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1H-NMRSpectroscopy

Nuclearmagnetic resonance (NMR)spectroscopy is the study ofmolecules by

recording theinteractionofradiofrequency(Rf)electromagneticradiationwiththe

nucleiofmoleculesplacedinastrongmagneticfield.Zeemanfirstobservedthe

strangebehaviorofcertainnucleisubjectedtoastrongmagneticfieldattheendofthe

nineteenthcentury,butpracticaluseoftheso-called"Zeemaneffect"wasmadeonlyin

the1950swhenNMRspectrometersbecamecommerciallyavailable.

Likeallotherspectroscopictechniques,NMRspectroscopyinvolvestheinteractionof

thematerialbeingexaminedwithelectromagneticradiation.Thesimplestexampleof

electromagneticradiationisarayoflight,whichoccursinthevisibleregionofthe

electromagneticspectrum andhasawavelengthof380nm to780nm.Eachrayoflight

canbethoughtofasasinewave.However,thiswavecanactuallybeconsideredtobe

madeupoftwomutuallyperpendicularwavesthatareexactlyinphasewitheachother;

i.e.,theybothpassthroughtheirmaximaandminimaatexactlythesamepointoftime.

Oneofthesetwoperpendicularwavesrepresentsanoscillatoryelectricfield(E)inone

plane,whilethesecondwave,oscillatinginaplaneperpendiculartothefirstwave,

representsanoscillatingmagneticfield,B.

Cosmicrays,whichhaveaveryhighfrequency(andashortwavelength),fallatthe

highest-energyendoftheknownelectromagneticspectrum andinvolvefrequencies

greaterthan3x1020Hz.Radiofrequency(Rf)radiation,whichisthetypeofradiationthat

concernsusinNMR spectroscopy,occursattheother(lowest-energy)endofthe

electromagneticspectrum andinvolvesenergiesoftheorderof100MHz(1MHz=106

Hz).Gammarays,Xrays,ultravioletrays,visiblelight,infraredrays,andmicrowavesfall

betweenthesetwoextremes.Thevarioustypesofradiationandthecorresponding

rangesofwavelength,frequency,andenergyarepresentedinTable.

Electromagneticradiationalsoexhibitsbehaviorcharacteristicofparticles,inaddition

toitswavelikecharacter.Eachquantum ofradiationiscalledaphoton,andeachphoton,

exhibitsadiscreteamountofenergy,whichisdirectlyproportionaltothefrequencyof

theelectromagneticradiation.Thestrengthofachemicalbondistypicallyaround400

kJmo1-1,sothatonlyradiationabovethevisibleregionwillbecapableofbreaking

bonds.Butinfraredrays,microwaves,andradio-frequencyradiationwillnotbeableto

doso.

Letusnowconsiderhowelectromagneticradiationcaninteractwithaparticleofmatter.

Quantum mechanics(thefieldofphysicsdealingwithenergyattheatomiclevel)

stipulatesthatinorderforaparticletoabsorbaphotonofelectromagneticradiation,

theparticlemustfirstexhibitauniform periodicmotionwithafrequencythatexactly

matchesthefrequencyoftheabsorbedradiation.Whenthesetwofrequenciesexactly
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match,theelectromagneticfieldscan"constructively"interferewiththeoscillationsof

theparticle,andthesystem isthensaidtobe"inresonance"andabsorptionofRf

energycantakeplace.Nuclearmagneticresonanceinvolvestheimmersionofnucleiin

amagneticfield,andthenmatchingthefrequencyatwhichtheyareprecessingwith

electromagneticradiationofexactlythesamefrequencysothatenergyabsorptioncan

occur.

A.NuclearSpinStates:

Manyatomicnucleihaveapropertycalledspin:thenucleibehaveasiftheywere

spinning.Infact,anyatomicnucleusthatpossesseseitherodd mass,odd

atomicnumber,orbothhasaquantizedspinangularmomentum andamagnetic

moment.Themorecommonnucleithatpossessspininclude1
1H,2

1H,13
6C,14

7N,
17

8O,and19
9F.Noticethatthenucleioftheordinary(mostabundant)isotopesof

carbonandoxygen,12
6Cand16

8O,arenotincludedamongthosewiththespin

property.However,thenucleusoftheordinaryhydrogenatom,theproton,does

havespin.Foreachnucleuswithspin,thenumberofallowedspinstatesitmay

adoptisquantizedandisdeterminedbyitsnuclearspinquantum numberI.For

eachnucleus,thenumberIisaphysicalconstant,andthereare2I+1allowed

spinstateswithintegraldifferencesrangingfrom +Ito−I.Theindividualspin

statesfitintothesequence

+I,(I-1),(I-2),………..,(-I+2),(-I+1),-I
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Forinstance,aproton(hydrogennucleus)hasthespinquantum numberI=
1

2

andhastwoallowedspinstates[2()+1=2]foritsnucleus:− and+ .For
1

2

1

2

1

2

thechlorinenucleus,I= andtherearefourallowedspinstates[2()+1=4]:-
3

2

3

2

,- ,+ ,and+ .Followingtablegivesthespinquantum numbersofseveral
3

2

1

2

1

2

3

2

nuclei.

Intheabsenceofanappliedmagneticfield,allthespinstatesofagivennucleus

areofequivalentenergy(degenerate),andinacollectionofatoms,allofthespin

statesshouldbealmostequallypopulated,withthesamenumberofatoms

havingeachoftheallowedspins.

B.NUCLEARMAGNETICMOMENTS

Spinstatesarenotofequivalentenergyinanappliedmagneticfieldbecausethe

nucleusisachargedparticle,andanymovingchargegeneratesamagneticfield

ofitsown.Thus,thenucleushasamagneticmomentµgeneratedbyitscharge

andspin.Ahydrogennucleusmayhaveaclockwise(+ )orcounterclockwise(−
1

2

)spin,andthenuclearmagneticmoments(µ)inthetwocasesarepointedin
1

2

oppositedirections.Inanappliedmagneticfield,allprotonshavetheirmagnetic

momentseitheralignedwiththefieldoropposedtoit.Followingfigureillustrates

thesetwosituations.

Hydrogennucleicanadoptonlyoneortheotheroftheseorientationswith

respecttotheappliedfield.Thespinstate+ isoflowerenergysinceitis
1

2
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alignedwiththefield,whilethespinstate– isofhigherenergysinceitis
1

2

opposedtotheappliedfield.Thisshouldbeintuitivelyobvioustoanyonewho

thinksalittleaboutthetwosituationsdepictedinnextfigure,involvingmagnets.

Thealignedconfigurationofmagnetsisstable(lowenergy).However,wherethe

magnetsareopposed(notaligned),thecentermagnetisrepelledoutofits

current(high-energy)orientation.Ifthecentralmagnetwereplacedonapivot,it

wouldspontaneouslyspinaroundthepivotintoalignment(low energy).Hence,

asanexternalmagneticfieldisapplied,thedegeneratespinstatessplitintotwo

statesofunequalenergy,asshowninfigure.Inthecaseofachlorinenucleus,

therearefourenergylevels,asshowninfigure.The+ and− spinstatesare
3

2

3

2

alignedwiththeappliedfieldandopposedtotheappliedfield,respectively.The+

and− spinstateshaveintermediateorientations,asindicatedbythevector
1

2

1

2

diagram ontherightinFigure.

Fig.Twoallowedspinstatesforaproton

Fig.Alignedandopposedarrangementofbarmagnets
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Fig.Thespinstatesofaprotonintheabsenceandinthepresenceofanapplied

magneticfield.

Fig.Thespinstatesofachlorineatom bothinthepresenceandintheabsenceofan

appliedmagneticfield.

C.ABSORPTIONOFENERGY:

Thenuclearmagneticresonancephenomenonoccurswhennucleialignedwith

anappliedfieldareinducedtoabsorbenergyandchangetheirspinorientation

withrespecttotheappliedfield.Figure5illustratesthisprocessforahydrogen

nucleus.Theenergyabsorptionisaquantizedprocess,andtheenergyabsorbed

mustequaltheenergydifferencebetweenthetwostatesinvolved.

Eabsorbed=(E- state−E+ state)=hν Equation1
1

2

1

2

Inpractice,thisenergydifferenceisafunctionofthestrengthoftheapplied

magneticfieldB0,asillustrateinfigure,
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FIGURE3.5TheNMRabsorptionprocessforaproton

Fig.Thespinstateenergyseparationasafunctionofthestrengthoftheappliedmagneticfield

B0

The strongerthe applied magnetic field,the greaterthe energydifference

betweenthepossiblespinstates:

ΔE=f(B0) Equation2

Themagnitudeoftheenergy-levelseparationalsodependsontheparticular

nucleusinvolved.Eachnucleus(hydrogen,chlorine,andsoon)hasadifferent

ratioofmagneticmomenttoangularmomentum sinceeachhasdifferentcharge

andmass.Thisratio,calledthemagnetogyricratioχ,isaconstantforeach

nucleusanddeterminestheenergydependenceonthemagneticfield:

ΔE=f(γB0)=hν Equation3

Sincetheangularmomentum ofthenucleusisquantizedinunitsofh/2π,the

finalequationtakestheform

ΔE=γ(h/2π)B0=hν Equation4

Solvingforthefrequencyoftheabsorbedenergy,

ν=(γ/2π)B0 Equation5

Ifthe correctvalue ofγ forthe proton is substituted,one finds thatan

unshieldedprotonshouldabsorbradiationoffrequency42.6MHzinafieldof
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strength1Tesla(10,000Gauss)orradiationoffrequency60.0MHzinafieldof

strength1.41Tesla(14,100Gauss).Followingtableshowsthefieldstrengths

andfrequenciesatwhichseveralnucleihaveresonance(i.e.,absorbenergyand

makespintransitions).

Althoughmanynucleiarecapableofexhibitingmagneticresonance,theorganic

chemistismainlyinterestedinhydrogenandcarbonresonances.Wearenot

interested to discuss nucleiotherthan hydrogen—forexample,carbon-13,

fluorine-19,phosphorus-31,anddeuterium (hydrogen-2).

Foraproton(thenucleusofahydrogenatom),iftheappliedmagneticfieldhasa

strengthofapproximately1.41Tesla,thedifferenceinenergybetweenthetwo

spinstatesoftheprotonisabout2.39×10−5kJ/mole.Radiationwithafrequency

ofabout60MHz(60,000,000Hz),whichliesintheradiofrequency(RF)regionof

the electromagneticspectrum,correspondsto thisenergydifference.Other

nucleihavebothlargerandsmallerenergydifferencesbetweenspinstatesthan

do hydrogennuclei.Theearliestnuclearmagneticresonancespectrometers

appliedavariablemagneticfieldwitharangeofstrengthsnear1.41Teslaand

suppliedaconstantradiofrequencyradiationof60MHz.Theyeffectivelyinduced

transitionsonlyamongproton(hydrogen)spinstatesinamoleculeandwerenot

usefulforothernuclei.Separateinstrumentswererequiredtoobservetransitions

in the nucleiofotherelements,such as carbon and phosphorus.Fourier

transform instruments,whichareincommonusetoday,areequippedtoobserve

thenucleiofseveraldifferentelementsinasingleinstrument.Instruments

operatingatfrequenciesof300and400MHzarenow quitecommon,and

instrumentswithfrequencyhigherthan600MHzandfoundinlargerresearch
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institutes.

D.THEMECHANISM OFABSORPTION(RESONANCE):

Tounderstandthenatureofanuclearspintransition,theanalogyofachild’s

spinningtopisuseful.Protonsabsorbenergybecausetheybegintoprecessin

anappliedmagneticfield.Thephenomenonofprecessionissimilartothatofa

spinningtop.Owingtotheinfluenceoftheearth’sgravitationalfield,thetop

beginsto“wobble,”orprecess,aboutitsaxis(Fig.a).Aspinningnucleusbehaves

inasimilarfashionundertheinfluenceofanappliedmagneticfield(Fig.b).

Fig.(a).atopprecessingintheearth’sgravitationalfield;(b)theprecessionof

spinningnucleusresultingfrom theinfluenceofanappliedmagneticfield.

Whenthemagneticfieldisapplied,thenucleusbeginstoprecessaboutitsown

axisofspinwithangularfrequencyω,whichissometimescalleditsLarmor

frequency.Thefrequencyatwhichaprotonprecessesisdirectlyproportionalto

thestrengthoftheappliedmagneticfield;thestrongertheappliedfield,the

highertherate(angularfrequencyω)ofprecession.Foraproton,iftheapplied

fieldis1.41Tesla(14,100Gauss),thefrequencyofprecessionisapproximately

60MHz.

Sincethenucleushasacharge,theprecessiongeneratesanoscillatingelectric

field ofthesamefrequency.Ifradiofrequencywavesofthisfrequencyare

suppliedtotheprecessingproton,theenergycanbeabsorbed.Thatis,whenthe

frequencyoftheoscillatingelectricfieldcomponentoftheincomingradiation

justmatchesthefrequencyoftheelectricfieldgeneratedbytheprecessing
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nucleus,thetwofieldscancouple,andenergycanbetransferredfrom the

incomingradiationtothenucleus,thuscausingaspinchange.Thisconditionis

calledresonance,andthenucleusissaidtohaveresonancewiththeincoming

electromagneticwave.Followingfigureschematicallyillustratestheresonance

process.

Fig.Thenuclearmagneticresonanceprocess;absorptionoccurswhenν=ω.

E.POPULATIONDENSITIESOFNUCLEARSPINSTATES

Foraproton,iftheappliedmagneticfieldhasastrengthofapproximately1.41

Tesla,resonanceoccursatabout60MHz,andusingE=hν,wecancalculatethat

thedifferenceinenergybetweenthetwospinstatesoftheprotonisabout2.39×

10−5 kJ/mole.Thermalenergyresultingfrom room temperatureissufficientto

populatebothoftheseenergylevelssincetheenergyseparationbetweenthe

twolevelsissmall.Thereis,however,aslightexcessofnucleiinthelower-

energyspinstate.Themagnitudeofthisdifferencecanbecalculatedusingthe

Boltzmanndistributionequations.Equation3.7givestheBoltzmannratioof

nuclearspinsintheupperandlowerlevels.

Equation3.7

= =
Nupper

Nlower
e

-
ΔE

kT e
-
hν

kT

h=6.624×10−34Jsec

k=1.380×10−23J/K-molecule

T=absolutetemperature(K)

whereΔEistheenergydifferencebetweentheupperandlowerenergystates,

andkisthemolecular(notmolar)gasconstant.SinceΔE=hν,thesecondform

oftheequationisderived,whereνistheoperatingfrequencyoftheinstrument
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andhisPlanck’sconstant.

Using this Equation,one can calculate thatat298 K (25°C),foran

instrumentoperatingat60MHzthereare1,000,009nucleiinthelower(favored)

spinstateforevery1,000,000thatoccupytheupperspinstate:

= =0.999991
Nupper

Nlower

1000000

1000009

Inotherwords,inapproximatelymillionnuclei,thereareonly9morenuclei

inthelowerspinstate.Letuscallthisnumber(9)theexcesspopulation(Fig.).

Theexcessnucleiaretheonesthatallowustoobserveresonance.When

the60-MHzradiationisapplied,itnotonlyinducestransitionsupwardbutalso

stimulatestransitionsdownward.Ifthepopulationsoftheupperand lower

statesbecomeexactlyequal,weobservenonetsignal.Thissituationiscalled

saturation.OnemustbecarefultoavoidsaturationwhenperforminganNMR

experiment.Saturationisachievedquicklyifthepoweroftheradiofrequency

signalistoohigh.Therefore,theverysmallexcessofnucleiinthelowerspin

stateisquiteimportanttoNMRspectroscopy,andwecanseethatverysensitive

NMRinstrumentationisrequiredtodetectthesignal.

IfweincreasetheoperatingfrequencyoftheNMRinstrument,theenergy

differencebetweenthetwostatesincreases(seeFig.),whichcausesanincrease

inthisexcess.Tableshowshowtheexcessincreaseswithoperatingfrequency.

Italso clearlyshowswhymodern instrumentation hasbeen designed with

increasinglyhigheroperatingfrequencies.Thesensitivityoftheinstrumentis

increased,andtheresonancesignalsarestronger,becausemorenucleican

undergo transition athigherfrequency.Before the adventofhigher-field

instruments,itwasverydifficulttoobserveless-sensitivenucleisuchascarbon-

13,whichisnotveryabundant(1.1%)andhasadetectionfrequencymuchlower

thanthatofhydrogen(seeTable).
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Fig.Theexcessofpopulationofnuclei

inlowerspinstateat60MHz

Table:Tableforvariation

F.THECHEMICALSHIFTANDSHIELDING:

Nuclearmagnetic resonance has greatutilitybecause notallprotons in a

moleculehaveresonanceatexactlythesamefrequency.Thisvariabilityisdueto

thefactthattheprotonsinamoleculearesurroundedbyelectronsandexistin

slightlydifferentelectronic(magnetic)environmentsfrom one another.The

valence-shellelectrondensitiesvaryfrom oneprotontoanother.Theprotonsare

shieldedbytheelectronsthatsurroundthem.Inanappliedmagneticfield,the

valenceelectronsoftheprotonsarecausedtocirculate.Thiscirculation,calleda

localdiamagneticcurrent,generatesacountermagneticfieldthatopposesthe

appliedmagneticfield.FollowingFigureillustratesthiseffect,whichiscalled

diamagneticshieldingordiamagneticanisotropy.

Fig.Diamagneticanisotropy—thediamagneticshieldingofanucleuscausedbythecirculationof

valenceelectrons

Circulationofelectronsaroundanucleuscanbeviewedasbeingsimilartothe

flowofanelectriccurrentinanelectricwire.From physics,weknowthattheflow

ofacurrentthroughawireinducesamagneticfield.Inanatom,thelocal

diamagneticcurrentgeneratesasecondary,inducedmagneticfieldthathasa

differentoppositethatoftheappliedmagneticfield.

Asaresultofdiamagneticanisotropy,eachprotoninamoleculeisshieldedfrom
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theappliedmagneticfieldtoanextentthatdependsontheelectrondensity

surroundingit.Thegreatertheelectrondensityaroundanucleus,thegreaterthe

induced counterfield thatopposestheapplied field.Thecounterfield that

shieldsanucleusdiminishesthenetappliedmagneticfieldthatthenucleus

experiences.Asaresult,thenucleusprecessesatalowerfrequency.Thismeans

thatitalsoabsorbsradiofrequencyradiationatthislowerfrequency.Eachproton

inamoleculeisinaslightlydifferentchemicalenvironmentandconsequently

hasaslightlydifferentamountofelectronicshielding,whichresultsinaslightly

differentresonancefrequency.

Thesedifferencesinresonancefrequencyareverysmall.Forinstance,the

differencebetweentheresonancefrequenciesoftheprotonsinchloromethane

andthoseinfluoromethaneisonly72Hzwhentheappliedfieldis1.41Tesla.

Sincetheradiationusedtoinduceprotonspintransitionsatthatmagneticfield

strengthisofafrequencynear60MHz,thedifferencebetweenchloromethane

andfluoromethanerepresentsachangeinfrequencyofonlyslightlymorethan

onepartpermillion!Itisverydifficulttomeasureexactfrequenciestothat

precision;hence,noattemptismadetomeasuretheexactresonancefrequency

ofanyproton.Instead,areferencecompoundisplacedinthesolutionofthe

substancetobemeasured,andtheresonancefrequencyofeachprotoninthe

sampleismeasuredrelativetotheresonancefrequencyoftheprotonsofthe

reference substance.In otherwords,the frequencydifference is measured

directly. The standard reference substance that is used universally is

tetramethylsilane,(CH3)4Si,alsocalledTMS.Thiscompoundwaschoseninitially

becausetheprotonsofitsmethylgroupsaremoreshieldedthanthoseofmost

otherknowncompounds.Atthattime,nocompoundsthathadbetter-shielded

hydrogensthanTMSwereknown,anditwasassumedthatTMSwouldbeagood

referencesubstancesinceitwouldmarkoneendoftherange.Thus,when

anothercompoundismeasured,theresonancesofitsprotonsarereportedin

termsofhowfar(inHertz)theyareshiftedfrom thoseofTMS.

Theshiftfrom TMSforagivenprotondependsonthestrengthofthe

appliedmagneticfield.Inanappliedfieldof1.41Teslatheresonanceofaproton

isapproximately60MHz,whereasinanappliedfieldof2.35Tesla(23,500Gauss)

theresonanceappearsatapproximately100MHz.Theratiooftheresonance

frequenciesisthesameastheratioofthetwofieldstrengths:

= = =
100MHz

60MHz

2.35Tesla

1.41Tesla

23500Gauss

14100Gauss

5

3
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Hence,foragivenproton,theshift(inHertz)from TMSis largerinthe
5

3

100-MHzrange(B0=2.35Tesla)thaninthe60-MHzrange(B0=1.41Tesla).This

canbeconfusingforworkerstryingtocomparedataiftheyhavespectrometers

thatdifferinthestrengthoftheappliedmagneticfield.Theconfusioniseasily

overcomeifonedefinesanewparameterthatisindependentoffieldstrength—

forinstance,bydividingtheshiftinHertzofagivenprotonbythefrequencyin

megahertzofthespectrometerwithwhichtheshiftvaluewasobtained.Inthis

manner,afield-independentmeasurecalledthechemicalshift(δ)isobtained

δ=
(shiftinHz)

(SpectrometerfrequencyinMHz)

Thechemicalshiftinδunitsexpressestheamountbywhichaproton

resonanceisshiftedfrom TMS,inpartspermillion(ppm),ofthespectrometer’s

basicoperatingfrequency.Valuesofdforagivenprotonarealwaysthesame

irrespectiveofwhetherthemeasurementwasmadeat60MHz(B0=1.41Tesla)

orat100MHz(B0=2.35Tesla).Forinstance,at60MHztheshiftoftheprotons

inCH3Bris162Hzfrom TMS,whileat100MHztheshiftis270Hz.However,

bothofthesecorrespondtothesamevalueofδ(2.70ppm):

δ= = =2.70ppm
162Hz

60MHz

270Hz

100MHz

Byagreement,mostworkersreportchemicalshiftsindelta(δ)units,or

partspermillion(ppm),ofthemainspectrometerfrequency.Onthisscale,the

resonanceoftheprotonsinTMScomesatexactly0.00ppm (InTMS,thelow

electronegativityofsiliconmeansthatofprotonsandcarbonsaresurroundedby

arelativelyhighdensityofelectrons.Hence,theyarehifhlyshieldedandresonate

atverylowfrequency.Shieldingbysiliconinfactissostrongthattheprotonand

carbonresonancesofTMSareplacedattherightextremeofthespectrum,

providingaconvenientspectralzero).

TheNMRspectrometeractuallyscansfrom highvaluestolow ones(as

willbediscussed).Followingisatypicalchemicalshiftscalewiththesequence

ofvaluesthatwouldbefoundonatypicalNMRspectrum chart.
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Chemicalshiftmayexpressthedifferenceintheresonancefrequencyofagivenproton

(atom)compared to thatofthe methylprotons ofTMS,underthe experimental

condition.Inpractice;

Chemicalshift(δ)=
ν -ν inHz(s) (TMS)

operatingfrequencyinMHz

Forexample,iftheobservedshiftfrom TMSis200Hzandtheoperatingfrequencyof

theinstrumentis100MHz,thentheChemicalshift(δ)isgivenbythefollowing

expression

Chemicalshift(δ)= = =2x10-6200Hz

100MHz

200Hz

100x Hz106

Thisfrequencyratio(2.0x10-6)ismultipliedby106inordertoobtainaneasilyhandled

number(2.0 x10-6 x106 = 2.0 ppm)and consequentlythechemicalshift(δ)is

expressedaspartspermillion(10-6)oftheoperatingfrequency,thus

Chemicalshift(δ)= x
ν -ν inHz(s) (TMS)

operatingfrequencyoftheinstrumentinMHz

106ppm

RepresentationofChemicalshift:Chemicalshiftgenerallyexpressedinδppm,andthis

scaleiscalledδscalewhichiswidelypopulated.G.V.D.Tiersproposedin1958an

alternativechemicalshiftscale,knownasτscale,inwhich TMSisgivenanarbitrary

valueof10ppm.Thus

τ=10-δppm

Internalstandard:

ThefollowingcompoundsaregenerallytakenasinternalstandardinNMRspectroscopy:

1.

TMSisgenerallyemployedasinternalstandardformeasuringthepositionof1H,
13Cand29SiinNMRspectrum because:
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i). Itgivesasinglesharppeakfrom magneticallytwelveequivalentprotons.

ii).Itischemicallyinertandmisciblewithlargenumberofsolvent.

iii). Beinghighlyvolatile,itcaneasilyberemovedifthesampleistobe

recovered.

iv).Itdoesnotinvolveinintermolecularassociationwiththesample.

v). Ithastheaddedadvantagethatitsresonancepositionisfarremovedfrom

theabsorptionduetoprotonsinmostorganicmolecule.

2. Forwatersolublemolecule,Sodium saltof3(trimethyl-silyl)propane-sulphonate

and 3(trimethyl-silyl)propanoicacid.Thesearewatersolublecompound and

usedinD2Osolvent.

G.ChemicalEquivalence:Abriefoverview:
Alloftheprotonsfoundinchemicallyidenticalenvironmentswithinamolecule

arechemicallyequivalent,andtheyoftenexhibitthesamechemicalshift.Thus,

allthe protons in tetramethylsilane (TMS)orallthe protons in benzene,

cyclopentane,oracetone—which are molecules thathave protons thatare

equivalentbysymmetryconsiderations—haveresonanceatasinglevalueofδ

(butadifferentvaluefrom thatofeachoftheothermoleculesinthesamegroup).

EachsuchcompoundgivesrisetoasingleabsorptionpeakinitsNMRspectrum.

Theprotonsaresaidtobechemicallyequivalent.Ontheotherhand,amolecule

thathassetsofprotonsthatarechemicallydistinctfrom oneanothermaygive

risetoadifferentabsorptionpeakfrom eachset,inwhichcasethesetsof

protonsarechemicallynonequivalent.Thefollowingexamplesshouldhelpto

clarifytheserelationships:

Molecules giving rise to one NMR

absorption peak—all protons

chemicallyequivalent
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Molecules giving rise to two NMR

absorptionpeaks—twodifferentsets

ofchemicallyequivalentprotons

Molecule giving rise to three NMR

absorption peaks—three different

setsofchemicallyequivalentprotons

YoucanseethatanNMRspectrum furnishesavaluabletypeofinformationon

thebasisofthenumberofdifferentpeaksobserved;thatis,thenumberofpeaks

corresponds to the numberofchemicallydistincttypes ofprotons in the

molecule.Often,protonsthatarechemicallyequivalentarealsomagnetically

equivalent.Note,however,thatinsomeinstances,protonsthatarechemically

equivalentarenotmagneticallyequivalent.

H.ChemicalEnvironmentandChemicalShift:
Iftheresonancefrequenciesofallprotonsinamoleculewerethesame,NMR

wouldbeoflittleusetotheorganicchemist.Notonlydodifferenttypesof

protonshavedifferentchemicalshifts,buteachalsohasacharacteristicvalueof

chemicalshift.Everytypeofprotonhasonlyalimitedrangeofδvaluesover

whichitgivesresonance.Hence,thenumericalvalue(inδppm)ofthechemical

shiftforaprotongivesaclueregardingthetypeofprotonoriginatingthesignal,

justasaninfraredfrequencygivesaclueregardingthetypeofbondorfunctional

group.

Forinstance,noticethatthearomaticprotonsofbothphenylacetone(Fig.)and

benzylacetate(Fig.)haveresonancenear7.3ppm,andthatbothofthemethyl

groups attached directlyto a carbonylhave resonance atabout2.1 ppm.

Aromaticprotonscharacteristicallyhaveresonancenear7to8ppm,whereas

acetylgroups(methylgroupsofthistype)havetheirresonancenear2ppm.

Thesevaluesofchemicalshiftarediagnostic.Noticealsohowtheresonanceof

thebenzyl(-CH2-)protonscomesatahighervalueofchemicalshift(5.1ppm)in

benzylacetate than in phenylacetone (3.6 ppm).Being attached to the

electronegativeelementoxygen,theseprotonsaremoredeshielded(seeSection)

thanthoseinphenylacetone.A trainedchemistwouldreadilyrecognizethe
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probablepresenceoftheoxygenfrom thevalueofchemicalshiftshownbythese

protons.

Itisimportantto learntherangesofchemicalshiftsoverwhichthemost

commontypesofprotonshaveresonance.AboveFigureisacorrelationchart

thatcontainsthemostessentialandfrequentlyencounteredtypesofprotons.

Tablebelowliststhechemicalshiftrangesforselectedtypesofprotons.Forthe

beginner,itisoftendifficulttomemorizealargebodyofnumbersrelatingto

chemicalshiftsandprotontypes.Oneactuallyneeddothisonlycrudely.Itis

moreimportantto“getafeel”fortheregionsandthetypesofprotonsthanto

know astring ofactualnumbers.To do this,studyaboveFigurecarefully.

FollowingtableandApendixgivemoredetailedofchemicalshifts.
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aForthosehydrogensshownas–C-H,ifthathydrogenispartofamethylgroup(CH3)theshiftis

generallyatthelow endoftherangegiven,ifthehydrogenisinamethylenegroup(-CH2-)the

shiftisintermediate,andifthehydrogenisinamethinegroup(-C-H),theshiftistypicallyatthe

highendoftherangegiven.
bThechemicalshiftofthesegroupsisvariable,dependingnotonlyonthechemicalenvironment
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inthemolecule,butalsoonconcentration,temperature,andsolvent.

I.LocalEffect:
i).ElectronegativityEffect:

The term ofchemicalshifts thatis easiestto explain is thatinvolving

electronegativeelementssubstitutedonthesamecarbontowhichtheprotons

of interest are attached. The chemical shift simply increases as the

electronegativityoftheattachedelementincreases.FollowingTableillustrates

thisrelationshipforseveralcompoundsofthetypeCH3X.

Multiple substituentshave a strongereffectthan a single substituent.The

influenceofthesubstituentdropsoffrapidlywithdistance,anelectronegative

elementhavinglittleeffectonprotonsthataremorethanthreecarbonsdistant.

FollowingTableillustratestheseeffectsfortheunderlinedprotons.

LaterSection briefly discussed the origin ofthe electronegativity effect.

Electronegative substituents attached to a carbon atom,because oftheir

electron-withdrawingeffects,reducethevalenceelectrondensityaroundthe

protonsattachedtothatcarbon.Theseelectrons,itwillberecalled,shieldthe

protonfrom theappliedmagneticfield.Figure illustratesthiseffect,calledlocal

diamagneticshielding.Electronegativesubstituentsoncarbonreducethelocal

diamagneticshieldinginthevicinityoftheattachedprotonsbecausetheyreduce

theelectrondensityaroundthoseprotons.Substituentsthathavethistypeof

effectaresaidtodeshieldtheproton.Thegreatertheelectronegativityofthe

substituent,themoreitdeshieldsprotonsandhencethegreateristhechemical
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shiftofthoseprotons.

ii).HybridizationEffects:

Thesecond importantsetoftrendsisthatdueto differencein the

hybridizationoftheatom towhichhydrogenisattached.

sp3Hydrogens

ReferringtoFig.andTable,noticethatallhydrogensattachedtopurelysp3

carbonatoms(C-CH3,C-CH2-C,C-CH-C,cycloalkanes)haveresonanceinthe

limitedrangefrom 0to2ppm,providedthatnoelectronegativeelementsorπ-

bondedgroupsarenearby.AttheextremerightofthisrangeareTMS(0ppm)

andhydrogensattachedtocarbonsinhighlystrainedrings(0–1ppm)—asoccurs,

forexample,withcyclopropylhydrogens.Mostmethylgroupsoccurnear1ppm

iftheyareattachedtoothersp3carbons.Methylene-grouphydrogens(attached

tosp3carbons)appearatgreaterchemicalshifts(near1.2to1.4ppm)thando

methyl-grouphydrogens.Tertiarymethinehydrogensoccurathigherchemical

shiftthansecondaryhydrogens,whichinturnhaveagreaterchemicalshiftthan

do primary ormethylhydrogens.The following diagram illustrates these

relationships:

Ofcourse,hydrogensonansp3carbonthatisattachedtoaheteroatom (-

O-CH2-,andsoon)ortoanunsaturatedcarbon(-C=C-CH2-)donotfallinthis

regionbuthavegreaterchemicalshifts.

sp2Hydrogens

Simplevinylhydrogens(-C=C-H)haveresonanceintherangefrom 4.5to7

ppm.Inansp2-1sC-H bond,thecarbonatom hasmorescharacter(33% s),

whicheffectivelyrendersit“moreelectronegative”thanansp3carbon(25%s).

Rememberthatsorbitalsholdelectronsclosertothenucleusthandothecarbon

porbitals.Ifthesp2carbonatom holdsitselectronsmoretightly,thisresultsin

lessshieldingfortheHnucleusthaninansp3-1sbond.Thus,vinylhydrogens

haveagreaterchemicalshift(5to6ppm)thanaliphatichydrogensonsp3

carbons(1to4ppm).Aromatichydrogensappearinarangefartherdownfield(7

to 8 ppm).The downfield positions ofvinyland aromatic resonances are,

however,greaterthanonewouldexpectbasedonthesehybridizationdifferences.
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Anothereffect,calledanisotropy,isresponsibleforthelargestpartofthese

shifts(andwillbediscussedinlatter).Aldehydeprotons(alsoattachedtosp2

carbon)appearevenfartherdownfield(9to10ppm)thanaromaticprotonssince

theinductiveeffectoftheelectronegativeoxygenatom furtherdecreasesthe

electrondensityontheattachedproton.Aldehydeprotons,likearomaticand

alkeneprotons,exhibitananomalouslylargechemicalshiftduetoanisotropy.

spHydrogens

Acetylenichydrogens(C-H,sp-1s)appearanomalouslyat2to3ppm

owingtoanisotropy(tobediscussed).Onthebasisofhybridizationalone,as

alreadydiscussed,onewouldexpecttheacetylenicprotontohaveachemical

shiftgreaterthanthatofthevinylproton.Anspcarbonshouldbehaveasifit

weremoreelectronegativethanansp2 carbon.Thisistheoppositeofwhatis

actuallyobserved.

iii).AcidicandExchangeableProton;

AcidicHydrogens

Someoftheleast-shieldedprotonsarethoseattachedtocarboxylicacids.These

protonshavetheirresonancesat10to12ppm.

Bothresonanceandtheelectronegativityeffectofoxygenwithdraw electrons

from theacidproton.

HydrogenBondingandExchangeableHydrogens

Protonsthatcanexhibithydrogenbonding(e.g.,hydroxyloraminoprotons)

exhibitextremelyvariableabsorptionpositionsoverawiderange.Theyareusually

foundattachedtoaheteroatom.InTableliststherangesoverwhichsomeofthese

typesofprotonsarefound.Themorehydrogenbondingthattakesplace,themore

deshieldedaprotonbecomes.
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MAGNETICANISOTROPY:
Previousfigureclearlyshowsthattherearesometypesofprotonswithchemical

shiftsthatarenoteasilyexplainedbysimpleconsiderationsoftheelectronegativityof

theattachedgroups.Forinstance,considertheprotonsofbenzeneandotheraromatic

systems.Arylprotonsgenerallyhaveachemicalshiftaslargeasthatoftheprotonof

chloroform!Alkenes,alkynes,andaldehydesalsohaveprotonswithresonancevalues

thatarenotin linewith theexpected magnitudesofanyelectron-withdrawing or

hybridizationeffects.Ineachofthesecases,theanomalousshiftisduetothepresence

ofanunsaturatedsystem (onewithπelectrons)inthevicinityoftheprotoninquestion.

Takebenzene,forexample.Whenitisplacedinamagneticfield,theπelectrons

inthearomaticringsystem areinducedtocirculatearoundthering.Thiscirculationis

calledaringcurrent.Themovingelectronsgenerateamagneticfieldmuchlikethat

generatedinaloopofwirethroughwhichacurrentisinducedtoflow.Themagnetic

field coversaspatialvolumelargeenoughthatitinfluencestheshielding ofthe

benzenehydrogens.FollowingFigureillustratesthisphenomenon.
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Fig.Diamagneticanisotropyandringcurrent

Thebenzenehydrogensaresaidtobedeshieldedbythediamagneticanisotropy

ofthering.Inelectromagneticterminology,anisotropicfieldisoneofeitheruniform

densityorsphericallysymmetricdistribution;ananisotropicfieldisnotisotropic;thatis,

itisnonuniform.Anappliedmagneticfieldisanisotropicinthevicinityofabenzene

moleculebecausethelabileelectronsintheringinteractwiththeappliedfield.This

createsanon-homogeneityintheimmediatevicinityofthemolecule.Thus,aproton

attachedtoabenzeneringisinfluencedbythreemagneticfields:thestrongmagnetic

fieldappliedbytheelectromagnetsoftheNMRspectrometerandtwoweakerfields,

oneduetotheusualshieldingbythevalenceelectronsaroundtheproton,andtheother

duetotheanisotropygeneratedbythering-system πelectrons.Itistheanisotropic

effectthatgivesthebenzeneprotonsachemicalshiftthatisgreaterthanexpected.

Theseprotonsjusthappentolieinadeshieldingregionoftheanisotropicfield.Ifa

protonwereplacedinthecenteroftheringratherthanonitsperiphery,itwouldbe

foundtobeshieldedsincethefieldlinestherewouldhavetheoppositedirectionfrom

thoseattheperiphery.

Allgroupsinamoleculethathaveπelectronsgeneratesecondaryanisotropic

fields.In acetylene,the magneticfield generated byinduced circulation ofthe π

electronshasageometrysuchthattheacetylenichydrogensareshielded(Fig.).Hence,

acetylenichydrogenshaveresonanceathigherfieldthanexpected.Theshieldingand

deshieldingregionsduetothevariousπelectronfunctionalgroupshavecharacteristic

shapesanddirections,andfollowingFigureillustratestheseforanumberofgroups.

Protonsfallingwithintheconicalareasareshielded,andthosefallingoutsidethe

conicalareasaredeshielded.Themagnitudeoftheanisotropicfielddiminisheswith

distance,and beyond acertaindistancethereisessentiallyno anisotropiceffect.

FollowingFigureshowstheeffectsofanisotropyinseveralactualmolecules.

Fig.Diamagneticanisotropyinacetylene
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Fig.Theeffectsofanisotropyinsomeactualmolecules.

SPIN–SPINSPLITTING(n+1)RULE:
Wehavediscussedthemannerinwhichthechemicalshiftandtheintegral(peakarea)

cangiveinformationaboutthenumberandtypesofhydrogenscontainedinamolecule.

AthirdtypeofinformationtobefoundintheNMRspectrum isthatderivedfrom the

spin–spinsplittingphenomenon.Eveninsimplemolecules,onefindsthateachtypeof

protonrarelygivesasingleresonancepeak.Forinstance,in1,1,2-trichloroethanethere

aretwochemicallydistincttypesofhydrogens:

Onthebasisoftheinformationgiventhusfar,onewouldpredicttworesonancepeaks

intheNMRspectrum of1,1,2-trichloroethane,withanarearatio(integralratio)of2:1.In

reality,thehigh-resolutionNMRspectrum ofthiscompoundhasfivepeaks:agroupof

threepeaks(calledatriplet)at5.77ppm andagroupoftwopeaks(calledadoublet)at

3.95ppm.FollowingFigureshowsthisspectrum.Themethine(CH)resonance(5.77

ppm)issaidtobesplitintoatriplet,andthemethyleneresonance(3.95ppm)issplit

intoadoublet.Theareaunderthethreetripletpeaksis1,relativetoanareaof2under
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thetwodoubletpeaks.

Thisphenomenon,calledspin–spinsplitting,canbeexplainedempiricallybythe

so-calledn+1Rule.Eachtypeofproton“senses”thenumberofequivalentprotons(n)

onthecarbonatom(s)nexttotheonetowhichitisbonded,anditsresonancepeakis

splitinto(n+1)components.

FIGURE:The1H-NMRspectrum of1,1,2-trichloroethane(60MHz).

Examinethecaseathand,1,1,2-trichloroethane,utilizingthen+1Rule.Firstthe

lonemethinehydrogenissituatednexttoacarbonbearingtwomethyleneprotons.

Accordingtotherule,ithastwoequivalentneighbors(n=2)andissplitinton+1=3

peaks(atriplet).Themethyleneprotonsaresituatednexttoacarbonbearingonlyone

methinehydrogen.Accordingtotherule,theseprotonshaveoneneighbor(n=1)and

aresplitinton+1=2peaks(adoublet).

Twoneighborsgiveatriplet

(n+1=3)(area=1)

Oneneighborgivesadoublet

(n+1=2)(area=2)

Beforeproceedingtoexplaintheoriginofthiseffect,letusexaminetwosimpler

casespredictedbythen+1Rule.FollowingFigureisthespectrum ofethyliodide

(CH3CH2I).Noticethatthemethyleneprotonsaresplitintoaquartet(fourpeaks),and
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themethylgroupissplitintoatriplet(threepeaks).Thisisexplainedasfollows:

Threeequivalentneighborsgiveaquartet

(n+1=4)(area=2)

Twoequivalentneighborsgiveatriplet

(n+1=3)(area=3)

Fig:The1H-NMRspectrum ofethyliodide(60MHz)

Finally,consider2-nitropropane,whichhasthespectrum giveningivenFigure.

Noticethatinthecaseof2-nitropropanetherearetwoadjacentcarbonsthat

bearhydrogens(twocarbons,eachwiththreehydrogens),andthatallsixhydrogensas

agroupsplitthemethinehydrogenintoaseptet.

Oneneighborgivesadoublet

(n+1=2)(area=6)

Sixequivalentneighborsgiveaseptet

(n+1=7)(area=1)
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Alsonoticethatthechemicalshiftsofthevariousgroupsofprotonsmakesense

accordingtothediscussionsinrespectiveSections.Thus,in1,1,2-trichloroethane,the

methinehydrogen(onacarbonbearingtwoClatoms)hasalargerchemicalshiftthan

themethyleneprotons(onacarbonbearingonlyoneClatom).Inethyliodide,the

hydrogensonthecarbon-bearingiodinehavealargerchemicalshiftthanthoseofthe

methylgroup.In2-nitropropane,themethineproton(onthecarbonbearingthenitro

group)hasalargerchemicalshiftthanthehydrogensofthetwomethylgroups.

Fig.The1H-NMRspectrum of2-nitropropane(60MHz).

Finally,note thatthe spin–spin splitting gives a new type ofstructural

information.Itrevealshowmanyhydrogensareadjacenttoeachtypeofhydrogenthat

isgivinganabsorptionpeakor,asinthesecases,anabsorptionmultiplet.Forreference,

somecommonlyencounteredspin–spinsplittingpatternsarecollectedinthegiven

Table

Table:SOME EXAMPLES OF COMMONLY OBSERVED SPLITTING PATTERNS IN

COMPOUNDS
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TheOriginofSpin-SpinSplitting:
Spin-spinsplittingarisesbecausehydrogensonadjacentcarbonatomscan

“sense”oneanother.ThehydrogenoncarbonAcansensethespindirectionofthe

hydrogenoncarbonB.Insomemoleculesofthesolution,thehydrogenoncarbonBhas

spin+ (X-typemolecules);inothermoleculesofthesolution,thehydrogenoncarbon
1

2

Bhasspin− (Y-typemolecules).GivenFigureillustratesthesetwotypesofmolecules.
1

2

ThechemicalshiftofprotonAisinfluencedbythedirectionofthespininproton

B.ProtonAissaidtobecoupledtoprotonB.Itsmagneticenvironmentisaffectedby

whetherprotonBhasa+ ora- spinstate.Thus,protonAabsorbsataslightly
1

2

1

2

differentchemicalshiftvalueintypeXmoleculesthanintypeYmolecules.Infact,inX-

typemolecules,protonAisslightlydeshieldedbecausethefieldofprotonBisaligned

withtheappliedfield,anditsmagneticmomentaddstotheappliedfield.InY-type

molecules,protonAisslightlyshieldedwithrespecttowhatitschemicalshiftwouldbe

intheabsenceofcoupling.Inthislattercase,thefieldofprotonBdiminishestheeffect

oftheappliedfieldonprotonA.
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SinceinagivensolutionthereareapproximatelyequalnumbersofX-andY-type

moleculesatanygiventime,twoabsorptionsofnearlyequalintensityareobservedfor

protonA.TheresonanceofprotonAissaidtohavebeensplitbyprotonB,andthe

generalphenomenoniscalledspin–spinsplitting.Givenfig.summarizesthespin–spin

splittingsituationforprotonA.

Fig.:Theoriginofspin–spinsplittinginprotonA’sNMRspectrum.

Ofcourse,protonAalso“splits”protonBsinceprotonAcanadopttwospin

statesaswell.Thefinalspectrum forthissituationconsistsoftwodoublets:

Twodoubletswillbeobservedinanysituationofthistypeexceptoneinwhich

protonsAandBareidenticalbysymmetry,asinthecaseofthefirstofthefollowing

molecules:

X-typemolecule Y-Typemolecule

Fig.:TwodifferentmoleculesinasolutionwithdifferingspinrelationshipsbetweenprotonsHA

andHB.
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ThefirstmoleculewouldgiveonlyasingleNMRpeaksinceprotonsAandBhave

thesamechemicalshiftvalueandare,infact,identical.Thesecondmoleculewould

probablyexhibitthetwo-doubletspectrum sinceprotonAandBarenotidenticaland

wouldsurelyhavedifferentchemicalshift.

Nowconsiderethyliodide,whichhasthespectrum showninFigure.Themethyl

protonsgiverisetoatripletcenteredat1.83ppm,andthemethyleneprotonsgivea

quartetcenteredat3.20ppm.Thispatternandtherelativeintensitiesofthecomponent

peakscanbeexplainedwiththeuseofthemodelforthetwo-protoncaseoutlined.First,

lookatthemethyleneprotonsandtheirpattern,whichisaquartet.Themethylene

protonsaresplitbythemethylprotons,andtounderstandthesplittingpattern,you

mustexaminethevariouspossiblespinarrangementsoftheprotonsforthemethyl

group,whichareshowninFigure.

Fig.:Thesplittingpatternofmethyleneprotonsduetothepresenceofanadjacent

methylgroup

Someoftheeightpossiblespinarrangementsareidenticaltoeachothersince

onemethylprotonisindistinguishablefrom anotherandsincethereisfreerotationina

methylgroup.Takingthisintoconsideration,thereareonlyfourdifferenttypesof

arrangements.Thereare,however,threepossiblewaystoobtainthearrangementswith

netspinsof+ and− .Hence,thesearrangementsarethreetimesmoreprobable
1

2

1

2

statisticallythanarethe+ and− spinarrangements.Thus,onenotesinthesplitting
3

2

3

2

patternofthemethyleneprotonsthatthecentertwopeaksaremoreintensethanthe

outerones.In fact,the intensityratios are 1:3:3:1.Each ofthese differentspin

arrangementsofthemethylprotons(exceptthesetsofdegenerateones,whichare

effectivelyidentical)givesthemethyleneprotonsinthatmoleculeadifferentchemical

shiftvalue.Eachofthespinsinthe+ arrangementtendstodeshieldthemethylene
1

2

protonwithrespecttoitspositionintheabsenceofcoupling.The+ arrangementalso
1

2

deshieldsthemethyleneproton,butonlyslightly,sincethetwooppositespinscancel
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each other’seffects.The− arrangementshieldsthemethyleneproton slightly,
1

2

whereasthe− arrangementshieldsthemethyleneprotonmorestrongly.
3

2

Fig.:The splitting pattern ofmethylprotons due to the presence ofan adjacent

methylenegroup

Keepinmindthatthereareactuallyfourdifferent“types”ofmoleculesinthe

solution,eachtypehavingadifferentmethylspinarrangement.Eachspinarrangement

causesthemethyleneprotonsinthatmoleculetohaveachemicalshiftdifferentfrom

thoseinamoleculewithanothermethylspinarrangement(except,ofcourse,whenthe

spinarrangementsareindistinguishable,ordegenerate).Moleculeshavingthe+ and
1

2

− spinarrangementsarethreetimesmorenumerousinsolutionthanthosewiththe
1

2

+ and− spinarrangements.Figureprovidesasimilaranalysisofthemethylsplitting
3

2

3

2

pattern,showing the fourpossible spin arrangements ofthe methylene protons.

Examinationofthisfiguremakesiteasytoexplaintheoriginofthetripletforthemethyl

groupandtheintensityratiosof1:2:1.

Now onecanseetheoriginoftheethylpatternandtheexplanationofits

intensityratios.Theoccurrenceofspin–spinsplittingisveryimportantfortheorganic

chemistasitgivesadditionalstructuralinformationaboutmolecules.Namely,itreveals

thenumberofnearestprotonneighborseachtypeofprotonhas.From thechemical

shiftonecandeterminewhattypeofprotonisbeingsplit,andfrom theintegral(the

areaunderthepeaks)onecandeterminetherelativenumbersofthetypesofhydrogen.

Thisisagreatamountofstructuralinformation.

PASCAL’STRIANGLE:
Wecaneasilyverifythattheintensityratiosofmultipletsderivedfrom then+1

Rulefollow theentriesinthemathematicalmnemonicdevicecalledPascal’striangle

(Fig.).Eachentryinthetriangleisthesum ofthetwoentriesaboveitandtoits

immediateleftandright.Noticethattheintensitiesoftheouterpeaksofamultiplet
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suchasaseptetaresosmallcomparedtotheinnerpeaksthattheyareoftenobscured

inthebaselineofthespectrum.

Fig.Pascal’striangle.

THECOUPLINGCONSTANT
Previoussectiondiscussed thesplitting patternoftheethylgroup and the

intensityratiosofthemultipletcomponentsbutdidnotaddressthequantitativeamount

bywhichthepeaksweresplit.Thedistancebetweenthepeaksinasimplemultipletis

calledthecouplingconstantJ.Thecouplingconstantisameasureofhowstronglya

nucleusisaffectedbythespinstatesofitsneighbor.Thespacingbetweenthemultiplet

peaksismeasuredonthesamescaleasthechemicalshift,andthecouplingconstant

isalwaysexpressedinHertz(Hz).Inethyliodide,forinstance,thecouplingconstantJ

is7.5Hz.Toseehowthisvaluewasdetermined,consultfollowingfigure.

Fig.:Thedefinitionofthecouplingconstantsintheethylsplittingpattern.

Thespectrum ofethyliodidewasdeterminedat60MHz;thus,eachppm of

chemicalshift(δunit)represents60Hz.Inasmuchasthereare12gridlinesperppm,

eachgridlinerepresents(60Hz)/12=5Hz.Noticethetopofthespectrum.Itis

calibratedincyclespersecond(cps),whicharethesameasHertz,andsincethereare

20chartdivisionsper100cps,onedivisionequals(100cps)/20=5cps=5Hz.Now

examinethemultiplets.Thespacingbetweenthecomponentpeaksisapproximately

1.5chartdivisions,so
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J=1.5div× =7.5Hz
5Hz

1div

Thatis,thecouplingconstantbetweenthemethylandmethyleneprotonsis7.5

Hz.Whentheprotonsinteract,themagnitude(inethyliodide)isalwaysofthissame

value,7.5Hz.Theamountofcouplingisconstant,andhenceJcanbecalledacoupling

constant.

Fig.Anillustrationbetwn.Chemicalshift,couplingconstantwithinstrumental

capacity

TheinvariantnatureofthecouplingconstantcanbeobservedwhentheNMR

spectrum ofethyliodideisdeterminedatboth60MHzand100MHz.Acomparisonof

thetwospectraindicatesthatthe100-MHzspectrum isgreatlyexpandedoverthe60-

MHzspectrum.ThechemicalshiftinHertzfortheCH3andCH2protonsismuchlarger

inthe100-MHzspectrum,althoughthechemicalshiftsinδunits(ppm)forthese

protonsremainidenticaltothoseinthe60-MHzspectrum.Despitetheexpansionofthe

spectrum determinedatthehigherspectrometerfrequency,carefulexaminationofthe

spectraindicatesthatthecouplingconstantbetweentheCH3andCH2protonsis7.5Hz

inbothspectra!Thespacingsofthelinesofthetripletandthelinesofthequartetdo

notexpandwhenthespectrum ofethyliodideisdeterminedat100MHz.Theextentof

coupling betweenthesetwo setsofprotonsremainsconstantirrespectiveofthe

spectrometerfrequencyatwhichthespectrum wasdetermined.Seeabovefigure.

Fortheinteractionofmostaliphaticprotonsinacyclicsystems,themagnitudes

of coupling constants are always near 7.5 Hz.Compare,for example,1,1,2-

trichloroethane(Fig.),forwhichJ=6Hz,and2-nitropropane(Fig.),forwhichJ=7Hz.

Thesecouplingconstantsaretypicalfortheinteractionoftwohydrogensonadjacent

sp3-hybridizedcarbonatoms.Twohydrogenatomsonadjacentcarbonatomscanbe
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describedasathree-bondinteractionandabbreviatedas3J.Typicalvaluesforthis

mostcommonlyobservedcouplingisapproximately6to8Hz.Theboldlinesinthe

diagram showhowthehydrogenatomsarethreebondsawayfrom eachother.

Inalkenes,the3Jcouplingconstantsforhydrogenatomsthatarecistoeach

otherhavevaluesnear10Hz,whilethe3Jcouplingconstantsforhydrogenatomsthat

aretransarelarger,16Hz.Astudyofthemagnitudeofthecouplingconstantcangive

importantstructuralinformation.FollowingTablegivestheapproximatevaluesofsome

representative3Jcouplingconstants.Beforeclosingthissection,weshouldtakenote

ofanaxiom:thecouplingconstantsofthegroupsofprotonsthatsplitoneanother

mustbeidenticalwithinexperimentalerror.

Surveyof1H-NMRSpectrum:
We willreview the typical1H-NMR absorptions thatmay be expected for

compoundsin each ofthemostcommon classesoforganiccompounds.These

guidelinescanbeconsultedwheneveryouaretryingto establishtheclassofan

unknowncompound.Couplingbehaviorscommonlyobservedinthesecompoundsare

alsoincludedinthetables.Itisincludedheresothatitwillbeusefulifyouwishtouse

thissurveylater.

A.Alkanes

Alkanecanhavethreedifferenttypesofhydrogens(methyl,methylene,and

methine),eachofwhichappearsinitsownregionoftheNMRspectrum.
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CHEMICALSHIFTS

R-CH3 0.7–1.3

ppm

Methylgroupsareoftenrecognizableasatallsinglet,

doublet,ortripleteven when overlapping otherCH

absorptions.

R-CH2-R 1.2–1.4

ppm

Inlongchains,allofthemethylene(CH2)absorptions

maybeoverlappedinanunresolvablegroup.

R3CH 1.4–1.7

ppm

Notethatmethinehydrogens(CH)havealargerchemical

shiftthanthoseinmethyleneormethylgroups.

COUPLINGBEHAVIOR

-CH-CH- 3 J ≈ 7–8

Hz

Inhydrocarbonchains,adjacenthydrogenswillgenerally

couple,withthespin–spinsplitting following then+1

Rule

B.Alkene

Alkeneshavetwotypesofhydrogens:vinyl(thoseattacheddirectlytothedouble

bond)andallylichydrogens(thoseattachedtotheαcarbon,thecarbonatom attached

tothedoublebond).Eachtypehasacharacteristicchemicalshiftregion.

CHEMICALSHIFTS

C=C-H 4.5–6.5

ppm

Hydrogensattachedtoadoublebond(vinylhydrogens)

aredeshieldedbytheanisotropyoftheadjacentdouble

bond.

C=C-C-H 1.6–2.6

ppm

Hydrogensattachedtoacarbonadjacenttoadouble

bond (allyic hydrogens)are also deshielded by the

anisotropyofthedoublebond,butbecausethedouble

bondismoredistant,theeffectissmaller.

COUPLINGBEHAVIOR

H-C=C-H 3Jtrans=11-18

Hz

3Jcis=6-15Hz

The splitting patterns of vinylprotons may be

complicated by the fact that they may not be

equivalentevenwhenlocatedonthesamecarbonof

thedoublebond

3Jgem=0-3Hz
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4J=0-3Hz Whenallylichydrogensarepresentinanalkene,they

mayshowlong-rangeallyliccouplingtohydrogenson

the fardouble-bond carbon as wellas the usual

splittingduetothehydrogenontheadjacent(nearest)

carbon.

C.AromticCompounds:

Aromaticcompoundshavetwocharacteristictypesofhydrogens:aromatic

ring hydrogens(benzene ring hydrogens)and benzylichydrogens(those

attachedtoanadjacentcarbonatom).

CHEMICALSHIFTS

6.5–8.0

ppm

Hydrogensattachedto anaromatic(benzenoid)ring

havealargechemicalshift,usuallynear7.0ppm.They

aredeshieldedbythelargeanisotropicfieldgenerated

bytheelectronsinthering’sπsystem.

2.3–2.7

ppm

Benzylic hydrogens are also deshielded by the

anisotropicfieldofthering,buttheyaremoredistant

from thering,andtheeffectissmaller.

COUPLINGBEHAVIOR

3Jortho≈ 7-10

Hz

4Jmeta ≈ 2–3

Hz5Jpara≈0-1

Hz

Splittingpatternsfortheprotonsonabenzenering

arediscussed.Itisoftenpossibletodeterminethe

positionsofthesubstituentsontheringfrom these

splittingpatternsandthemagnitudesofthecoupling

constants.
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D.Alkynes:

Terminalalkynes(thosewithatriplebondattheendofachain)willshowan

acetylenichydrogen,aswellastheαhydrogensfoundoncarbonatomsnext

tothetriplebond.Theacetylenichydrogenwillbeabsentifthetriplebondis

inthemiddleofachain.

CHEMICALSHIFTS

1.7–2.7

ppm

The terminaloracetylenic hydrogen has a

chemicalshiftnear1.9ppm duetoanisotropic

shieldingbytheadjacentπbonds.

1.6–2.6

ppm

Protonsonacarbonnexttothetriplebondare

alsoaffectedbytheπsystem.

COUPLINGBEHAVIOR

4J≈2–3Hz “Allyliccoupling”isoftenobservedinalkynes,but

isrelativelysmall.

Protondissplitintoatripletbythetwoneighboringprotons(3J),andthenthe

tripletissplitagainintodoublets(seeinsetforprotondinFig.).Thetypeof

patternisreferredtoasatripletofdoublets.The3Jcouplingconstantis

calculatedbysubtraction,forexample,countingfrom lefttoright,peak6

from peak4(648.3–641.3=7.0Hz).The4Jcouplingconstantcanalsobe

calculatedfrom thetripletofdoublets,forexample,peak6from peak5

(643.9–641.3=2.6Hz).
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Fig.1H-NMRspectrum of1-pentyne

E.AlkylHalide:

Inalkylhalidetheαhydrogenwillbedeshielded.

CHEMICALSHIFTS

2.0–4.0

ppm

Thechemicalshiftofahydrogenatom attachedtothe

samecarbonasahalideatom willincrease(movefurther

downfield).

2.7–4.1

ppm

Thisdeshieldingeffectisduetotheelectronegativityof

theattachedhalogenatom.Theextentoftheshiftis

increasedastheelectronegativityoftheattachedatom

increases,with the largestshiftfound in compounds

containingfluorine.

3.1–4.1

ppm

4.2–4.8

ppm

COUPLINGBEHAVIOR

2J=50Hz

3J = 20

Hz

Compounds containing fluorine willshow spin–spin

splittingduetocouplingbetweenthefluorineandthe

hydrogensoneitherthesameortheadjacentcarbon

atom.19Fhasaspinof .Theotherhalogens(I,Cl,Br)
1

2

donotshowanycoupling.
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F.Alcohols:

Inalcohols,boththehydroxylprotonandtheahydrogens(thoseonthesamecarbon

asthehydroxylgroup)havecharacteristicchemicalshifts.

CHEMICALSHIFTS

C-O-H 0.5–5.0

ppm

Thechemicalshiftofthe-OHhydrogenishighlyvariable,

its position depending on concentration,solvent,and

temperature.Thepeakmaybebroadenedatitsbaseby

thesamesetoffactors.

CH-O-H 3.2–3.8

ppm

Protons on the α carbon are deshielded by the

electronegativeoxygenatom andareshifteddownfieldin

thespectrum.

COUPLINGBEHAVIOR

CH-OH

No

coupling

(Usually)

or 3J =5

Hz

Becauseoftherapidchemicalexchangeofthe-OH

proton in many solutions,coupling is notusually

observedbetweenthe-OHprotonandthosehydrogens

attachedtotheαcarbon.

Thechemicalshiftofthe-OHhydrogenisvariable,itspositiondependingon

concentration,solvent,temperature,andpresenceofwaterorofacidicor

basicimpurities.Thispeakcanbefoundanywhereintherangeof0.5–5.0

ppm.Thevariabilityofthisabsorptionisdependentontheratesof-OH

protonexchangeandtheamountofhydrogenbondinginthesolution.

The-OHhydrogenisusuallynotsplitbyhydrogensontheadjacentcarbon

(-CH-OH)becauserapidexchangedecouplesthisinteraction.

Exchangeispromotedbyincreasedtemperature,smallamountsofacid

impurities,andthepresenceofwaterinthesolution.Inultrapurealcohol

samples,-CH-OHcouplingisobserved.Afreshlypurifiedanddistilledsample,

orapreviouslyunopenedcommercialbottle,mayshowthiscoupling.

Onoccasion,onemayusetherapidexchangeofanalcoholasamethod

foridentifyingthe-OHabsorption.Inthismethod,adropofD2Oisplacedin

theNMRtubecontainingthealcoholsolution.Aftershakingthesampleand
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sittingforafewminutes,the-OHhydrogenisreplacedbydeuterium,causing

ittodisappearfrom thespectrum (ortohaveitsintensityreduced).

Thehydrogenontheadjacentcarbon(-CH-OH)appearsintherange

3.2–3.8ppm,beingdeshieldedbytheattachedoxygen.IfexchangeoftheOH

is taking place,this hydrogen willnotshow anycoupling with the -OH

hydrogen,butwillshow couplingtoanyhydrogensontheadjacentcarbon

locatedfurtheralongthecarbonchain.Ifexchangeisnotoccurring,the

patternofthishydrogenmaybecomplicatedbydifferentlysizedcoupling

constantsforthe–CH-OHand–CH-CH-O-couplings.

A spectrum of2-methyl-1-propanolisshowninFigure.Notethelarge

downfieldshift(3.4ppm)ofthehydrogensattachedtothesamecarbonas

theoxygenofthehydroxylgroup.Thehydroxylgroupappearsat2.4ppm,and

inthissampleitshowssomecouplingtothehydrogensontheadjacent

carbon.Themethineprotonat1.75ppm hasbeenexpandedandinsetonthe

spectrum.Thereareninepeaks(nonet)inthatpattern,suggestingcoupling

withthetwomethylgroupsandonemethylenegroup,n=(3+3+2)+1=9.

FIGURE:1HNMRspectrum of2-methyl-1-propanol.

G.Ethers:

Inethers,theahydrogens(thoseattachedtotheacarbon,whichisthe

carbonatom attachedtotheoxygen)arehighlydeshielded.

CHEMICALSHIFTS

R-O-CH 3.2–3.8

ppm

Thehydrogensonthecarbonattachedtotheoxygenare

deshieldedduetotheelectronegativityoftheoxygen.



Dr.M KPaira,RNLKWC(A)

41

FIGURE:1H-NMRspectrum ofbutylmethylether

H.Amines:

Twocharacteristictypesofhydrogensarefoundinamines:thoseattachedto

nitrogen(thehydrogensoftheaminogroup)andthoseattachedtothea

carbon(thesamecarbontowhichtheaminogroupisattached)
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I. Nitriles:

InNitriles,onlytheαhydrogens(thoseattachedtothesamecarbonasthe

cyanogroup)haveacharacteristicchemicalshift.

CHEMICALSHIFTS

-CH-CN 2.1–3.0

ppm

Theahydrogensareslightlydeshielded bythecyano

group.
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Fig.:1H-NMRspectrum ofpropylamine

Fig.:1H-NMRspectrum ofvaleronitrile(propanenitrile)

J.Aldehydes:

Twotypesofhydrogensarefoundinaldehydes:thealdehydehydrogenand

theahydrogens(thosehydrogensattached to thesamecarbon asthe

aldehydegroup).

CHEMICALSHIFTS
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R-CHO 9.0–10.0

ppm

Thealdehydehydrogenisshiftedfardownfielddueto

theanisotropyofthecarbonylgroup(C=O).

R-CH-CH=O 2.1–2.4ppm HydrogensonthecarbonadjacenttotheC=Ogroupare

alsodeshieldedduetothecarbonylgroup,buttheyare

moredistant,andtheeffectissmaller.

COUPLINGBEHAVIOR

-CH-CHO 3J = 1-3

Hz

Couplingoccursbetweenthealdehydehydrogenand

hydrogensontheadjacentcarbon,but3Jissmall.

FIGURE:1H-NMRspectrum of2-methylpropanal(isobutyraldehyde).

K.Ketones:

Ketoneshaveonlyonedistincttypeofhydrogenatom—thoseattachedtothe

αcarbon.

CHEMICALSHIFTS

R-CH-CR=O 2.1–2.4

ppm

The α hydrogens in ketones are deshielded by the

anisotropyoftheadjacentC=Ogroup.
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FIGURE:1H-NMRspectrum of5-methyl-2-hexanone

L.Esters:

Twodistincttypesofhydrogenarefoundinesters:thoseonthecarbonatom

attachedtotheoxygenatom inthealcoholpartoftheesterandthoseontheα

carbonintheacidpartoftheester(thatis,thoseattachedtothecarbonnexttothe

C=Ogroup).

FIGURE:1H-NMRspectrum ofisobutylacetate.
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M.CarboxylicAcids:

Carboxylicacidshavetheacidproton(theoneattachedtothe-COOHgroup)andthe

αhydrogens(thoseattachedtothesamecarbonasthecarboxylgroup).

Fig.:1H-NMRspectrum ofethylmalonicacid.

N.Amides:

Amideshavethreedistincttypesofhydrogens:thoseattachedtonitrogen,a

hydrogensattachedtothecarbonatom onthecarbonylsideoftheamide

group,andhydrogensattachedtoacarbonatom thatisalsoattachedtothe

nitrogenatom,

The-NHabsorptionsofanamidegrouparehighlyvariable,dependingnot

onlyontheirenvironmentinthemolecule,butalsoontemperatureandthe

solventused.Becauseofresonancebetweentheunsharedpairsonnitrogen

and the carbonylgroup,rotation is restricted in mostamides.Without

rotationalfreedom,the two hydrogens attached to the nitrogen in an

unsubstitutedamidearenotequivalent,andtwodifferentabsorptionpeaks

willbe observed,one foreach hydrogen.Nitrogen atoms also have a

quadrupolemoment,itsmagnitudedependingontheparticularmolecular

environment.Ifthe nitrogen atom has a large quadrupole moment,the

attachedhydrogenswillshowpeakbroadening(awideningofthepeakatits
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base)and anoverallreductionofitsintensity.Hydrogensadjacentto a

carbonylgroup(regardlessoftype)allabsorbinthesameregionoftheNMR

spectrum:2.1–2.5ppm.

Thespectrum ofbutyramideisshowninFigure.Noticetheseparate

absorptionsforthetwo-NHhydrogens(6.6and7.2ppm).Thisoccursdueto

restrictedrotationinthiscompound.

CHEMICALSHIFTS

R(CO)-N-H 5.0–9.0ppm Hydrogensattachedtoanamidenitrogenarevariablein

chemicalshift,the value being dependenton the

temperature,concentration,andsolvent.

-CH-CONH- 2.1–2.5ppm Theahydrogensinamidesabsorbinthesamerangeas

otheracyl(nexttoC=O)hydrogens.Theyareslightly

deshieldedbythecarbonylgroup.

R(CO)-N-CH 2.2–2.9ppm Hydrogensonthecarbonnexttothenitrogenofan

amideareslightlydeshieldedbytheelectronegativityof

theattachednitrogen.

COUPLINGBEHAVIOR

-N-H 1J=50Hz Incasesinwhichthiscouplingisseen(rare),itisquite

large,typically50Hzormore.Inmostcases,eitherthe

quadrupolemomentofthenitrogenatom orchemical

exchangedecouplesthisinteraction.

-N-CH- 2J=0Hz Usuallynotseenforthesamereasonsstatedabove.

-NH-CH- 3J = 0-7

Hz

ExchangeoftheamideNHisslowerthaninamines,and

splittingoftheadjacentCHisobservedeveniftheNHis

broadened
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FIGURE:1H-NMRspectrum ofbutyramide.

Hydrogensonacarbonnexttoanitrogrouparehighlydeshieldedandappear

intherange4.1–4.4ppm.Theelectronegativityoftheattachednitrogenand

thepositiveformalchargeassigned to thatnitrogenclearlyindicatethe

deshieldingnatureofthisgroup.

Aspectrum of1-nitrobutaneisshowninFigure.Notethelargechemical

shift(4.4ppm)ofthehydrogensonthecarbonadjacenttothenitrogroup.
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FIGURE:1H-NMRspectrum of1-nitrobutane.

PROBLEMS:

1.Whataretheallowednuclearspinstatesforthefollowingatoms?

(a)14N (b)13C (c)17O (d)19F

2. Calculate the chemicalshiftin parts permillion (δ)fora proton thathas

resonance128Hzdownfieldfrom TMSonaspectrometerthatoperatesat60

MHz.

3. Aprotonhasresonance90Hzdownfieldfrom TMSwhenthefieldstrengthis

1.41Tesla(14,100Gauss)andtheoscillatorfrequencyis60MHz.

(a)WhatwillbeitsshiftinHertzifthefieldstrengthisincreasedto2.82Tesla

andtheoscillatorfrequencyto120MHz?

(b)Whatwillbeitschemicalshiftinpartspermillion(δ)?

4. Acetonitrile(CH3CN)hasresonanceat1.97ppm,whereasmethylchloride(CH3Cl)

hasresonanceat3.05ppm,eventhoughthedipolemomentofacetonitrileis

3.92Dandthatofmethylchlorideisonly1.85D.Thelargerdipolemomentfor

thecyanogroupsuggeststhattheelectronegativityofthisgroupisgreaterthan

thatofthechlorineatom.Explainwhythemethylhydrogensonacetonitrileare

actuallymoreshieldedthanthoseinmethylchloride,incontrastwiththeresults

expectedonthebasisofelectronegativity.(Hint:Whatkindofspatialpattern

wouldyouexpectforthemagneticanisotropyofthecyanogroup,CN?)

5. ThepositionoftheOHresonanceofphenolvarieswithconcentrationinsolution,

asthefollowingtableshows.Ontheotherhand,thehydroxylprotonofortho-

hydroxyacetophenoneappearsat12.05ppm anddoesnotshowanygreatshift

upondilution.Explain.

6. Thechemicalshiftsofthemethylgroupsofthreerelatedmolecules,pinane,α-

pinene,andβ-pinene,follow.

Buildmodelsofthesethreecompoundsandthenexplainwhythetwocircled
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methylgroupshavesuchsmallchemicalshifts.

7. Inbenzaldehyde,twooftheringprotonshaveresonanceat7.87ppm,andthe

otherthreehaveresonanceintherangefrom 7.5to7.6ppm.Explain.

8. Makeathree-dimensionaldrawingillustratingthemagneticanisotropyin15,16-

dihydro-15,16-dimethylpyrene,andexplainwhythemethylgroupsareobservedat

−4.2ppm inthe1HNMRspectrum.

9. Workoutthespinarrangementsandsplittingpatternsforthefollowingspin

system:

10. Explainthepatternsandintensitiesoftheisopropylgroupinisopropyliodide.

11. Whatspectrum wouldyouexpectforthefollowingmolecule?

12. Whatarrangementofprotonswouldgivetwotripletsofequalarea?

13. PredicttheappearanceoftheNMRspectrum ofpropylbromide.
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