering H,, the nucleus H, may be eilher spinning in the
same-direction as H, or the spin-of H, may be opposite that of
H,. the populations of the two situations being equal.

The result is that, at any instant,in ha!f of the molecules the
magnetic field produeed.by H, Isslightly shieiding H,, while
in the other hal” of the molccuiss the magnetic field is shvhtly
deshielding H,. The NMR spectfum then contains jwo signals

for H,, a,:ggl ub,l‘ msteqﬁ o_t'a s:nol;l

The appcarance af, the sxgna!'for HB, which is spm into 2
doublet by coupllng \Vllh a smgie nclghbormg prmon Hy.

Ve |
: ]

3

- signal fram mbtecules
where H, is dlightly
shiefded byiH, "

signal from malceules-——a
where'H, s slightly
deshiélded by 'Hy

Chemical

ahift of"H,
The chemical shilt of the doubiet is at the midpoint of the
doublgt. The separation between the two lines of the-doublet
is called the “coupling constant™andis designated as /.- The
magnitude of the coupling constant Is-always expressed in
units of cycles-per second, Hz, This is different from the
chemical shifl, &, which is expressed in ppm. '

F1]

By far the.most commen relationship encountered for
coupiing between different sets af, prmons inan organic
molecule is between two magng;lcally rgqne‘qurvalcnt
hydrogen atoms on neighboring carbon aloms. Two hiydrogen
atoms on adjacent carbon atoms are said 1o be ina “vicina!”
relationship. The foliowing diseussion will focus on vicinal

coupling.

Consider the inleraction betwesn two magnetically
nonequivalent hydrogen atoms, H, nnd H, that are in a vicinal

retationship.
H, H,
\ /

c—C

Censider the total magnetic environmenl of H,. We have
alrendy discussed the effect of the exlernal magnetic field
generated by the magnel in the spectrometer instrument and
megnetic fields genernted within the molecule by the response
of the electrons to the external magnetic field. There is one
additiona! factor tha! can influence the magnetic environment
of proton.H,, and that is the magnetic field of the.neighboring

praton H,.

We.ascribe the magnetic field generated by the 'H nucleus as
being a consequence of its nuclear-spin. Faor 8 pucleys with a
nuclear quantum number of ¥ there are twe spin stales.with
megnetic fields oriented in opposite directions. in.a first-
order situation, there is egual probability of the suclear spin
being in spin stae o or spin state .

|

The coupling between ¥, and H, is o mutual interaction. The
signal for H, witl be split by its interaction with H,, and the
magnitude of the coupling constant.J/, for the H, signal will
be exactly the same as J shown for H,.

if a proton is coupled with gpe neighboring proton thal one
proten produces twy lines, a doublet, with the twe lines being
equal in intensity. When determining the integralion for the
signal H,, you must add together the steps for both branches

of the doublet.

Height measured |
for integration of |
doublet signal

H
H
i
i
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{ consider a situation in which there is a single nydrogen

MNex
{ of wo hydrogen aloms Y,. Far

algm H, coupied with a se
gxample. 1] 2-tribremoethane;

b 5.7 ppm li[,, 1[1;\\6 d.] ppm

Br_(i:—.cﬂ:—ﬂb
Br Br

This campound would be sxpected to give LWwo siznais in the
PMR spectrum. One signal would be for K, and would
integrate for | proton. The two protons H, are in equivalent
structural and magnetic environmets and would have
\dentical cherical shifl values, so together they wauld
produce one signdl that would integrate for 2 protons: this
signal has a chemical ghift of 4.1 ppm. The proton H,. as you
would expect, is mare strongly deshieided and its signal has 2

chemical shifl of 5.7 ppm.

In terms of spin-spin coupling, the two prolons H, do not
exhibit splitting with each other. since they have identical
chemical shifts. and prolons with identical chemical shifts lo
nol show coupling with each other. However, a proten H, is
coupled with the singte proton H,, and as we have discussed,
il a proton is coupled with a singie neighboring proton, its
signal is split into 2 doyblet. twe lines of equal intensity
separaled by a coupling constant of 7.0 Hz.

n

A morte complete representation of the eniire spectrur is

shown bejow.

L ant

126 mm

1
i

-'l.l‘ ppi

57 pEm

Notice same typical features in this speclrum:

i1 The chemical shift of a true simple multiplet 1s measured
at the migpaint of the multipiet.

{iy  The coupling constanl is measured between any two
adjacent fines for a Lrue multipiel and the magntude of
the coupling constant is the same for two multipiets that
are coupled with each other. For alkane pratons Lbe
value of / for pratens on adjacent carbons is ~7 Hz.

is the sum of the heighs of

ili) The integration of a multiplet
This gives a ratic of 26

all of the steps of thal multiplet.
mm 16 31 mm. which is approximately 112,

Jo

The proton H, is caupled with o hydragen atoms H,. Each
proton H, has an equal prabability of deshietding H, o
shielding H,. For purposes of this discussien. we will
distinguish the two identical protons as H, and H,.. Inlerms
of their effect on Lhe magnelic environment of H,. there are
four passible combinalions:

ay One combination wilh both protons H, and Hy

deshieiding Hy.

by Two combinations in which one of the two pretons
is deshielding H, and the other is shieiding H, (i.e.,
H, deshielding and Hu. shielding, or M, shielding
and H,. deshielding).

Omne combination in which bath protons H, and Hy.
are shieiding H,.

¢)

This cruses the signal for H, 1o be split into three equally
space lines, a tripiel, wilh the line intensities exhibiling a
1:2:1 ratia. The coupling conslant. 4y, is the same when
mezasured between any two adiacent iines.

iz

A simple alkyl group that is very frequenily encountered in
croanic molecutes is the ethyt group. For example. consider

bromoethane.
Hn Hb
H,,—(E—"—(E—“Br
Hn Hb

in this case therc are two strucwraliy distinet sets of hydrogen
aloms. The signal for the set of three protons iabeled H,
o chemical shift of | .68 ppm, while the set of two

appenr al
are more sirongly deshicided and appear at 342

pratons H,
ppm.

The multiplicity for the prowns H, is determined by the
pumber of protons in the set of protons Hy, on the adjacent
carbon. We have atready seen that coupling with a set of Bwo
ent carbon splits the signal for H,inc a

prolons on the ndjac
spaced lines in a ralio of 1:2:1.

yiplel, tares equally

For a proton H, there are four possible combinations of spin
states that the three prolons H, could assume. The probability

ratio of these four states is (:3:3:4

i) All taree protons H, arc deshielding Hy 144
ity Twe protons H, are deshieiding H, and i :
ane praton H, is shietding Hy bt 1
i) Two protons H, are shielding Hy and
one proton H, is deshieiding Hy Ht i b
iv) All three protons H, are shielding Hy i



The distribution of shielding/deshielding states represents 2
simple probatility analagous o flipping three coins. Oul of
800 flips. all three coins would be predicted to come up heads
100 times, two heads and ane tails 300 times, one heads and
three tails 300 times, and all three tajls | 00 times,

{f u proton H, is split by coupling with 3 protons pp the
udiaeent carbon, thex the signal for H, will be split inio a
patlern of 4 fines that are equally spaces and with a ratjo of
intensities of the four lines of {:3:3:1. Thai is. it wili be g

Quartei.

Br—CH,—CH, /f\

/ \ =

R

J [

ad dud o ! i
Pttt !

N
1
H

Jau=7Hz

J
'

P50 mm
]
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Magnitude of coupling constants:

For confermationaily mobile alkyl groups, which will be the most
somimon exarples encountered in this course, the magnitude of the

coupling constant / for coupling between protons on adjacent
carbons is about 6-8 Yz,

Coupling between two nonequivalent hydrogen atoms attached 1o
the seme carbon {geminal coupling) is larger, typically in the range

of 12-30 H.

£ two protons are farther removed from each other than adjacen!
carbons the magnjtude of coupling is very small, and for s
hybridized carbons is rarefy large enough to be seen. We mey
encaunter some long-range coupling in aromatic systems and will
address them at thal point,

——

ILis important to recognize that a true simple multiplet, doublet,

triplet, quartet, pentel, sextet, septel, efe. is no! just any collection
comainirg a cenzin number of lines. A troe simple mulliplet has
Jnifarm spacing between lines and a symmetrical pattern in terms

of lige intensities in the multiplet,
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Itis possible io predicl the extent of splitling of the signa! for
2 given prolon by counting the number of protons on adjacent
carbons that would be responsible for splitting. A useful rule
s the "N+ " rule. I the signal for 2 proton H is splil by o
set of "N" prolans on adjacent carbons, then the signal for My
will be split into a multiplet having “N + " lines. 1l a prolon
Hy is in a posilion where there are two or three adjacent
carbons that bear hydrogen atoms that can couple with Hy, for
exampie CH,-CHy-CH,,, then, in the simplest case, the
multiplicity of the signal for #, will be a multiplet having
(n+m+1) lines. For example, in an isopropy! group,asin
isopropyl iodide, (CH,),CHl, the signal for the proton an the
middle carbor s spli! by 2 total of 6 hydrogens on the two
neighboring earbons, giving o saven line paitern, a septet,

Another importaat feature of simpie multiplets is the relative
line intensities of the lines. This can be predicted by

considering Pascal's triangle;

1510 1051
1615201561

gic,

Thus, If the signa! for a proton is spiit by coupling with a set
of 5 protons on adjacent carbons, it will be seen as a sextet (6
- Itnes) that will be in relative fine intensities of 1:5: 10:10:5:).



