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ABSTTîACI]

't'Lre ring proton shif'ts of a large numi:er of ring- a.nd-

i\i-s'¿bs'ûi'i;uied, arlilines in an inert solvent (CCI4) and- a pro*

tonating solvent (CFSCOOFI) are given" Tt is shown thaf

rni'ìirra ls'¡14"4ir.rrrrrrrç ru .¡.,r'oto n*ala in CI'rCOOH. The a.:nmonio group causeg

a. lot¡.t fietd- chemical shift (relative to benzene) of 0'3 ppm

for alf rilg pro.Lons of a:ril-ine and para-substi'buted anilinesu

,Ihe effec'b oÍ''i;he arnmonio grou-;o is estirnated- by fiel-d" effect

cal-culai;ions* The eff'ect of ion pair forma.tlon upon rirë:' ;oro-

ton slrifts is estimated-, the observed chemical shifts can be

faciorLÐJrized iry í1eld- effect ca.lculations if , (a) the EZ term

in tsuckinghamts eq-ua.Ì;ion is too la.rge by a factor of fourt oT

(b) aniliniuiir brlfluoraceiate exists iÏr. sol-u'bi.on Latgely as

intimate lon pa.irs" fi is cozrcl-ucled- thai the l-a.'b'ber ezçlàna-

tlon is more z'ea.Sonableu The rlng proltori shifts of some of

the protona"ted. i\rirl-d-ialkylai:.ilines âre not equal. This ls

aitributed. to steric hlndrance of ion pair formatlon"

The effects of substltuents u.poll chemical shif'ts of

pro.bonatecl a::d. unproionated pa.rg-substiiuted- anll-lnes Ð're sl1ovJ13.

to be ad-d-itive, This is attributed to frsaturaiiol'Ln o

The s6if-ûs of protons orlhq to substituents can- be rafion-

a]_lzeö- by reasona.ole combina.i;ions of ind-ucii-ve, f ielcl-, mesomerics

Ð¡risottro;oic, and d-ispersive effects" The uei€r proton shiítS

some.birnes ca-nnot loe accolrnted- for because anomolous high field

shifùs are sometiines noted'.

The effect of Ëteric hincrrance Lrpo31 the mesotneric in.Ûer*



actlon of the amíno Ê:rrou"p is esiabl-i,shed. Fjterlc h.indra:rce

only effects shifts of su'ì:stj.tuite,l ani'] ines i,rrhen (a) at least

three of ihe four I{ and orlhq posiiions D.Te stl-nstituted. or

{b) e terti-ar¡r amine conta.fns a.t lea.st ti.,ro ph.en.¡rl groupse

An apparent cl-irect rel-e.i;ionshlp beti'rreen substituent

effecis and. atnino pz'oton shiíjts is noted-" The amlno proton

shifirs of qqÞA - a¡rd" -Q_Ðr?.,- substituted. anilines Ð.re rela.ted

to the açpropriate I{amrsett reactivi-ty paramebers. The anino

Ðroton shiftË of oriho-subsiitr.ited- a:rili.nes are sirlfted to lor¡r

f ielcì-, These shifts pr=obal¡ly a.rise from dislrersi'¡e a¡d/or

anisotroi:lc ef fects 
"

The effect of hlnd.ered roiatlon u.pon rneihylenç a"nc-

ammonio proton ,shifts and cou-pling constagts of eight pro-

tona.teô benzylamines has been d-ebermirred." It is ßhoi^fit

theoretlcailly anC" confirrned experimentally that the necesse.ry

a.:nd. s'-r.fficient condition for rnethylene proton a-synmetry in

protonatecL lcenz¡rl-amines is the a"osence of a plane of symmetry

along the C6H5CHr-N bond- e.xis, Ii is estairlished" ths.t the

maxi'rnum va.lue of the ga.uche H-C-N-I{+ couplirr3- consbant is

3 "L5 c/s a^rrÕ tfra.t 'bhe mininun r/alue of' the i;rang H-C-t\i-H+

cou;o]j-ng constant is 9,1+5 c/5" F-rom the rel-a.tive values

of the rotationally averaged. cou;oli.ng ss:nste..nts, j-t is

established 'aiia.t bne steric effect of the sui:siltuent d-ec-

ree.ses in the follovling order:

isopropyl )
ph enyl- 7 benzyJ- *, ethYl methyl
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It ca.?Lrlo1; 'i:e crecldLed frcrn ih,e availai:le evid-ence whether the

phenyl group or the isopro;oyl group causes greater ste::ic

hindrance.

fhe proton exch¿i-r'Lge reaciions of a. large nurnber of

hal-o-substituted ani]lnes ln trífluora"ceiic a.cio have been

inves'bigated. lhe lifetiraes of acld l'rrotons in these solut-

lons ltave been determined by rneasuring the acicl proion signal

'..rid-ih" In aclditlon, the exchange re.te of protonateð I{rIü-

d.irnethyla.niline in trifluoracetic acicl kras been determined. by

measurli:.g tire effect of' tempera'bure upon the apparenL H?C-IÙ-H+)
coupll:rg constant . It is concluded that proton excha¡ge

probably occlll:s vla. the follov¡lng reaction:

rlr,rrr-f ^- I¿-- rl¡.rttgr\ruå + F t' (þI'IHZ + HiL .

k-1

Th.e forward- rea.ction has the smal-ler raie con,stant and- 1t

determines the overall exch.ange rate, The reaction is believed

to occur irr. ttnro steps: the opposi'bely cnarged. ions form ion

pairs wÌtich then transfer protons internalLy. Experimental

evid-ence ind-ica.tes thai the ion pair clissoeiation consËant is

less than, or equal to oneu

The activabion energies of pro'bon fransfer cf the va.rious

soluticnË a.Te cieternined. from the temperature d.epend-ence of the

lif'etirnes of the a.cid protons' The¡' ra-û'8e froni r0 io 24 t<'caL/

mole" ft is shol'un thaü ilr.e experlnenta"l actirration energies

a.re somer'i¡ere in beti.'ueen the activa.tion energies for the over-
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aLL tee*ctj-ons a.nd, the ioi:. pair reactiolts*

iilh.e rate consta¡ts at 25aC for the bimol-ecular reaciions

a.îe calcul-ated. Ionic activit¡r coefficients z'T'e esti¡iaied by

ihe Debye-iIúckel equation" The correcteð raEe consbanüS äre

calculated, Another set of rate constants ls ca'lculated,

assuming that the ions exist par,tly as ion pa'irs and' Ùhat fhe

ion palr dlssoclatj-on coi]Êiallt is equal- to o1Le' The rate

constants for the ion pair reaction are also caleulated, a6gum-

ing tha.t the 1on pair dissocla-iion consta:¡-t has a value

'beiueen zero and ol1e"

The free energÍ-es, enthalpies a.nt{ enüropies of activation

are also cal-culated. for the ion pai¡ reaction a'nCr" for the over-

all biionlc reaction" The free energies of activa'tion iu'ogu

from l-0 Eo l? kcal,/mo]e" There iS a o-efinite rel-a'iionship

betv,¡een ì;he type and- posiilon of ha-J-ogen an'd- the va'l-ue of the

free energy of activa,tion, Atl- free energies of activatlorr for

ha.loanil-ines a"te l-ess tha-n ti:at of anil-inen 1Ír the qqLhq-
f

anö- pava.-substituted, anilines, AF- , 1o general, decreases
à

with decreasing halogen electronegativity" 2\5'' valu-es for

meta.--s¡¿5siituted- anilines de:::ease r¡ii;h increasing substi'Luent
1

eleciron.egativity. AF' va.lues are largest for pesa-ha'loanilines
.¡-

a.nd- smallesi for ori¿iæ'-ha1oanilines' It is shor'çrr bttat bhe AF-

val-ues for haloani-lines ca"n be raiionalized iry reasona'lcl-e

comirinations of ind-i-Lctirre ând- mesorneric effecf s'

,Ihe val-ues of entropies of activation are determined
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t
J-argely b¡i the lrositions of i;ire substituents* Á S values

range from 35 eu io -10 eu with anil-ine and pare--substituted

anilines having tlte largest positive val-ues ano orth_o-su.bstiN-
+

uted- anillnes harrlrrg nega,tlve values. The âS-values a.Te

rationa"lized. by assuming that there is an increase in the

steri-c and- electrosta.tic irindrance oî solrra.tion of ion pairs

v¡hen a substiùuenb ls placed- close to the clrarge centres.

It is shortn thai Nhe collapse of the metiryl doublet in"

proionai;ed, Ìii¡t'i-dlrnethylar:iline ís caused lcy the exchange of

anrnonio proton splns ('1't rela.xabion) ratlter iiran julst amnonlo

prot,ota exchange" It 1-q assumed- 1;na'a the rai;e of cha-,"i:ge of

spin is or.e nalf of the total exchange rate, Possil:l-e errors

in thls assumption are coitsiaered." llz"ee energies u entha.lpies,

e-;nd entropies of a.ctivatlon are calclrla-ted"
+IIhe value of AF' for protonateå I\riri-cimethylanlline is

lar.ger. 'Cha.n tìna"þ for protonated a:riline, âs wouild- be exçected"

Since ùhe relative va.l-ues appear to lce reasonable , iþ ls col3.-

cLud-ed" that the same ty-pe of exchange reaction ls being nieasured

in each cage" Á. S+ is qu:-ite snal]-" Thls I.q attrilcuted to

sieric hind.r.ance of sol-vation of the d-inei;hyla:rilinium ion.
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CII.AFT]TR 1

GEi\-ilRiLl, I ¡ITRODUC t'T Oi\i

The 'i;heoi:y of nuclear magnetle resolla.iace specüroscopy has

been d.eveloped- in debal-l- in severa] monographs (1-5)': Therefore,

the iheory of irlt{R v,¡il1 not be d-eveloped in this cirapter" Instead-,

the ch.eor"y which is need-ed. to consic,er the resulÙs given irr an¡'

chapter r,'¡111 be developed in that chaptero

irt-umer.ous papeï.s har¡e -l¡een published l.rhich give results of

experlments in which irtTuìR Speci;roscopy has been used' as a tooJ'bo

siudy ihe natu]r e of subsiituent effeci;s. Usually, protoã cherni-

cal shifts l{ere correla.teii ¡rj-th substitueni ef f ecis " l\iYiR Spee-

iroscopy has also provecl bo be tt very useful- tool for investlgating

a fa.i¡:l-y 1-arge nur.mber of physical and- chelnica-l- processes r'ihioh

ea,nnoi be conve.niently investig;ated- uS:Lrìg other pLrysicai- reethod-s"

.rlmong i;he iypes of procesËes which liave been investigatecl are

hiad.ered rotation alcoub single boncls i'n sub'stituted ethanes a'nd-

ra-pid irroion chemical exchange rea'cfions"

Ity origlnal research proiect roas the j-.nvestj-ga.tion of the

effec¡ of the e-nnonio (-i{H?+) group li'on proton chemlcal shifts of

protona-tecl anilines. This proiect was later expa:td-ed" to includ-e

Lne inrrestiga-'Lton of hind.ered rota'uion about the c-hl bonds ln

;croto:nateO- ìrenzylarnines a:nd, the invesiigatlon of proùoill excha'nge

æ"--#

*Oio 
o'i;her reÍler.ence numberg are give:n. in ihis clra"pter, lgr¡i

invesi;iga.tions l,ihiehi are rnentioñed- in this chapter t'¡i1l be

r.ef er¡:e,l io tn laíer che,P'ters 
"



2

ta?"Ci,ions of nroiozt€;i66 anil iz:es in trifluor.a.ceia'ric acid-"

l'he three i)l'o jects Ð.Te disc'uLssed ii:. sel:arate chapters. .Ihe

con'i;enùs of tire t-nree chapters are outl-ined beloi,v*

The effects of subsNituents upon the riir-q' s-,roton shifts
of mono- ancl- di-'qubstitr,rted. 'berrzenes have been investiga.ted

by vari.ou-s ;'lor.kers" Flowever, ¿-t the tlme tirat tlris project
r/ias sbari;ed, 'bhere t,;as very littl-e pul:11shed information al¡ourt

ii:e efj'ect of ihe anrnol:lio Eroup upolr r.ing 1:r'oton shifi;s" .rrhe

j.nf orrsa..'rioir- r¿vhich vra$ a-vaila.ble inct-icaied th.at the arnmonio groull

a,ffected. e.l-l- ring ;L-rT'oiorls ec¡na.lly" This is nob vuhp"t one r¡ilcr.rld.

i-nì-rr'ì'i-itzn-lrr a--iranl- ii'ìirarafg1.g- h'ne fiilç: ni-oj:nn nJromiCal Slf,jlis¿¡ru4+U¡vv¿J vilyVvVc f r1\/¿Vrvr!,g vL:v ¿ ¿r¡Lr IJ¿vUv,¡.I vtlv.tj,!

of a series oí suirstitu-'bed ¿inil-ines in'brifluoracetlc acid. víere

c.ieterili.rred, In a.dd.iiion, ihe proron shifts of tire se.me äÍil-ines

in a noll-protona"'bing sol-r¡ent (CCl¿,) v,rere measured" A series

of f ield- effect cal-culai;ions i,rere cari:ied oì.¿t in order to

theoreiically p::edict the Í'ielCr effects of substitrients and- 1on

;rrail's Llllon proton ch.emical shifis. The resul-ts of these measu.re-

menis a.nd- cal-cula"'bions a.Te given in Chapi;er 2o The results e.Te

d.iscussed in. term,s of the va.rlou-s sul:stiùueni effects i,,¡hich roa.y

¿;ive rise 'bo proton chennlca.l- shif'ts.
i',iir.ii{ sjleciroscoty has ofien been used 'r,o sbudy hir:oered

rotz.Lion ai:ou.t the C-t boi:.d-s of su.bstituted ethanes* Flolvever,

hin.o-ered- roia-bicn about C-l'i bond.s in proto.na"ted bases has

a.p.>arenti-y not been stuC,ierl" ,orevior.rsly, Therefor-'e, it 
"vas
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c¡,ecio_eci to invest:-fia.Le hinderec ro'ç¿l|-ion aboui ih.e C-I,i bon<i-s

in vari.ous probonated. Denzyla.nines. 'fhe resu.l'bs ai'e girren

in Ciraprer 3" llrhe minirnum subsùiiution l^¡hich is necessery

to cause n.eihylene .oroton a.symmetry is d-etermineÕ. lfite

relative rnag:nitudes of steric effecis of' substltuen'Ls and

the llmiiing values of vlcina.l l-l-C-i[-i] coup]in¿; constantË are

d.e'berrnined.

,l,he probon exchallge .reactions of" anmonium artd a.j-trtyla.mmon-

iu¡¡ ions in a.queous solution Ytave beeir. extensively investigated

þJ¡ i\ioiH, Hovuever, th.e exchan-ge reactions of aniliniurn ions in

aqueous solution hp,rre not been sitidied, p::esumably because

ùh.e reactions are too ra¡:icl i;o jre ileasul:ed. Jt r'¡as d.ecided-

to investigate the prolÛon exchâl-1ge reaction's of subsiiLubed

a,nilines in trifluoracebic aci'.1, since 1t vlas :flou:nd- tha'L

ihe exchange reactions had- rneasurable ra'bes ll-e¿r.r room tenper-

a.ture " The exchange ra"ce of protona.ted ltlrltT-d,irnethJ¡la¡il-lne

a'b clifferent terrçeratures üfag cÌ,ei;ermined by measuring the

separation of 'bhe rnethyl doublet. The exchange rates of pro-

tcnaüed- anifine a.nd haloanitlnes riere determined- by me¿ìsuring

ihe line vrior)irs of the acid. proton sig,nals iir fhe va.r.lous

Solu"iions" The results a"re given ín Chapiet 4u lìhe i;robai:le

reactions r,vhioh oceur in solution are col1Éiio,ei:ed. and' 'bhermo*

dynarnic ð-ata -for tne excþange reac'bions are calculated"u



CHjIPTIEÏÌ 2

A STIIÐY 0F PÊ.OilOiiriiTfOi'i Oll ili\fÏ,fl]E$

l o Iilif;i0DU'C:L'ION

It ha-s been sl')c'irn that aniJirre d-issolr¡ed- in acetic

acid. {6r?J, and. in maïLy inorgan-ic a'cids (B)u ha.s a r'1ng

nr.ntnn r'if l{ snectru-m coTlsisting of a slngle pea.k" This sLlg-y¿ v uv¡r

gests li.na"i the ammonio group (i!i{j-) na"s eith.er no effect or

el-se an equa.l ind-u.ctive eÍ"fect upon a.11 ring lrrotons" 'Ihe

specfr.a of a llir.ge ntimber of ring- and I'Í-stlbstitttted anil.ines

i:r. tr"j-fluoracetlc acid (fF¿1) lrave ìreen siud"ied- in an effort
'i;o d.eter'mine 'Lhe effect of tile a.r¡monio Srclrp upoll ::ing

pro'bor-L sh.ífts" It 1s ilou.nd" that the ammonio 8;T'ot¿p causes a

l-ov¡ field shift of e.pproxinately 0"30 ppm for all r"ing;Õro-

tons of a series of suÌrsti-ti¿i;eO anilines. 'Iir.e effect of the

fleld. cl-ue to ì;he ammonio group is ca,1cu.Iated, ifhe effeet of

icn pair f'o¡'mation is al-so considered, 'l'he results ('i:a.sed

on ceriain assi.rmptions) quantitativel¡r predict ihe observed-

-rin1 proton shifts.

For pu.rposes of cornpa.rison, solutions of Lhe va-rious

anilines in an inert solrrent (CC14) ha.ve been prepra.r:ed" and-

the riirg proton spectra meaFr-rtred. Di.fferen"ees in shrielding
'beti¡-een r-ing proions in su.bsti|uted- benzei:es have been

d,iscussed. ln- ternÊ of aoctiüirre sul¡stibuent ef fecis ( 9-12) ,

tiaramett reactivity pararne'[ers {9-t}u ]-J-15), efectric fiela"



,

effects d-ue io su-bstiiuents (I0r1l-r13r15r16), üieglleiic

cni cnrr.¿rirrr n-í' bhe SUbSti'bue-ntS (13 r15) , and- oí Ë;ceCia} SCl-
d,l'LIÞLJUr v}JJ v¿

vent effecl,s i1?), The rirrg: proton shlfts of the sub-

siituted- ¿.nillnes in. both Solveilts are aiscr'issed' in terns of

the a.-irove effects and. e,rso in ternË cf 'bhe d-isper"sive effects

of 'Uìre suitsiitueril;F" It ts found that shift,s of proÈons o-q-tthq

to suþstituents can be accouJrted for by the effecbs rnentioned

a.ooveu tiowever, me1ia" proton shifts caz'utoi be completely

expla-.ii:.ec-, since anoaolous high f iel-d- shif'bs'åre sometirnes

o'Ogerved, ft is Shotiï1 'bha.t subs'r;l'bu-en.t ef fects are ifea'rly

aôd-i.tive f'or. rnono sttbsf ituted- anil-ines in both 'solr'renf S"

steric hind-rance of the inesomeric effect of the a'mino

group is observed- for some irl-substituied, ani]-ines. llhe

minimt¿m substltuiion v,r-lTich i¡¡il1 ceuse sterlc hinÖrance of the

mesoile¡"ic, ef fect 1s established.

2 * TIIEOBETICAl DISCUSSIOI¡

For,afixed.va'lueoftheB.Ffield,tl,rereisad.efi-

nite r¡alue of the main maglretic fi-eld, H, at lvhich a bare

irr"atôlî wil1 resonate, If 'bhe proi;on is in an envif'oriment
u! v vvr¡

co:r.taining eleciroilso then the circula.tion of elec|ronic

charge ca,used by H wi}l prodlice a SeconÕary magi1eblc fie].d"

i.rhich i-s proportiona"] io lhe main fiel-d" The secorJd-ar)¡ íield

Faetors Affect



generally a.cts in opposltLon to
d-ecreasing the fi-eld_ seen by the

the proton resona.ilce occurs at a

l{o- H = cr Ho.

6

the na.ln magnetlc fleld-,
profon. ConsequenüIy

new f leId- Hgr where

2,r

ó-, the shlelding* pa"rameber, ls a consta.nt for a- glven

proi;on arid- d.epend"s Lrporl the electronlc envlronment in the

viclnlty of the proton"

The chemlc¿I shifü of a proton in a.ny compound is
the oifference beti¡¡een the app1led. fleId- a.t which resonance

occurs and, the field- at v¡hich a bare proton resonaùes

(Ho - H), It is usually more convenlent to express chemlcal

shift in terms of the d,ifference 1n shift between the proton

ln qu.estLon and" a reference protono Slnce the d.ifference

ln shlel-d.ing 1s a function of applled. field-, lt 1s most

u.seful üo define the chemlcal shift by Ëhe followlng urllü-

less ercpresslon:

Ho-Hr
chemicaL shift = Hs

2_ "2

where Hr = thu field at which the reference proton resonates.

Thls ra.tlo is commonly expressed" in pa.rts per mi}llon (ppm)"

-l¡rihen this ileflnition ls used, the shift is the same regard"-

less of the magnetlc field. strength and. the frequency of the

applled RF fleld-.



[he shie]ding paraneter

eomponents by Fop1e (18119) 1n

culatlons in, molecnles"

C=Ç+6p+Gu.

7

been separated into three

studles of electron clr-

2"3

has

hl-s

6-o
6-p

f,o

contrlbution d.ue to

corrtribution due to

contributlon d"ue to

renfs.

af omic d"ia.nagnetic currents.

paramagnetlc currents,

interatonic dlamagnetlc cur-

where h measures the effectlve
the hydrogen Is orbiËa.l, Evaluatlng

Consid-er ¿¡.n isol-ated atom. In the presen"ce of a

magnetic flelo", the circulatlon of eLeetrons a.bout the nuc-

leus prod.uces a second.ary fleld" v¡hich opposes ihe ma.ln fleld"
Thls reduces the field. seen by the nucleus¡ i"ê.¡ it
lncreases the shieldlng of the nucleus" q;, the contrlbu-

tlon d-ue to thls d-lamagnetic f leLd, can be evaluated. by Ëhe

Lamb formula (ZO¡,

dï. 2*4
z

'Yh g
q F

)L
z

,J

number of eleotrons ln
the lntegral¡ w€ obtaln

For a proùon, é"OT, ,

Çb= l-z.glxr0-6. ¿t)
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Sin.oe 
^ 

ls a direct fulction of effective erectron d-enslty,

factors which alter the electron d.ensiüy should. change the

chemlcal shift in a coruespond-ing rnannera

The pa.ramagnetlc shlel-ding compoitent 6, arises from

the dlamagnetlc anisotropy of atr atom Xn. a molecufe" As a

result of thls a.nlsotropy, the ease of electron flow d'epends

upon the orientatlon of the molecule in the magnetlc fLeld-.

fn quantum mecharrlcal terrns thls shleld"lng correstrrond-s to

a nnixLn.g, und.er the lnfluence of the applled field-, of the

ground- state electronl-c configuration with low-lying excited'

sta.tes. The mixing only occurs for certaí:n orlentations of

the molecrile ln the applied" fiel-d'

It is dlfficult to eval-uate 6-p since orÌe must know

a.]L the necessary ground- st¿rte and excited. state wave funct-

lOnS. 'IheSe are SelOom known. Hoiriever", Ëince protonS have

rlo lovi-Iying p orþlta]s e PÐ;,.¿-ßàPjnetlc contrlbutlons should'

be smal]. (21).

fhe thlrd. component 6|¡ p ar1ses from lnteratomlc

circulat]on of electronlc charge" This component is partlcu-

la.r]y lnportant for aromabic molecu.les' The TI'elec'trons of

a.roma.tlc molecules form closecl loops through whlcþ current

may flovf " BY assuming 'bhat the'ltelectron System formed' a

closed loop, l,,laugh and. Fessend-en (22) cal-cul-ated a low field'

shiftof2"?ppnforbenzeneprotons,'duetolnteratomiccircu-
lations, They found" an actual shift of -l-"5 ppm (using the'
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eÈhylenic protons of 1, 3-cyclohexadiene as a reference).

As can be seen from the above d-iscussion, proton

chenica] shifts depend- upon the el-ectronic environmento The

in.trod,uctlon of substltuents can alter the electronlc envir-

or:ment by a number of mechanisms. Some of these are dis-

cussed- belowo

1" Changes in the -electr-on denslty around- the
proton by j;ubstiluents

The chemical shift ls a function of effective electron

d.ensity around the proton (see equation 2"5), Consecluently,

any alteration of the electron density by a substituent will-

cau.Se a correspond.ing change ln the chemical shift " For

zroma.ti-c mol-ecules it has been commor' practlce to postulate

two mechanisms by which substituents can a\ter electron

d"enslty; ind.úctlve donatlon or wlthdrawal of electrons and

mesomeric lnteractlon betueen the substituent and- the

el-ectron system of the aromaítc ring'" fhese two mecbranlsms

have been subd.ivio-ed lnto f ive rnechanlsms (23) , 'Ihe eff ects

of Ëhese mechanlsms upon" chemieal- shifts aTe discutssed- bel-ow"

(a) Fleld. effects - A subsbituent bond,ed to a ring

carb,on atom usually polarizes the t-X bond-, forrning a dipole.

ff the electric field- E, associe-teo- wlth the d.ipole, has a'

component along Ùhe c-lï bond- axis, 1t w1]1 polarize the lcond-

and cause a net shielding or deshielding of ühe proton'
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There is also a deshielÔing effect proportlonal to E2 (t6) 
"

This effect depend-s upoll the component of the f leld- perpen-

c.icula,r to the bond'u Thls component d.estroys the axial

symmetry of the bobcl-¡ red.ucing the dia-magnetlc shielding'

(b)Primaryind-uctiveeffect-Asu-i:stituenLca'TI

donate or wlthd-rau¡' electrons from the protons d-irectly

ùhrough the çbonos, It is generally accepted- that the Õ-

ind-uctive effect drops off exponentlally wiÙh the nunber of

bond.s '
(c) Tt ind-uctive effect - The vritl':.drawal or d-onation

of electrons by the substituent l'¡il} set up afl electrlca]

aL:rarge at the alpha carbon atom" f¡he electric fleld- resu]b-

1u6: from thls c1ta.rge wil] polarize ihe T[ electron system"

As a result, the electron d.ensitles around- the protorrs may

be altered by field- effects or fl ind-uctlve effects actlng

throughthec-Hbond-s,IfthesubstituentalterstheT[
e].ectrond.ensityatthegþ@carþonatom,thenanad"ditlonal
mechanisra will alter the overalL -l-l- elecÙron denslty" Accord-

ing to the Paull excluslon prlnc3-ple' the two sets of three

T[ electrons rnith the same spln tend- to align themselves

asfarapa.riasposslble(21|)"Forthreee]ectrons,this
w11}]¡eatthecornersofat:-equllateraltriangle"Ifthe
surbstltuent concenirates T[ elecl;ron denslty at the alpha'

ca,r.lron,thenþTrcrewil}þeanincreaselne}ec-bronÖensity
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aroulld- 'bhe meta carì¡on atoms and" a d,ec::ease aE ihe g[þ and.

parq, carbons, 'Ihe cpposite effect v¡il} resu.lt lf there ls a

d"ecrease in electron density around 'bhe alpha carbon atoiî.

(d) iriiesomeric effec'b - Accordlng to the classical

picture of the mesomeric effect, some sul¡stituents can form

d.ouble -Oond.s wiLh the -f[- electron systern, I'Tesomeric lnberacü-

lons can only alier elec'bron d-ensity at the ortþo a&Ô- W.
posi'biolts 

"

Tüfo recen't papers crlticlse rflany of Ùhe baslc aggump-

tions of the theory of mesomeric effeots" Exner (25') has

measured. the j-:oliza:Ejon collsÐants of a Serles of meta- and-

aïa substituted. loe:nzolc acid.s' H€ oollclufles from his

regu.lbs vLtat groups slrch as nitro, which are normally con-

sid.ered- to þe electron-withd.rawing mesomerically, actually

withd-raw el-eci;rons only when d"lrect substituent lnteraetions

are possiþle, Iloutever, groups whlch d-onate elegfron'S meso-

merically, d-o so even In the absence of suþstituent interacf-

ions o

I{urrel1(26)hasÔetermined.themesomerlceffectof

a nurnþer of electron d-onatirrg,: substituents by W S;oecüroSCoPVu

He flnd"s t?rai fluorlne has alnos! ti.o mesolneric effect while

the rest of 'Ehe halogens have approximately equal effects"

He al-so f lnds Einat ni'brogen hag a larger nesomeric effec'b

than any of the halogens, 1t is normally conclud-ed. from
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chemical evidence ttrat fluorine has the largest mesomeric

effect of any of the halogens, Holriever, itiurrell claims

tinat the mesomerlc effect as measured. chenloally is actually

a comJrlned- mesomeric and" repul-sive effect. The lati;er effecü

ls oaused- by Jf eleetron repul-sion by the lone palr electrons

of the substituent. This repulsion is atbribui;ed" to the

Pauli excluslon principle ra.ther than to electrosfaflc

replr1sion. ff an orbital containlng a palr of elecfrons over-

laps lvitlr one containing a slngIe electron, the elec'brons !{i11

be repelled. slnce two electrons of the Êame spin are trying

to occupy 'bhe same region of Spa.ce" This should- pa.rtlcularly

apply bo suþstituenüs -s¡ith lone pair el-ectrons ln 2p orbitals,

slnce these electrons wil] ha.ve the same s1:at1a1 quan-tum

nunbers as two of the carbon T[- e]-ectrons s

The ne'b effect will be a repul-sion of Tl- electrons frorn

the -aþlra carbon atomo This r,uiII leaO to a concenüra"tlon of

cirrarge at the oqtlrq and. !@-posttlons for reasons outllned-

above, The c1assical- model- of the mesomeric effect v¡ould-

a.l-so pred,ict tiris concentration of T[- electroÐ. d-ensity at the

gg-tj1g arìd .pgg Positlotts.
There àre a'ú least i;,¡¡o cases where ex;oerlmental- evi-

d-ence ind-icates that mesomerie effects are more importemt

'Einan re;oulsive effecis. Firsbly, it is knoi'¡n that phenols

are more acici"ic E|tan alcohols, The increased aold-1ty ls
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generally believecl to be d"ue to mesomeric d-onabion of

electrons by the hyd-roxyl grou.p of the phenol to the phenyl

ring. This withdrawal of electrons l{eakens ihe OH Ìrond"o

increaslng the acld.ity of tire proton. Since l"lurrell-rs fheory

d"oes not conSid.er electron withd,rawal from the su'ostituent,

it d.oes not pred"lct the increased- acici.ity of phenols.

Second-}y, the steric hindrance of the mesomerlc effect in sub-

stituted anillnes cannoü be explalned by repulsive forces'

The nitrogetl valences in d-lmethylaniline are almost planar

(2?). The pla.irariby is presumably due to overlap of the

ilitrogen lone pa.ir electrons a:rd- the 1Ï electrons of the ring

(see pa¡t 5 of 'bhe i;heoretical d.iscusslon) " Bulicy substitu-

en|s tend- to fo::ce the amino group out of Lhe plane of 'bhe

ring'. If irlurrellts theory of repulsive forces ls correcf s

ühen the amino group should- not be planar wlth the ring Slnoe

elecironic repulslon will produce a twisting moment about

the c-irI bond-, forcing the anlno Sroup out of the plane of the

ring"
Murrell- suggests tha.t mesomeric a:ad- repulslve effects

OCCl.ir slmu]taneoug}y" Therefo::e, the a'oove-rnentloned- twO

cases could- be explained by assuming that the mesomeric effect

ls lnporüant i-n both caseso Hor,'üever, lt ls d.ifficult to

a"cceçtt the suggesiion that electrons could- simultaneously

overlap a.nd" be repulsed.o oïl the othen yTarLd, it is d,lfficult
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to und.erstanc Ì;he disagreernent bet*-een chernical and' spectro-

Scopic evictence 1f I'lurrellts theory is incorreci" For.bunaie1y'

chemical shiÍ'ts should. be a.ffected- 1n 'Lhe sÐ.ae way by both

meci,ranisms, consecluently no f uri;her" a.ttempt will 'oe mac'e

to differentia.te betv¡ee.a ihe tl'ro mechaniÊms* The combin'ed-

effecì, i^¡il]- l1ereafter be refer::ed t,o e.s the mesomeric effect"

(e)Electromericeffect.oÍ]tenmutua"lconJugati.on-

of two suj:strtu.ents througir the r.lng Tf electrons is possiirle"

Such a.n interaction wonld a.]'ber ihe effee'Û v¡hich each su-b-

stituent' has u-po1'1. ring proion shifts'

Ir{a-rtin {11)'anil jlewar tzil agree that the pr:imar¡-

ind.uctive eff'ect i-s rela.ti\relJ¡ unlmportant in B-rornatic systems

si,nce ii c1.ro,os off raBid-l}r tvith 'Lhe nurnber of bond"s' Tlrl's Is

co:nÍ'irmed lry i;he results of Ca.vanaugh and- Da"iley (28) ' Tl:ey

found, trra.t su-þstituent effects were nutch sna'l}er at tlle Ê¿lryaq

and. {e}'a posi'bions of su-þstituteÔ a}lpheLfic compound--s tha'n at

the met4 and- p4g posii;ions of substituied berrzenes"

Ïhere is some disa"greemen''u rega'r'c1ing ihe relative import-

a.ace of fiel-ô effects and. Tf ind.uctive effects (11, 23) '

This d'isagreeme.nt is pro.bably u:rim;oortant sin'ce in most cases

^bhe two effeeis are too cl-osel¡' interrelated' to be collsid-ered

separately, The difference is tha-t "che int1uctive effect nay

give rise to a perioclic dist:i:i-rrution of electron cl-ensi'b¡r a'bout

tne.riJIå:v¡hilethefielÔeffectrrl}lnotuBotheffectslfray
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work in opposiiion to ihe primary i.nö-uctirre effeet"

Various qu-antltaiive and. semi-quantitatlve rneihods

for the estins.iion- of erpected- c?:emlcal- shifbs have lreen

devised. Sorne of these are criscussed- below'

(1) l,iolecul-ar orbital calcul-atlons - P::oton chemica]

shifts are rel-a.tecl to e-tecti:on ci.ensity' Ïö.ea}ly, thereforet

shifts sirould" be esi;im.ated from molecula-r orbita'I cal-cula'-

tions o:Î mol-ecv-Lay e-tectronic distrlbution' unfortu"nately,

most l{O calcu}ation$ proirid-e at l¡esb only crud"e qu'anti-tatirre

esLime;.tee of electron densltY'

(i1) Electro::egativj.iy of the substituerrt- VariouÊ

attern;ots ha.ve been nade to correla.te elecironega'bivities and"

al-ptrø pro'bon shifts i-n alkyl i'ral-tcr-es (29'35) " El-ectro-

negatirri'by sirould lce relateo' to electron densl'by and' co:nge*

quently io chenlcal shifts since it is a illeasure of 'bhe

electron wibhd"rar,ring power of the substi-tuent" schneid-er

a.no Spiesecke (35) used, such plots to estirna"Þe bhe rna'gnitud'e

of ad-Õj-tional effec'bs which alter proüon shifts- In the

a-osence of ¡nesomeric effects, shifts of ;orotons og:lho to

sr-rbstitu-ents in aroma.tic rilolecu,les might also þe rel-ated' to

electronega.tivi'by, A severe criticisrn of the u-se of electro-

nega.Lir¡ity ãS a- criterion of chernical shifts lras been a'dva'nced'

f t iuil-l be discu'ssed- in iire nexi section'

iiii¡ ç13-n cor.rpling consia.nts - It has been postulateÖ
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tnat there 1s a direct linear relationship between C13-n

coupling constants and, chemlcal shifts for compound"s of the

t¡rpe x(cli3)n (n=1 to 4) (36-39). Gutor¡sky and Juan (40)

have d-erived. all expression whlch correlates percentage rrsrr

character of the C-H bond. and the C13-H coupllng constani"

.l'he calculations of Hinze and. Ja.ffe (41) lndicate that the

effective electronegatlvLty of a ca.rborr atom 1s aLso related.

to the percenfage ttsn c¡1ar¿ctey. of its bondlng orbltals'

Since the lnductive effect also d-epend.s upon the carbon

electronega.tivity, there should. be a. dlrect relationshlp

between chemical shifts and cou;ollng constants. Accordlng

to Drago (3Ð, the hybridizafion of the ca-rbon atom orbltals

is ðeterLnlned by substltuent el-ectronegativlty and by C-X

-Oond- strength. Bent has d.eveloped- the concept of isovalent

hybridlzatlon (l+2) " Accordlng to this colLcept o àL increase

ln substituent el-ectronega.tivlty will ca.u.Se an increase ln

the tf gtt c|araci-er of the other carbol3. bond-ing orbitals"

Drago clalms that a d-ecrease in the C-){ bond overlap (form-

atlon of a weaker bond") allows the cerlfol3. atom 'bo use more

rfpft c:naractet in the c-x þond" and" consequently more rrsrf

charactex in the C-H bond"s " lihen X is a hal-oge-r.r atom, the

two effects acb 1n oppositlon since the r¡reakest bond. is

formed 'oy the l-east electronegatlve atom (iod"lne). Plots

of ciremicsl shifts versus coupllng constants shou high fleld

ðeviations for the alkyl halide shlfts (36-39) rnhlle plots
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of chenilcal shlfts versus electronegativlty show lolv field"

d.eviatlons for ihe same compounds (35) " It has been sug-

^.^â.{-^;l -l. l¡n*' +1Ë(rÈ(,(r\-r vLla.v ,lte d.iscrepancy 'between the conclìlslons reached.

by the ti¡ro method-s may be due io ihe omlssion of overlap

effeci,s in the l-atter method" (39) 
"

(fv) ' F1eld effects caleulatlons - Bucklngnarl (fA¡

has developed, an equat lon which. reJ-ates protoÐ. chernlcal

shtfts and el-ectrlc f lel-d strength ø

Ez = the component of the fiel-d actlng along the t-H bond-"

A su-bstituent bond.ed" to a rlrr¿* car-Oon aton pola'rizes the

C-X bond,, forming an eleciric dipoleo The field strength

at, the various protons is calcuJ,ated by the Standard" equabion

for the f leld- effect due to a d-ipole (l+3) .

A 6= - z x Ío'z Ez - lo-'* Lt.

3l/. )\' lt
l-

)T> 1A3

2,6

'2"7

The expected chemical shift d.ue to this field rnay be cal-

cula.ted- by equat i-on 2,6 
"

The dipole is usually considered- to be situated at

a point ina.lf v,iay along the C-X bond.' Consid"erlng the effect

of the substituent as a polnt d.ipole is certalnly only an

approxima.t1:on" Furthermore, the coefficients of eqLlatLon 2-'6

are only approximate,
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"A¡i a.lterne.te treatment of ihe fiel-d. effect has been

CLevel-o1red- by Dewa.r (23) " He assu.nes that the net effect
of the substituent is to p1a,ce a point cÌra.rge on'bhe gkÞ

earbon atom" Dewar coTisirlers that the effect of the cne..vge

npoxL reactivity paraneters ls prolrortj-onal to L/r since

react,ivity parameters depend" upon potential raiLter tlnan upon

í'ielc- sü::ength, Shifts o.epend" ripon fielci strengùh air.d. are

therefore proporti.ona.l- to !/yZ (1ó).

Derlrå.rrs methocl is not easily applied- since ib is diffi-

cuii; i;o es'cj-nai;e the cÌ:iarge on ihe ?.lpha carbon ¿rtomo The

C"r chenical shift is not a reliable estirnate of ùire elec*

ircn cì.ensiiy a.t the alpna ca.pbori atom since ina,gnetic aniso-

i,ropy a-lso affects the chemical shift,
(v) Hammett reactivity parameters : For Lacq. of a better

criterion, ita.mmett rea.c'tiviùy paraneter's are often used to

estlmate chemical shifts " He.mmetü assumerl tlnai; rea,ct ivity

¡rarameters were p::oportional io el-ectron d-errsity (44) 
"

'Iafþ and. coworkers d.etermined. a seÙ of ind.uci;ive a:rd-

mesomeric reaetivity para.neters (Ll5-4'7) . Te.fÜ clalrned. i;hat

probon shifts depe:nd"ed u-;oon several effects (47) and" could-

be estimateci. by a linear eo.u,atioÌ1

Ar= X6¡+ (3Ç*K. ^l)r.7 6Q

f, and 1l* are the induc'blrre a.nd. ¡nescnerie' reactivi'ty para-

nreLers" Equla'bion 2,8 nas d.or.lbtfrtl Sign.ificaiLce because It
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coïltaiïis three iird.epend-ent varla.bLesu

Dei¡rs.r and Grls,åale (Ål.B) ha.rre su.bdivid-ed- reacÙivity

pa"rarnei;ers into tl'¡o ,oara.metersu F and Fi, which d"epencl L1pol'L

fiel-ô a.nd- rnesomerlc effects respectively, Iiotnlever, the

individ_u.a] paransi6ys ar€ calculated by assuniing the Ðpprop-

riete 6- constant " ConSequentl-y, i)er,var t s pa'ra.meters a¡d-

i-lammett t S pararneiers will predict bhe same shlfts f or sub-

stltuted benzenes"

va.rious atterapts have been nad-e to o"ptai:r. correcied

6f eorrsiants wþ1ch a-liovl for the effec'b of mutuaL conju'c^ation

of su.bsüituents" P.ol.¡ever, Hepsi,er (49) nas sh.own that ihe

extent o-f intera.ction de* end,s u-por'I the reaction invol-ved- and-

th.at Ç constants m7.y vâ.Ty contin.uously oi¡er a consideraþ]e

rat1ge" This observation is iir agreement v'iith E>cner¡s obser-

¡¡ation ihat electron i,ii'bhdï'ai^ilng inesorneric effects reo'uire

surbstitu.ent inÚeract ion..

llhere a.r.e three roaioÏ' objec'bions io the u.se of Ha.nmett

constâ.ntS â*< criteria f'or: predictlng chemicaL shifts' ÌTirStl-Y¡

Fjanmeti constant.q are usuaLll¡' d-ei;ermjn"ed by xinetic neasure-

ments" The itinetic r'ates a,re re]a.ted- to the :natu're of the

transiÙj.on state complex, v¡hich. depends upon the excited-

states of the reactin.g molecnles and" upon the polarizaÌ:ilify

of th.e rnolecr,rl-es* P¡.oton chercical- shifi;s are characieristlc

of molecules in their ground states' The electz'on d-ensify

d-istr.lbutions of -noLecul-es in Ì;he t!^lo sitalteÉ could- differ

appreolabl.v,
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Second-Iy, Hamneit constanis predlot the effects of

substituents upon ühe reactlvity of a side chain bond"ed to

the benzene ring. The surbstltuents slrould. ha"ve a differer:.t

effect upon the chenical shifts of protons bond.ed directly

ùo the Jrenzene ring,

Thirdly, Haminett constan.ts do not allol'¡ for other

effects such as magnetic anlsotropy which alter chemicaL

shifts without altering reactivities o

schneid_er and_ splesecke have shov,¡n that there is a

general correlation between chernicals shifts a.nd reactivltles

at tne -para posltions of su'ostituLted benzenes (13) " Both

pararneters axe affected mainly by the -ÏI eLectron d-ensity

aL iine -c¿a.La-. positiono sJ-nce other effects are ínslgilificantu

(vi) Ad.cl_i'i;1v1ty principle - It has been postulated,

that the pr.oton shifts of poly-substituted" benzenes are

equal to the alge'oralc Sumsof the correspond-ing shÍfts oí

the approprla.te mono-substttuted benzenes (g-LZ) " I{artin (11)

tested this postu-la;,te by measurlng the shifüs of a' Large

number of d-i-suþstituted. lcenzenesn Ho found that the add-l-

tivity postu.la.Ùe tlias accúrate to vilthl-ll 0,1 ppm for me-Þa a'nd-

-para. d-j--sr.ijrsti'tuted benzenes" Devtations were grea'test for

su'ostituents calrsing the largest sh.j.fts, The d-eviations

appearecl No foLlo\\'t a conslstei:t patternn SLLggegtirr6* the

presellce of an ad.d-itional effect' HückeL ltO ca'1cvLa'cions

ind"lcated that clevla.tions might 'þe d-ue to mutu-al- polariza.fion
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of the substituenis, Since deviatioi:s occurred. for -ooih

mçtp- a,nd p_a-4?- subsiituied compounoÊ, ib I'voulo a.ppear that

subsÈitu-ent inieractlon can occtlr without direct rnuì;ua.l,

conjugation,

2" Chane;eS_ in itiqg q!¡.tîrçq_! e_ffeo--q d,q.e lq-
subsLituent s

Ùlolecu-]-ar orbital calculations indicate that sub-

stituents d"onate or r.o¡ithdraw aü most 0"1 T[ e]-ectrons per

carlcon atorn iJCt-Jz), This represents a üen per cent cilange

in T[e]-ects'on d"ensity" ifhe low f iel-cl shift due to the

ring curreni effecË in 'kre:nzene j.s a.'bou.t 1"5 ppm ("22) " The

subs'l;iùuent should therefore afi;er proton shifts in sulc-

sii'cu'r;ed benzenes by a"t rnost 0"15 pprt" since the su-bsÛltuents

v¡hich cause the largest ch.e'nge in Tf electron denslty also

have la"rge effects d-ue to other mecha-rlisms, the effect of

cha.nges in ring cu¡'rent is normally relatively unlmportartt.

3. Cþa-neeÞ iÊ sh:Utt däq!9 J:he-anisp-blqpf,-9å-Þhe-
sgbstituent gr__oge

Pople (19) anõ. I'icCormel-l(53) silor'ied t]nat the field"-

índ.uced- d-i.aroagnebf-c or pa.ramagnetic el-ectron cj-rcula.f ion on

a su.bstituent rnigh"t a.ffect the cheurical shift of nei.ghbourirrg

pr.otons, l\ÍcÇonnef colls j.d-ereÕ the ca.Se of an a.nisotropic
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subsiituen'r, i,'¡hicir iracì- cylincLrica.l syrnräetry along; its bono.

a"x1s" iìe assumeCl,'únè:t, ti:e ilaglnetic suscepr;ibiliiies liai'ã"I1-el

a.nd perpenciici.rl-ar '¿o 'i;Ìre 6r'oup s)¡mr¡eirJ' axis l¡rere t'espect-
-1 Y

1ve-l_y ¡\r, a.nö. I I . BV corr.sicerir:rg -c¡tet tiie i;ragnetic üloment' t Il t

i:¿c1uced, in "bire group c.our.Ïd oe T'epreserrteO by a poin'b cl1po1e,

he derir¡ei i;iie fol-lol-¡ing ec¿u.ation for the contri-'bt-ltiorr to

th.e clreioi.cal- shif t:

l\Ç= (X,,-XtXr- g t^'ie)
3 R3

= êI( r- e'*iel
3R"

ii and- Ô I,ir¡e tiie ¡;osition of the proton .rela.tive bo i;he

point d-ipole* Tite ec¡r.taüion ¡:r'edi-c'i,s 3. cnange in sign. i'or

i;Ì:re Sïrif't C,Ue io a.ni.qOrro,uy tuîren the angle 'Oe'br¡¡een ihe

symmetr;r a.xis and_ 'i;ire line joini:r¿ 'Dhe poin'i; cLl.oole ro fhe

rir"oiio.r.f exçeedfi 550 n 'Ii'¿o different ¿r-pproaches have jreen useû

to estirnate a.nisotro.ûy effec'cs, LIu¡r a"nd. 'f ill-ieu (5+) t Fople

{55), a.nð- 'i,úrcher {56) theoretice.ll¡' ca.lcul-ateÓ- the aniso-

tropy in i:h.e susceptibiJ-it¡r sf 'che c-C 'oond-" The i;hree

.¡alu.es obtained. .r'or A/ i,{ere r=es1:ectivel-y L"2L x 10-6, O,
/^

a.rr.d. 1"04 x 10-o cmJ mol-e-In Ãuxc-.er (56) h.as also c¿ì.lculated

tiia| ì;i'te a.irisotropy in i,he si-¡.sce:r1,ii:ilit"v of i:lie C-I{ roono-

is -a*??,x to-6 cin3 mole-l*

iti1e anlsotpol:y i-n Nlr.e suscel:ttbillty of the C-C bond

Ltas been esiinia.'bec. from ch.emical- shift neasllrenients by several

tìj-fferent ¡riorkers" In all- oaseS, I'lcConnel¡s equa-tion l{aÊ
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used- to evaluate A X " Bothner-By and l[aa.r-Colln measured the(
chemical shift of the protons ln cyclopentane and. cyclohexane.

They obta-j.ned, a vat-ue ot 3.3 x to-6 c*3 *ote-l for À X tgsl ,
t

lrarasimhan and- Rogers (57) measured- the d.iffereilce ln shift
betvteen the methyl and. rnethyrene proLons in propane arrd- from

this Õ.aba ca"lcula.ted that À/ = +.f x ]O-6 cm3 mole-l,

iviusher (58) plotted- screening constants versus the geonetrlc

factor in ivfccoyurelrs equation (Jcos2-ù/yt3) for a serles of

methyl-stibstituted. cyclohexanols" From the slope

plot, he obtained- a value of 5.0 x 1O-ó c*3 mole-l

Goldstei:l and- Redcl.y ß7) plotted- chemic.al shlfts v

Cf3-¡l couplii:g constants for a serles of substituted methanes

a.nd- etha.rses @ From the d.if f erences in shift for the two

types of compound-s, they esbima.ted a value of 10 x tO-6 cm3

mole-r rorA/,
It i" oU.rfolr, tnat the va-Lues of A X obtained. from

shifË measu.rements are all much la.rger mun those calcul-a'bed

theoretically" There are at least four possible reasoils for
this disagreement. Firstly, it is necessary to correct the

experimentally determir.ed values of AX Uy subtracting the
I

value of A / tor a C-I1 bond- since ln all cases a C-li bond-

wa.s rei:laced by a C-C 'oond," Secondlv¡ in view of the smal-I

d"istances involved., the point d"ipole approximation in

i'lcConn.eL t s equation is probably no longer jusblf ied-" Third"ly,

of this

tor AX('
ersus
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since ihe carbon aton is more electronegative than a ;oroton,
su'bstitution of a c-ü'bond- for a c-i{ bond should cause an

inõ-uctiive v¡ithd-rawal- of electron.s from the remalning protons.
Fina.I1y, it has been suggested- by Abrahan tlna.t va¡n der ¡íaalsl
disperslve forces may caìlse ¿. l-ov¡ field_ shif't of the methy-

l-ene protons (59) ,

The la.rge value of A/ obtaiired by Goldstein and
I

Red.dy 1s particularil-y puzzllng when one remembers t]naþ thej-r
method, supposed.ry correets for lndi,r.ctive effects (39), fhe
alpha. proùons of' su'l:stituted" ethanes resona.ted at approxl-
rnately one ppm to for,u f1e1d, of the protons of' the correspond,-

ing su.bstltuted metha.nes. 'Ihey believed tktat thls shift was

caused by the a-nisotropy of the c-c bond." rn view of the

unusually La.rge value of Af which they obtained, it wouLd-

appear j¿lna,t their methoCi may not be a ;oarticularLy good, one

for estirna-ting anisotropy shifts"
There is a baslc d"lsagreement in the literature coil-

cerning the sign and. slze of anlsotropy shlfts in alkyl
ha.I1d.es , Ðrago and_ iviatwiyof f (38,39) and" Goldsteln and.

Eed-dy (36037) found- high fleld- d.evia.tlons for methyl chlorid-e,

bro¡nid.e, and" iod-id-e rvhen the¡r ploLted shifts versus coupllng

oonsfants for a serles of sul:stituted metha.nes" 'The approx-

lmaüe va.lues obtained by Gold"stein and Red.dy were 0.4¡ O"6

and" 0"9 ppn for methyl chlorid.e, bromid_e and- lod-id_e respeet-

I
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íve1¡r. D::ago a.niì- iviati.¡iyoff f o'¿no- nuch ra,irger cevia.tio:rs;
ap,oroxiäraitel¡r l-.4, zul t a-.nc1 2"& ppin for the sa.ae three
cornpoLú:r.d,s . schneii-ei: ¿r"rld- spiesecke fouind_ negative deviat-
ions for.bhe seae thr.ee courpounds l,lhen.bhey -Çrlotted shifts of
metÌ't]¡f X compoulnc-ls versus substi.bulent e_]-ectroneg_ativity (3 j) ,

trlots of tiris 'i;¡r¡:e ?,r¿ive been criticiseil bJ¡ Ðz.a.go Í,or reasons
i:¡entioneC" previously ê

sirrce Drago eild _t\ja-tr^j'iyoff' o'btainecl such rliffereni;
v¿"]-ues , their i:ie';itod recl uires f urtirer co.ns io-erat i.on " TL:.e;r

f'olrnd bhat ti:Lere r\ias ¿i linea.r rerai;ionship be,cr¡een shifts
and coupling consta.nl;s f-'or conpound_s of iite ,¿ype

{cìHe).^x {x= second" ::ow eleneni}, ,r.hey assr.rmed .t,na.i shifts of)n-
comr¡o.mos ly'ing on 'Lhis liire con'La.ineå appro;ci-niaiel¡i eqr_ra"l

contri'i:i,itions f'rom su.bstituent a:lisotropy effects, iury dev-
ietions of otkler compou:ad-s i-rom tlle str.e.i¿hü line tiTere s¡.ssumed

to be du.e ïo acditional anisotropy effects*
One oil i;he compouric^s lyinra on tire line is c(cH3)4*

Yef bir essei:.tiai-Iy 'bhe same r:rethod-, Gorcisiein a"nd Eedd-y

oj:bained a" varue of -1.0;o-rrrn for ihe c-c bond. anisotrop¡r s]:iÍt"
"'",,i:ren meth-ane ís plotted on Dra.gors gra.phr. ii, is a1:prorirnabely
one ppm to liigh field. of 'bhe line of nconstant'r anisctropir*
The r¡¿;Ii-le of -1,0 ppm represen.is the chan¿çe 1n shift caused,

by repla"cíng a c-Fï oond by a c:c l:oirc" The ce-l_c.u.l_eLNions of
'Ãurcher ind.icaü eÕ. -cnai the a-rrisotropy co::trj-irution from
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a C-ä bonô shoLrld .ire s¡rall, Ihe::eí.'oi'e, the ]ine of zero

^-^i ^,^!-^^---- ^l^--¿r.riluL.¡'uirJ ¡rroJ.lC -ùa,ss i;h::ot-'"gh or near' t,he _coint for' ,letirt.nes

If ii is a-ssllned- uÌ'lai the corairorind-s l¡r1¡g on Dra¿ors sti:a.ight

l-iire are shifteo equall¡r bJr ¿rnisotroir¡', i;hen the correcf ed-

values for tlle halogen anisotropy sÌriÍ'ts r'¡i}l- be 0.4, ],0
t. -a.nd- 1"4 ppm for. i're¡hyl chloricl-e, bronide and- ioCide re-<pect-

i r¡e'l rr*rv*Jr

I.t is by no aeans ce::tain th¿ii 'bire aalsoii:op¡r effects

of i;ite secono- ::ow eleilents are consta.vtt, Since bonå }e:ngths

and- Ðond" pola.r:iiies cl.ra.nge in an aplt::ox^i-i.letely line¿-ir man-

jier ¿.s ;! is cirangeC- froru C ûo r,', orre irri3ht ¿?-1Ëo e-r',peci; à

Iinea.r' cìra-,:rge i.n bond- a.nisci;ropy" Fio¡¡eve¡', the change is

u.nli.-t<ely Uo -oe l-a::¿:e a.no- the poincs for the i,ietnyl lia'licres

¡¡.oLll-d- still l-ie io 'ntgn fieid. of eny reasonâbly reloca'ted-
-l iraI;::U Ð

fihe proton. signa.l-s of Il.Cl, l{Br, and- I{1 alre all to

hi.gh fie1d of the ueth.ane orotcn signal i'¡ith ihe larges-L shift

Ílor j-lJ (60) " This incl-icates a irig.h :îield, shift d.ue to enisot-

rop¡r. il'he -qÐ.ríìe co,rclusion is ¡:eachec from. the a]-pha carbon

shifts oÍi irietlt¡rl a.nd eihyl rLe,l,io.es t35) , f'his esta-bl-ishes

tirai; 'i;ne sign of}/is rìeg-âtlve" Ca.vaiia"u;-¿ir a.nd. .Daile¡r i61)t^
i:tr:,Te c¡-.rl-cuLiated" i;he r¡a.lu,e of ì;ire t¿eorûetri-c i'ac"bor { {)cosZe'l} ßi)}
fcr the ¿Ll--r:h.a a.ncr" 

.irqÞe pr'otons o-i sui:s'ì,i i;t-ited- eihanes and

ne'i;ltanes " fheir caLcu\a.tioä.s inC'ic¿;'be th¿ii bhe aJ[þa'. a;rd.
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bei;a ùrcicrrs of ecnyi a"niì, neth.]rl lra.licLe-s should. i:e shifted

f o filgh f i eid. a.s a. r'esul-t of anisct¡opy effecis " i-Towever',

i;wo Sepa.i:a,Ee s.etS of erçeriteni¿;1 d-aia" inC.ica.ie tnat 'i;ne

beta i*rr"oi;cns irr ethyl ire.Ij-des resona.ie ai; lot¡¡er- -fliel-ils 1;han

ethane pro'rotts {35n6t¡ , Since the lcw f iel c- silift-q al'e

greâ-teSt for' loditle a.ïld least for flr,rorine, Some p'dditional-

inecire.nis¡l rcust be l:es;oorlsibl-e f ov" at lea.st part of the lolv

f i.eld- shif | .

Schr:Leiðer and. Sr¡ie,secke found- atronolous Tov¡ f ield-

Slrift-q of i¡Le ûl:-ij€- car'-oonf3 a'bci¡s a":ncl- 1;r'o"bon-s in ¡:ono*

substituieä bei:zeneÊ i13) . uga.*tt- iotlin'e ctrüsed' ì;he !z:'z'ges'b

lolv field- shift. i).,io reasona.b-ie cotLroiria'i;ion of '¡esomer-tc anC-

inauci,ive effects coirld. a"ccount :lor LhiS observ¿l-Ûion. ttrarfin

eoilsiö.e::ecJ in d-eta.il- tire i:robable effect of substitu'ev¡t

.rrri cni--nAnri ìrrrô-r1 r.-i n¡: rr'i-oton shif is ( 11 ) " I{e coll-s b¡:ucted a'
alll-LÈL Ur vpJ w.jJvL'- r r-.'.rê

plot (i+igure l) v¡hich sltoweo- 'bhe va.iue of' 'i;he geometric fecior

as Ê-. func'biorr. of 'the d-isi;ance, D., ojl ihe ef fective dipole

jiro-n the a.lpha carilon, a.i four points of i:nterest in a ¡-ihenyl

,'i nolecu.le *

IiÎ the pciirt di¡:ole is l-oca.ieij. ai:ourt ore angsbrorn frctn

i;he e.f,$ir.a. carboyr atom a.nd if4¡Xnas a. J.easo.nalfle va'l-ue of from

-te' .Lo - -ur,,len.r,;i 
"rn3 

trOle-1, 
'n"ra 

nega,.i;iVe sllil:'ts of i;h.e o¡.i,þo-

p:'o'corrsofå':,ojlr:oxina'bel¡riì'rerlgttLmagnitr;ci-eere¡-;red'1cted'

ljower¡er j_f ihe poin'Þ dipole is locaLed closer to iÌie subs'i,itu.erif



ÌiIGúäË 1 FIot of ihe d.ií,ia:ncerai, of 'bhe ef fectirre
dicole o:f tne C-X i:ond in C4lïç,i from ùhe
Alrha carbon a.toni ver,sus 'bhë T¡lue of' the
¿eornetric fa.c'Lor, a c_o5j-e_¡l , àt four poinis*-T?3--
irL the phe.l¡r1 r.ing. The four points a"re aù
fhe nuclei" of' the or-tþo, me'üA a.ncl pra ;oro-ions ancl t;:ie orûno earþon aion*
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?,Eotfr, i;iren irlgh 1-iel-d, shi:i'ts ',,;ourrj, be p::ed.ic1,eci, F.u.r.,ci.ier.-

iirore, a. higrr fic-l-ci- shif'b or'ihe or.!hg c13 atcms i,roul_cr ì:e

expeci;ed :îcr a.ny r:ea-sonairle Ioeaiion oi' the _ooini tìi;ooleo

Iìoioever, r egat'ive snrfts of sever.al ppil have been observed
'f-'ar ine orbilo_ G13 e.tons of halobe:¿rzenes: ,..tjth .ühe _ì_a:r.gest

shi:ft f or ioctoice:nzen.e (,-g ,g p;on:) ( l j ) " Sorne aacii,c lona.l- necÌ:an_

isn i:tusb cä"¡1s6 tire lov¡ fielcl- t13 slrifi;s and proìrably a.t l-ea_ei
-oart oÍ- iire orf h*e ;crroton shi-fì;s, Tne inost f.;f ar_rsibl-e e;<i:lana__

'b j-on t''or bire lol.r Í'rel-d. sÌiiits is bha L bhe;,r F."re caused b¡r ya.r:L

cle:: iiaels Cislrersir¡e f'oi:ces (62) 
"

s:ince tire :i:el-r¡.ïii¡e i,::l.gnÍtud,es of L'ûe effec-bÊ of_ bonc,

anisoÍ;ropy a-nd dis[rersirre f'orces Lì.pon gJ=:UA or.ci;cn shj.fis in
Sujrs'Li-i,'uiteil rrrsi¡1¿;.1i6s are Li:rkno',.¡n, it j S irnposSi ol_e i;o cr,,ete_r:rr j,ne

the reia.tive ne¡-i'bs of bire-b-wo rreiiiocl-s 'ior estima'bing a.oC.i.bionaf

sitJ-.f bs * AnisotroÞy !r"o j¡ably causes iri_gh Í'iel_C, silj.f bs i.¡hile
d i spersive forces cause I oii shif'bs " Therefore it cannot ile
deier'¡li.neo iryhether a nei; nigir fie1d. or lovr field. shift lvor-rl_d

ira av-nan{.aËivilirçuuvu F

4* 1n_tra.rn_olerìllla.ï vån iìer r,¡aaIs fo::ces

The previou.s discussion est,atbllsireo t\.it:,"t i;ltere uas

¿ooC evldence foi: bire exj-sienc,e o:f s-nonol-ous 1o1,"¡ ílielcj shifts
of i;l're ifeta pl'o'Lon-< oí eti:¡ri ir¿l-j-cl.es ¿:,¡d. c¡1 oJìtþg crrbool3
atolis ¿ind. irroi;on-s in l:a.lobeifzet1es" It is possible iheú there
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D.Te *.rimile:: lcvl L_',ie1C -ql:ifi;s ojl a.1r,)h¿¿.orotoirs of irreth¡,-1 P,nd.

etkr¡rl_ kralicles, 'out tÌris cou.ld not be oef 1ni.-bel-;i 65¡o"bl- j.sÌ:ec,"

¡eirer.al ad-Oi'bional exa.mples of ¿lrlomoloi-r-g l-ov¡ f ield-

,qiiif b-* of' g-fj,lg. r:|ï'otons in su-ilsti'buted- 'oenzenes 'ûar-re been

repo::ted in 'Lhe l-iteratu¡'e" I'iariin llound tna-t the f'r'otons

oriho No sr.¡.'i:st j.'cuents in p-{bb!. c.i-sul¡s; j-trlte,f ben-ze:r.es l';elîe

s'brozigly shiftecl- to l-or,,r f ie-"ì d, 'l'he l:Lrg;est l-ot''l flield shift

occn::red in aJ:!A-A ciilodoìreûzene i¡;i:ìere the g$ig ll:oton sig-

nal_ ltas f'ound- a.t a;opr"oxima.-l;ely 0"5 pp¡r, io 1or'¡l fielc. of

tìre posi'¿io::L Íjredlcted by a.ddi'biviì;¡r (i-l-). iiiàrti:n a}-qo

poi.n'L;ed- ouü th¿r'b I¡raSerrs resr-rlbs jlor' l--sutl:stitr.lteo ?-r6*

-ìj-rnetir¡vlaniiines if+; sho'¡ed e:úortol-ou's shif'ts íor. the I a'nd

5 ìrr^ot-,r)].!,s. Presunably, the a-C-ditional s:hift-s rnen'bi-oned e/r*.loi''e

ocguj: DeC¿ìUSe S 1,e¡,'iC r:e.cU.l SiOn f O1r Ce-q 'Ci1e SuÌrSirUu'eniS a"çart

a.nc_ consequ.entl)- ol cser to'i;he rreighì:ourir:g proto'n.s'

l,ieasu.rene¡ii s ìr¡i .¡r-¡.r*"t ( 14.) and Diehl { 9 ) o:Î the

leih¡rf proton shifts of iäesit¡rl-e::e ha-i-j-d-es Siiìor'''fed iha'Ù these

sirifts ï/'rere propor'1'íorre'l to a"nci' less iha"n {Xt/l) the shif'ts

of ilre c¡tho ring proio:ns of ihe corresponding ha'lobenzelaeså

AS ijiekil- ¡:ointec1 out, "Ll:iS j s clif f icul t io explain if oile aS's-

rlrnes that ijre shif'ts ere ca.usec b}t substiirreni ariiso'i;ropy" J:'t'-c

l-east or,le r:Í'Ûire ileiiLyl- !ìÏ'otoÏÌs l'¡ifl- ile ilr a" pol-:iiicir si-rcLi

T,haft eniso'i;rcpy- ef f ec'i;s shoulCi -cbiI i i.ir -"trongl-y 'bo i-ow Ílíelc.

i{r,,.c a!''Eer ir¡e effeCf of ¿rn1-qOi¡'o,;}r iS arrei:a.ged o\¡el: z:'il- poS-<-



i"'r:3e nosii;i.o::rs o.i ;iie lleih¡r] ¿l'oLl.o, ùhe lc'.,r li'rela silii't

Ci;e i;o a.nisob:'o,r:,¡r uoi.i-lrj be e;i1',,ected 'Lc be oí i;he -såì'ne oï'd.er

of -a.g'i: tude .:,s f he siiiít of ine ortiro proto:rÌ-q,

j-! r=ecenÌ; coli:uunic¿l'i;ioLri i'ero:rteo uhe i'il,,.o::j.nef9 -cl:ti'üs

r''or â- series of' ,K-;r:entaÍlu.oroaenzenes 163'i . ii-lie oqth? fl-uoro

sig::-l,l-s T,:êivâ sir"o::ig-ì;r shi--ii;eri ic l-ox :liel-c" Sinii--l-a.r ict,'l

f j.eId. snii'is nar,"e been rioteci f'or a series o i' ler'Í']i-loroa.1}:yl

lí. coirl:ou.nds ( óit-¡ , T:n ¡o'rin z-r1¿icles il; lTe*q sr.18,gesteiì- 'bn¿:'b

the l-c'¡l fielC- shifi;s r,',r'er:e c¡r:-e i;o lrä.rîanÐ.griei:-c co::;.Ll'ibt-ttions

io ihe scr,eei:itrg jrei'âileters, ilhe se ljËi,l:ar.rrì¡,.:ae1;ic 'co:ntr.l-Ou-tions

?,rere i:el-ie¡.'ecì 'co be c.l¿e i;ç ls',,;*1¡rj-¡g e-licii;ed s-La'bes i::l-i;h-e

subsi;ii;i,¡.¡:ni å'5oüs, llhe -L¿iri.esj; shift.q ì/iere nc'i,ed l-'o:'-i;l"Le

slibs'L:tl;rent a-'bons r;lricit i:¿,lc i;lre l-a.rg.est a-tonic nurni:e.r:s " Th j-s

is -r'ecl.so:'aa.bl-e si::ce ihe )-a"r"¿;esi etcns lt¿:-ve i;h.e --l-o"v':es'; excita.*

;ion energies" iiori¡ever, the lot,; f leid- sirif'ts coutlc ¿ìlso l:e

oaused" by d-j-spersl.re f'or.ces si:nce these Í'orces sii"outlcl also

l¡e 1-::-r,ges'b for the heaviesj; a.'i;onls o Ii si ritill:: -'lLiggeStioi: '¡as

=.cir¡¡,.nced ìt¡i !i 6¡s { ó5 ) 3-rt !9:56 t,a e,.l¡:}a;in 'blte s; irif ts f or a

nurnoer of siütil-a.r' comï.;ounci.g. He süa'beci 'i;h.ab rrnet electron
-iisi:;-.t-aceinent ùvíey f yorn f lilcrine ( and hyd-r'ogen) nu.cl-ei-, rnay be

il6-uced -b¡r re1;ulsrve inber"a.cbions iritir neighbou::iirg sroìlps irl

the lrrol-ecLt-ler',

Tb i.si knor'::n 1:lt-¿"i in;es'läol-ecul-ar va:t d-e:: i'jaals forces

j¡ertween solvent e-:af- sol-u-te lnol-ecltle-c c¿ll1 cause 1o-¡i í- iel d sir j-f'ts

t.61o). 'ìlhei'e íere, it is ïeâ¿qcTlit.'of e f o pos'br-iJ-ate 1;nai l'n.brt'"^
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mol-eculan vaTL O-er WaaLs d.is;oerslve forces rnay also cause

]ovt field- shlfüs. ft is belleved ihat intermolecular d-is-

persive Í'orces affect shlfts vla. tl,Ì'o ntechanisms (66);

(a) Jnieraction between the solvent and Ùhe solute

in its ectrullibrium configuratiosl causes a distortlon of the

electronic environment of i;he nucleus. This d-istortlon is

;orobably an expanÊion, callslng a low f l-eld shift"

(b) Ifolecular rrotion lead-s to a tlme-cepend.ent d.is-

torblon of the symmel;ry of the c-H bonds. rïhen rrsid-e attackrr

of the bond-s is possil¡le, thls second- mechanlsm can be imporf-

å"nt u This distortlon of the bond syrunetry v¡ill lncrease the

pâramagnetic circulatlons ln the vlclnlty of the nucleus a"nd'

consequently decrease the shielÖing of the nucleus'

Presuma.bly the Same two mechanisms coul-d. act intra-

nolecularly to alter shifts. The first mechanlsn is obviously

posslbleu ÀS can be seell from Figure 2, there is a d-eflnite

overlap of the van cler r¡traals rad-il of halogens and. alpha rnethyl

a.nd. ethyl protons or ortilo pheny] protons. vibrations and"

rotations of the substituent group could. also ind.uce a time-

d-epend-ent dl-stortion of the C--H bond- symmebry. The extent of

the d.eshield.ing should- depend, upon the number of elecfrons

in ihe substiiuent 8rou.p, the van der ilaals radlus of the

substituent, and the distarle,e between the substltuent and" the

probon in questlono



FTGIJTiE 2" 'ËLanar 5;::ojections of ihe i:onds of
anct (e)-C¿Hq:; compound's where X is e'

ljlhe rile-¡Ërr'C-H l:oncr in Clij)( is the
lies in the plane of the d'iagz'an"
der tr,iaals rad-ii are represented bJt
ni øn-l ccvI¡ vÁvv o

(e)cnjlc
hal-o-gen"

bond- i^¡lr.ich
The van
'i- l,r o
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(A) cH3x

( B ) C^H_Xoc



Accoraing to London, the energy

action 'oet'¡een atoms is gii¡en by (67) z

3Lt'

of di-spersive lnter-

z
=-3{ J; [tî{-f^r J . r'ln(/L^

urSf. I ¡t6
Ç and. ú. are respectively ihe j-onizaii-on poùen'bial a:rd- the

polariza.bility of the a.tom. Disl:ersive forces should" be

pr.oportlonal ta I/r7 " Stuart trsed, llond-onts equation to

estimate ihe CLisperslve irn,cexacLlon energy o-¡ two atoms in a

Va.cuum (68), I{e used averaSle va.lLre,s of the atomic pe'rameters

and. found- an errergy o:i about 2 llcaL/mol-e at a distance of 3 f;'"

Cresruel-l anÕ Àllr.e,l have measutrecl iryorogen. bond- shifts vlith

tetrahydrofuran of from *0,5 to -0,8 ppm f'or the Lialoforrusn

The enthalpies of formation l^Iere of the orcler of 2,5 kca!/mole

{69}, If if is assumed tna.t hyd"rogen bond- formatlon and dis-

persive interactions cause loiq field shifts b]t simila.r nechanisms,

then lor¡i Í'ield shifts d.ue to clisperslve forces i''¡ou1d be exlJected-

to l¡e of the same ord.er of nagnitud.e as the shifts listed" aiJove'

A¡othef estimate of the rnagnitud-e of intramolecurl-ar

d-i.spersive forces may be arrived a.t if it is assumed thaù

tney a"re of tkre same order of ma.gni'Lud.e as intermolecular

d-ispersive shifts in liquid-s" Lind.e:' and. col'iorkers used a

con'binuum rnod-el to corisid.er clispersive shifts in llquids (70).

tlhey consld-ered. the e5p€rirûental- gas*to-solvent sLrifts of

r¡etha.ne ancl-ñur:O- that n-o ty1:e of intera.etion. other than

iìi s-ner.s'ìoir '¡'reeu'. be considLered iO explain the SoJrreni; Shif i;S
v.¿L';Jv¿
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of nonpolar solutes in reasoirably isoiropic solventsn The

dispersive shifts were a.s large as -0.7 ppm for solvents

contai:rinLg a large num.ber of electrons (rnethylene iod"id.e, for
example), Therefore, it seems reasonabLe to assume t:na.t

lntramoleci¡.Iar clispersive forces could. cause lor,v fiel-d shifts
of aE l-east 0"7 ppm,

5o Sterlc hindrance of the qçsomeri.c effect

The mesomeric effect of a substltuent may be con-

sicler¿rbly reduced if steric hindrance forces the su'bsi;itu.ent

out of its normal poslilon rela.tive to the rlng" Often meso-

meric ini;eractions oceur loecause a pa"ir of p el-ectrons from

fhe substituent atom overJ-ap vulth the Tl- electrons of the ring,
forning a Oouble bond-. I¡lhen the p eleetron orbibals are

perpendicular to the plane of the ringrmaximum over'Iap of the

elecrlron or-oitals (and- consequently maximum mesomeric effect)
occurs. If steric hlnd-rance forces 'bhe substituent out of

this positlon, then there w111 be a sma.ll-er mesomerle effect"
If the substituent ls forced to twisù through an a.ngIe of

9Oo, overlap wilJ- decrease to zero anÕ there v¡ill be no meso-

meric effect u The overlap varies approxlniately as 
"osz O.

ff one assumes tha.t vlne Lata., proton shifbs in -þenzenes depend

solely upor- nesomerl.c effectsu then it is posslble to calcu-

late arìgles of it¡risf of substituent groups@
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Avø Reaeflon fleld- effect

If a polar molecul-e 1s dissolved, it w1l-l pola-rize

the surround.ing solvent molecu-l-es u This poLe.tLza.tion cai.lses

ayi lnd-uced electrical field. to act upon the sol-ute mol-eculeo

If tlie solute rnolecu-Ie is sufficlently symmetrical-, then

tLte reaction fielo. will be paralle} to and proportional to

the d.lpole moment of the solute mol-eculeu .ArI estimate of

the value of the reaction field- can be obtained from the

Onsager mod"el (16) " fn the case of a spherical solute

mol-ecLr1e of rad-ius rp v¡ith a polnt d-i-pol-eoþu àL the center

of i;he sphere, d.issolved in a. sol-vent of d-ielectric constant

D, the reaction field- is given bY

R = ?(D -r) .p- .

= (2D+1) v)
2"11

ut- J-l^ ^U II\i

*ha

JL = p.+ X. E.

total dlpole moment of

pol-ar3zabllity of the

2-,r2

the soLute in the solvent.

sphere 
"

Similar calcLilatlons can be ca.rrled out îor solute mole-

cules of elllpsoidal sha.pe (43)" Shifts caused- by the react-

ion fiel-d- are estimaied- by equa-iiorr ?"6,

The moC|e] described, a.bove obviously d-oes not reproåuce

the actual situ"al,ion in, a solution, Hornrever, accura.te estlmates
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of' differences of chemical sirilts can ofi;e1L 'ile obiained from

a conbila-tion of f ield and. reac.bion Í'ie1d. calcula.tions (16) 
"

Ttre absolui;e valr.¿es of shifts a.re noi pred.icted" as a.ccurately'

7, Eryest of hydroaqn -D-oird-s-a-nd. c-o-Uqtpr ions

fn some ca.ses i:n-te::a-ctions between sol-vent a.nd- sol-ute

molecul-es are so strollg th.a.'Ú cli.anges ln molecular structure

oceu.ï." A tylricaJ, inÙe¡:a.ction of ihis type is tiiat between a

proton on one nol-ecule and an electronegatlve atom on anoih.eru

,!u.ch an interactlon iS referred. to as iryd.rogen l:ondin.g" The

interactio:n j-s ;orirna.rily electrosta.tic in n.a,ture' ilrr increase

in the length of i;he boi:d" join.in6i the proton i,o its pa-rent

mol-ecule is usua.llY notecl.

Hyd"rogen bond.ing oauses a lor'¡ field shlft of the protoÏr.

involved"" 'Ihe proton is electrostatically attracted- to ihe

elect¡onegative group and the e-l-ectron cl-ou-d- around the proton

j.s slmultaneously repulsed.. 'Ihe decrea.se in electron d-ensiiy

aro¡1nd the proton calìses a. 1o'¡¡ Í'ield- shifb, Anisotropy shiffs

d.ue to el-ectron circulations on the second- a.tom a.re probaÌrIy

sna}l. ¿\nisotropic effects shou-l-å give rise to higln f iel-d-

shifts (see eo-r.te-tion 2"9) Í'or linear hyd-rogen bond-s, but any

h.1gh fieLd- sh.ifts, if pr.eseni, a.re hiclden by the la::ge low

i'ieId. shifir a.rising from eleeN::ostatic effects" Slmilarl¡r,

charge tra.nsfer ree.cbions oÍ' the tylte

2 1?
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D,-Te S)!ooerciy aiSC ,.llti..Íi:;oi''iani since ì;hey inr¡cl--¡e donaiiOn

of eI-ect::ons to l,he I{-X bond anci l;ou--l-d -i:e exllected 'bo ca'u'se

hig;i'r Í'iel-d shiÍ'f s *

Cne,rged. ion-q can forn siroll-aï' bond,s in sclutio.'ltu -tn su'ch

ceseS, "i;here ShoulO, be large eiectrostatic fo::ces " The 'oond

foril¿ition can be re:Íerred 'bo a.*o i-on pair fo::na.iion, counte¡:

io.n attraci-ion¡ or hy'Crogen bo.nd-ing {ii a p::oLcrr is i.'rvcl-r'ed)'

1t sliould- ì:e i:cssible to c".t:rï ou.i f iel.C effect calcula-tions

,¡nic?r wo,":.id eetl.n¿-ì.ie ihe effec"L of the coL:.nter ion lii:on

ciientical shifts" ff the cou::rter i.orr iS a.ssuined- to ¿:'ct aS e'

pcint chr.-rg,e, biren bne î ield. Óur.e bo inis nonopole at e¿rch

;o¡oiolÌ position can be caleu,lated ancL 'Lhe Droton sll j fts c'a':r be

JÐ rjYJl-Ulìil üi'r1'AL

I,lost suì¡stituted aniiines ldêr€ Ëe-stman t+'hite La.bel

grad-eciremicals"|lheva.r=iou-sdirnecbi¡la'nilinesÌ^'ereo'r:tained

frorn Aldrich OheLcica"Is endr '¡iel'e ¡slierreai io i:e oÍ' compe.::aille

1:rr;rit;'* iii-me bhJ'la-nilir-le ¿r.ncL ;,¡-cJr¿rnoa:ri-l- ine liere E3.s iraarr

Pr"a,ctica-I gre.de chenicals* Trifl-ucyacetlc ac j-d (ftre¡ i"ia.s

zn Ãøst;:nan vr'hite ¡a,.bel- grar-de chenical-* Carbon l-e-Úra'chlorid'e

r{as a Bai<er i:ura.lyzed lìeagent grad,e c}retrrca}. jì.11 chellicals

r',jei'e us ed, i,iriçhou.'b ;rt:-riíi ca.iion*



39

Solutions alv;ays contained 5"0 rnole per cent basen P-

Cyanoanili::e ano 1:-nitroa.niL j.ne were a.lmost insoluble in CC14"

tlreref ore, solutions of the ti,to anilines 1n CCI¿, ì^rere nof ¡:re-

pa.red, ,iolutions i"iere prepa-red. by ad-ciing solvent to ihe enilines.

À conSioerable a.mount of neat i,¡as evolved" r¿hen. ,-rlI¡A v¡a"S a"dd.ed,

Because surbstj-tuted anilines Ð.re rapidly protonatec{, and a}so

because tirey nave much higher ì¡oiling poini;s than TF'*, negll-

gi-ble amounts of e:rili:oe should have eva.porated.. ¡li'ter the

solution cooled-, ad-öitional-'It"A l^ia.g adcled to girte.bhe proper con-

centrabj-on, l¡-ive dro;os of Tlri\ â"nhyõ.ride i¡Iere ad..ded- to each acj""d

solui;ioil. 'i;o a'trso::b a.ny uiater present"

It is icn-ovrn inat alkylarmines rea.ct photochenically ltith CC14

Èo form the corresponding amine hyarochl-orid.es t7L) , whiclt come ou-b

ot' ,sol-u'tion ä.s .¡hi'be llreci'p1i;ai;es. of all the a'i:i-lines s'budied,

onty p-a.nisldine fo::med â precipitaie i{h.en ö"j-ssoh¡ed in ÛC14" The

precil:itate Í-orined only afi;er the solution had þeen sianding'

in sunlight f.'or serreral hou.r.s o A f resh sol-ution wag prepared- e"nd

kept in the dark until its s.oectrum Was runÞ Presunalbly, the

obher aniLines were not Sirong enough ba.ses io uarlergo such

rea-ct i-ons,

Ihe spect:'a v,rere rneasured- a.t 6O lic/sec. on Ð. Varia"rr DY60 spec-

,r;rorileter" Solu'bions weï'e co:rtained in orolinary Jmm O.D' sanple

tubes'A.11si¡-n.alsvjerell]e¿}"Éu'redrela-tirretoex'Lernalchlcrofo::n'
,-fire chernical shifts of the benze*e protons in 5 noie per cent sol-

utiorrs of benzene in T¡A a.nd CCl¿¡ Ïrere also measured rela"tir¡e to

exter.nal chloroform* The -nulk sr:.scepilbil-lties of the J noJ'e
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per cent solLltions of su'bstiiutea anlfines ano" of benzene

ïrere assumed, equal-, since the bulk suscep|ibil-i.by of any

d"lluie sol-utlon ís essentially 'bna.'û of i;he sol-vei:.t" 1'he

d-ifference in chemiea.l- shifts betr¡¡een 'r,he substituted. ani-

l-tnes and benzene in the same solvent were then taken as

representing ihe shifbs relative io benzene"

Chemícal shifts tÀiere ineasured. by placing; sid.eband-s

of bhe externa] reference on both sid-es of the peak (s) u.nder

sfud¡ro Frec¿uencies r,üere rieasured, to v¡ithin 0.1 c/s tt:_tln a.

Hev,¡1et'b-Packa":rc1 52IC cou::.ter" AJI sfrifts t.'iere obtain.ed from

à.o average of slx meesLirernents,

LL RTTSULIIS

{å) In üGI-4

In'ila.l:Ie I* the shifts of the rlng proton.s are given

in ppm rela'bive to benzene. The last column of Table I gives

ihe d.ifference in ring ;oroüon shifts in the two solvenbs*

Ta.Ì:le 11 gives the shifts of the ring rriethyl protons, The

sþifts for aniline and its N--al-kyl derivatives T/rere obtaineÕ

by a.p;oroximate ana.lysis. 'I?re shifts þIere large enouglt 1n

mos'r ca.Ses to allow an esttma'uion of the centers of'gravlty of

the va"rious protorr sig;nals, It 1s estl-mated- tnal shifts

a.re Ð"ccLlraíe to r"rithiT] 0n05 ppm. For a'niline and-

All Ta.bl-es Ð.Ye git"en at the end of t'ne cnapter
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t'l*d-irletji¡''l-e:nil i¡e in CCI4, the s-liíb,s e.é;ree, :;iûhii. ui;is

liir:ii,'i.iclt'ûh.e accurate:cesr-rlr-.bs of ScÌrneicrer a"::.d. sSriesecl,re

{13) " 1-'ne iar6es'c erro::s l¡,:€re 1-,r-obab1-;r irr tne ortho a"nÕ. para-

proion sii.ifis of I'i-aIky-rairilines where tile-.re shif'ts were

ne a.rl;r eqLie.l û

The ri:ng-subsii.;r-rteo :rre fh;r]¿riril- jrres were cften Sorije*

lithli: s'ì.rt-n'l or tn p-,t¡1 vz.e |l]ho ¡ncì:h¡i'l c'r.ôrllrq nnlrn] o c'l ; -'r^È'ì =-v\t.Lctv dJ:Ltru"Lçt (,u u-rr,f,IJ¿vs *- -,L{_ljÞ çUtllJl_E ÞIIIIIf UIJ

io the 1-'roi;cns oLt}o- to then ar:.C i.ire reslil|a.nt pealr broa"den-

í:ng fc;.cilii;e.bes tire assignrnents of peaks 'Lo ihe l/Éì.1îioLLS pro-
j;ons" Sone of 1;lie symftetric¿ìlly sur.i:stitLrtec, ii:nc¡l'rl¡fa"niIi¡res

ha-d- e ii:iple s,:,ect::¿i of tire i,"8, type I'ihich coul-il_ ì:e ana,ilyzed

exaetly* 'Ih"e lr--r'¿.esi errorî pr.oba.bl;r occurred l'rhen two non-

eçiuti';-a.1en'b o$hq or' qe!Ër. 1;r'oLo:rs ii:e,:e, ;_rtese:rt, 1t v,,c:s g'ener'-

all;r i.r;ooss i-ole to s ellailg.ie rhe i;Ì,io s iSnals . ,irirel:efore, oirl¡t

àTL e\rere-¡ge valLìe of' the i;r,,¡o shifts coulC_ be oot¿..irredo Overa,}l,

a.n a.ccu.r¿Lclr of O"0J;opia is a,gain claimed, al_though many of ihe

shj_f'ts :r.1:e ¡rr.oba-r:I¡r knoxn nore accura-iel-J'.

rlhe 'fi-snhsti ti¡.'bed a.irj_lineS COurlCl- ì:e anA. 1r¡zed exacf, l r¡ -vvuL¿Lt ev slJe. !c¡ ,vu vÃç..v u4J o

'Ihey üIere a-l-l o::' Lne i+r3, t¡pe. The -<pectra reC.u.ced trearly

to ¿ts specu:'li siace o.r'r-1¡r tile orì;ho cclrol itti"-e had ar,i.r'ec'ì able:=-:-:"' -'- "- "'líf

t',taE.aitt¡cl-e¡ { see F it:ure J ) " r.-or purrpo-ees of a"nal-ysis, tl.re

spectra ïrere assuned to be of tire.{rB iyire" The shifts e.re

estinaiec ic be accu::a:.te io r,,riti:ir, O *02 ppm. {1.0 c/s} *

'l-he ;-"tirin-c proton resoÍ.ence pep-i{s Isere a.lila.ys broa,d"

lhe broa.denj.ne ttttis lrrobat'oi¡r ç?,ur--c€ì6i Ðy a corbinaiicrr oil cou-pling



FIGUIìE 3. Reprod-uciior:.s of ihe ri::.g psoton speciga of
p- lodoaniLine in (A) CCl¿¡ and. (E) 'I$'li,

The chemical shif-bs ( j-n ppm rel-a'bive to
benzene) are given belov'r eaeh spectrum.
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of e;nino proûons tc tne lí14 nuclei a:ncr qur.acirupole rele"xatioir

cf a-nino proùons by 'rhe iitl& iru.clei, Ii is esi;ii¡al,ed 'ûlia.t 'bhe

amino ¡rr'oton sh"if'ts are accvt-r=*Ee to ?rithjn C "03 p;oa. 'ILr-ese

shifts âre lisied in fable III:.

( B) In Crr^COOÌ:

iuriline a"rid- rrosf oÍ' Nire i;-al-kyla.nil-ines ha.ä single

peak ring proton s;:ecrrau the collatrrse fila.¡r no¡ have been

coinple-f e in all- cå.ses, It was consictered- tl:at a,ll- shifis
wer'e equ.e.} r¡,rheTi e singJ-e peak i+a-s observed,, ;),citrally tlie
proion s-irif ts llä'J¡ i¡Ð.llJ/ b¡r aS :llLlCh âS 0 ul i:pli -Otl'i; bir.e real

cliffere.nce is irnpossible to o.efermine*

'Ih.e ri-ng-su-r:sùituteC anilin.es usuall-y r:a.d mul-ii-pea.}t

spec-[r"a" 'Ilìe p]:oton shifts r¡iere clomina.ùed. ì:¡r ¡i6 effeci; of

the subsiii;uent groLlp. H¡g-substiüu"t.ed. anj-l-ines a"gain

üD\rã qirê^.ì-r.q Of t¡¡e ArB2 t)tpeu

The arumonio (i'TÍ{2+) j:roton snifts nere not 'neasured.
J

accura-tely since the pealçs viere ellrra¡.S very- broa.d (of' the

order of 0o4 to 1,0 p;om) " The protons usr-rally L:eso¡.a.üed"

'beir',¡een 1.0 a"ncl- 1"5 ppn ì;o l-otnr f iel-d- of )tenzeneo

The p-.11c]'1 Urcliírs of 1il-aJ-k;'lanil-ir¡.es ali¡taj'Ê si:or:ecl

cou.plings of 5.2 'ra 5"6 c/s, io 'bhe a-mnonlo proicnso For

elrqnn'l e tl'rc s',r+rri:i-r:lr of ì.i-':¡gli1r¡fanili:re in itl'"i corta.:.ned a", " --"

tri.plet 1;eait dite io the ïet'a;rl ç:rou'p i,'¡i'bh a ntea"sured splitt-

1.ng of 5.5 X O,I c/s, This iLr.dicetes that I't-inethylanil-j.ne

tn TFa, has f,ne siruciur.e C5l{5irïH2+{CIic} since one -shoul-d- find
L)
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a dou-ole 'r, f'or l;h.e ,,retiry1 Erouo of un]:::oioiia.beci. I't*,lieõnyianilir:e.

'Llhe l1fei;1:,le of Ì;ire protcira-ted. i{-ne'bhylar:i.line il 'rl-ii.¡i a.t 25oQ

nusi exceeo 0"03 seconds" The exchanÊe ra.l;es a.nd- I ifetimes
fo.r va.r'ious 1-rrotonaied anili:nes a.re given in Gha.pier Ltr^

5. DISCUS$IO\I Oii' FiESUL'IS

/,, \ .ì-^i ì:-..^\i'ì-i flllrr{-i.re

(1) In c0l4

The chernical- shifis of ihe ring *L,r'otons of a:ril-lne

irr CCI-¿, (se" Tabie I) i:rLdic¿ite't,nab ihe r:-r,-riL-to group lna.s a.

s"Lr-o:irp ireso¡neri-c ef f ecN s ii:ce t Lte oL:'bno a-nd )z!tâ r-iro;oÌl si'iiflts""--*.È-'---..å.:::j.:

a.re nu.ch ie.xger,inan the rirg'i;?. sìr3.fts" Sir-rce nitrogen ha.s a

loi'l a.tonic.nuûroel:, anisoi;ro;itic ai:d d.is¡-,s¡giva ef'fects siroulcl-

'rre i"¿r'l pJ:i tf -o'l ¡f lr':ri ¡l-'rr.r-n'l-¡rrtvu r vl:: J-! I vJo

itlhe rnela sllifts are r:o'i; as easily er,olainecl-" The

shifts are io Lrigir field"" tri j-s not obr¡ior.rs "wh¡r the ¿-r..iflino

grouip shotrld- dona.te el-ectro-rrs to tire ri:ng ind-uciively, I{igh

field shifts of 'ûiris iy1:e have been expla,ineC b¡r i-iine L72) in

ienns o:î tire i:rdusii-.¡e effect {at tire mqiia. oosi.bion) of a.

cha"rge ooncen'brati on at bhe _Q-¡!j:rg o'r pjì,!:Ê)" ;cos if ions " l'! s irrrj-lar

e:;p1ana,tion. nas been e.C.rranced b]r Scl:ug a.nd Deck {73} , They

eval-uraie the effect of l;he T} eleciron d.errsity at ihe c¡:Þlio_

c,mã -!1,)^3'\ rrÕsri;iOilÊ UCOl.i 'bhe meta nyOtOn Sltj_Í'tS Of a SefieS Of

hyd.r'oxyi¡e.nzÊ.nes " '-L'he whel anil. { 1, ) tech.ni-qu.e (?4} u-'sed in

l¡rolecu.Ia"r'or.bi1;a:.l calcu.la.'bions p::eOic'cs t;i:te Sâne j;renO. of
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results as the above nentioned- ercplanatlons, Al-1 three ln¡ould-

preilict high fleld. shlfts for the metg protons of anlline"

It is interestlng to note tlnat calculatlons of the

field and. reaction field effects upoiL proton shifts also

indicaùe high fleld. shifts for the meta protonsu For aniline

ln CC14, the pred"lcted- ortho shlft is 0"19 ppm and- the pre-

d.icted, met-a shift is 0"16 ppm¡ relative to benzene. The

caLculatton d"oes noü allo-y¡ for mesomeric effects actlng upoi3.

the ortho protons, llolvever, the pred-lcted" meþa shift agreeÊ

quantl-tatively lvlth the experimentally measured- value (0,2 t

0,05 ppn). Therefore lt ls u::necessary No invoke aay effect

other tlna.n field" effects to explaln the met-* proton shifts"

(z) rn r¡l.4
¿lrr1llne in TFA has a slng1e peak ring PI'iR specfrum

id-entical to lts spectrum in aceülc acLd- (617) and- other

acids (B), The sole apparent effect of the a.nmonlo group i-s

a low field- shift of 0.3 ppm for all- ring protons" The ammonlo

group should- not have arry mesomerlc interaction v¡1th the phenyl

group, However, one would" expect lt to exert a comirlnedTf

ind.uctive (field) effect and" 6 ind.uctlve effect, with the

largest eff ect utpoll bhe oLb-!a-o protons o /

A serles of calculations vüere carried- oui 1n an attempt

to evaluate the effect of the ammoni-o grou.p uporl I'ing proüon

shlfts, AS a first approximation, it was assumed. tinat a poSl-
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the effect of a charge averaged over s1x possible positionsn

This should- represent a close approximatton to lntegratlon
over all possible posltior:s o

The components of the field along the bond. axes were

preclsely carculatedn Houtrever, the complete caLcul-ation of
ihe resultant of the toi;al fleld. acting at the protolls was

oarried out only for the orlho_ protons, since ihe complete

calculation is complex and. tediouso The total field_ acting

at the metjr and- pAra. ;orotons wa.s approximated" by assur:1ng

1;hat the total charge was concentrate& at the center of the

circle circu:nscribed- by the ammonlo protons" Since the nqLa

and- oara, proions are relativeLy f a.r removed from the ammonto

group, 'bhls assumpti-on should. introduce only a sIlght errore

The results of the calculatlon are given 1n l.able IV.
If equatLon 2,6 ls used" ln urunod-ifled- form, agreemenb wlth

experlmenb ls bet'ber tYøn for ûhe previous calculatlons but

still not particularly good.. lt ls lnteresting üo note tlnat

ùhe estimated. effect of E, ls norv least at the oqÞho positlono

Thls suggests Lhat a lolver value of the coefficient of E2tn

equation 2"6 wouJ.d- give better agreement between measured. and.

pred-icted- results, since tine EZ term ls largest aþ the oqthq

positíon" Jrs shown in column 5 of Table IV, pred"icted.

shifts agree, within experlmenLal error, with those d.etermined"

experimentally 1f one assumes a value of 0 "25 x 10-18 for ihe



coefflcient of the E¿ term" Since

¿t.B

the cceff icients es'bi-rnated-

be exact, a.ltera-iion of theby Buckingham ¡¡ere not clairned. to

lf2 coefficient is permissiÌr1e.

Frae::lcel {B} postula-ted- th.a.t i?re co}lapse of the ring

probon spectra of anilin.ium salts ln pol ar solvents occurred.

because i:he anillniur-q ions a-nd aelo anions formed" inbimate

ion pairs u He presentecl the folJ-owing evidence in support of

his postulate z þ,) the shapes of the rlng i:r'oton spectra of

anilinium salts d-epend- i.tpoll fhe natu-re of the accompanylr.ig

^.^;^.^. /1^\ .r-ra].rrvrJ. ¡ \u.r url€ riÏ]g lrroùon spectra oil trimeth¡rla.nilin.ium sali;s

ace always complex and a.re ind.e;oend-ent of the na-ture of 'bire

accoapar1}ring anlon, These observations ca"n be rationalized

by assuming" that anil-iniurn salts exisb in solution as ion

pa.irs. îhe bulky triinethylamnonio group must keep t.he anlon

so fa.r away from the ring that it has litile ef'fect upon 'the

rlng proton shiftso

It was decid"ed- to test Jr-ra.eirkelrs -oostulate l¿nat the

counter ion equalj.zes ring pr:oton shifts by carrying out

field. effect ca"l-culatioriÊ, fn crys'üalline a¡rll-1ne hydro-

chloride, three chior.ide ions a.ye coordinated v;ith ea.ch .nitro*

gen atoiït, Ð.t a d.is'bance of about 3"1 I {?6)- The distance

betr.',¡een 'bhe cone tra.ced. oni by the amrno¿rio p::otons and- the

ch.l-orid-e ions is appi:oxima.tely 2 F,, Thereiore, it vra.S assumed.

that the effective charge of the trlfluor"a.eeta.te cou,nter ion

r.,Eas locateO Z 3 frorn 'bhe pl,ane of the ammonlo protons and- in
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the plane of the c-N bond. (see l+igure 4) " The counter ion
!ra"s collsid-ered to have an electr.icar charge of 4"8 x 10-10

esuø The net field- caused by bhe counter ion and. the ammonio

group v'r'as calcul-a.tec1" The fieLd_ coniributed by the a.mmonio

group v¡as calculated. by the r¡six positlon¡r method" described
prevlously 

"

'Ihe counter ion produces a field whlch is almost

perpendlcula"r to the plane of the ortho. G-H bond"u The field_s

arislng from the ammonio protons and. the counter lon partty
cancel (Figure 4). There 1s l1Ètre change in the ccmponent

along the c-H bond" but the üotar fi.etd. is recLu.ceä to arm.ost

half of that caused. by the cha.rge on the amruonio pro'i;ons.

consequently, the E2 contribution to proton shlfts ls reduced.

to approxlnrately one c¡uarter of its varue in the absence of
the counter ion" lllhe shifts of the meta a.nð- para protons

become l-ess negailve as a result of the effect of the counter

iono The results of the field, effect caloulatloi: are given

irr Tabl-e IV" If the ctmrge separation ls less than Z.O Re

then a.11 va.lues of shif'üs w111 'oe l_ess negatlve, ff it is
la.rger Ehan 2.0 8., all values w111 become more negativen

There is a 0"2 ppm difference between predicted_

-oÆ^æ proton shl-fts and. metjt_ and para i:roton slrlfts " Hor,oever,

the presence of the ion pa.ir should- pola.ri.ze the surround.lng

acld. roolecules, causLng a reaction field.* This reaction field.
wiJ-J' irrcrease orütro proton shifts and d-ecrease meta anð- oara



I,'TGUiill 'Ihe ca,Ic.ul-ated Í'ield.s d-ue to the ammonio
pil:ouÐ and" 'Uhe counter ion at the ring protoils
õr C2H"ivH"+ ions" 'Ihe f ielcs a.rising from the
two lrdupd a.re lrepresented- 1cy the ligtrt arrorrs
and the resul-tant íield-s age represented -Þy

'che hea.vy arrolrs â



50
.:. ::1.,1

'o
2A

I



{1

probon shifts" The expected shlfts resulting froro tlre

reactlon field- car¡rot be calculated since l:ì.ecessary data are

not avaílableo Hov'rsys¡, lf the reaction field_ eauses proton

slrlfts of the same ord-er as 'bhose estimated for haloanillnes

in CCI, (see Tabl-e VfI), the predicte¿ qr:t?,_q¡ meta an.ð. par?.

shtfts w11] be nearl"y equal.

These calculaülons show tlnat the collapse of the rlng
probon spectra of aníllnlum ions can be preölcted if one

assumes that the coefficient of ùhe E2 term tn equation 2"6 1s

too la-rge or 1f one asslrmes that anlllnlum sa.l-ts exlsb ln
solution a.lmost entirely as ion pairs. There is no guarantee

that either one of the explanatlons is correct" Hotnrç\rs¡, the

a"bove d,iscussion does show that it is posslble to predict

the collapsed- ring proton spectrtm of ayriline ln TFA, wlth

a minimum number of assumpbions. The second" explanatlon is
perhaps the nore satisfactory of the two since it requlres

no alteratlon of equa.tiovt 2"6" Certainly 1t is difficul-t to

explain trraenkel-rs results if one assrlmes tl:at ion pairs do

not exist in solution-.

( B) Para.- Suþst itgteA,,\¡Ìilines

( 1) Aciclitivlty

i'lartln (11) determlned. the j.nflnite d-ilu:tion shif'bs of

a. number of disubstituted benzenes dissolveö in cyclohexÐ.rlao
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.Amorr-g* 'uhe corapounds l+hich. he investlga,ted- r/Iere Some of the

pafA- substituted- anilines v¡hose shifts l¡rere also measureÕ

in the cou.rse of this invesiigation. i\ia-rtin founa that sub-

stituent effects were nearly ad,d-j.tive and- that d-evia.tions (of

chemica-l shift) from adriitirrity were a.t most 0,1 ppm" He

f'ound. uhat the shif'ts of par?- d-isubstituted benzenes cou1å

be pred-icted- more acgurately by the f'oll-ov+1ng relationship:

l- = d.o(äI) + 2"JI+

l(Hf ) is ¿. constant charactez.istic of the su'Ostiiuent on

carbon ] ancj- is a measure of'th.e devia.'i;ion from a'ddltivity"

d-o and" d_* a.re the substiLuent par=a.meters u¡hich rneasure the

effect of ì;he substituents upon ckremical shj-jlts.

The shifts of paÆ,- su-bËtitutecl ¿Lnilines in CC14 in¡llich

l.tere obiained in this s1;tiri.y aire givel in lab}e V" The

Êhif'bS rnea.su"red. by I'Tartin, the shifts pz'ed.ic'bed by i:'lariin

frorn iris su-r:siituent paramei;ersr and, the shifts pred-icted

from ihe results of' Schneid.er and- Spiesecke (13) (assuming

ad.diiivity) are also g;iven. The itMS devia.tions of our silifÙ

measureilents from the predicteo Êhifts of Harcin are 0'0J pptl

{'n-a .¡rronin-ns ortho io the amino gr"oup and" 0,03 ppm for rneia. pro-
¿ vJ. .LJl v uv'Ltu

tons" I1t is feli; t¡rat 'blie shift ìneasuremeniFj are aore accurate

tha.n th.e oeviations icoul-d. inåica.te. Fart of the óievia"tlon is

probairly ci,ue io the LlSe oÍ'ai different sol-vent and part d'ue

'ao the ineaS¡-iremetlts of skrifbs of j rnole per cent Sol-utions

Xtnr)dmh4)
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Ta-vhterbhan of infinltely cliluLe solutions. The ort-þo. proton

shlfts ln ccl¿¡ are defirritely lor,rer ihaJl in cycloltexane lr¡hil-e

the me-ta shifts appea.r to be sllghtly lov¡er" This d-evlation

ls probably largely caused by intermolecular disperslve

forces and- possibly partly by speclflc solvent solute

interactions (7r),

Table VI, column 1 gives the ring proton shiÍ'ts of

Trerq.-Substituted. anilines in TFA" Shlfts predicted' frorn the

resul'bs of Schneider and. Spieseclie and- of i'iartin are given"

Fo¡bhe purpose of pred.ic1,lon, it was assumed- that the amrnonlo

group caused a lov¡ field- shlft of 0"30 ppm for aII rlng

protons" Shif'ts l,\îere pred,lcted' fronr the results of iriartin by
V

using his substltuent parameters and- ö constants in equa'tion

2"L4. ft was assuned- iYøE Y'OH=* = I'

The tv¡o sets of predictiíns a.g",ee quite closely with

the resu,lts in column 1. For example, the Ïjiri$ d"eviation

between ex¡rerimental results and- the pred-ictions based- on

þtartints substi.tuent Paraneüers is 0"05 PPmo Thls inclucLes

rel-a.tively large deviations for the ortho protons of p-anisidlne

(-0.11 ppm) and. p-nitroanil-lrre (0"12 ppm) u These compound"s

represent the extremes of strongest a.nd- weakesi bases and the

devia.tions ma-y lre d,ue to alteratlons of the effect of the

amnronlo group by the substituents"

i,[o partlcular trend. is evid-ent in the d-ifference

betv¡een pred-icted- arrd oþserved. resuJtsr 'Ihj's ind-ica'tes thaf



l,he r¡alue of -0"30 ppm for the sirifts of the ortho

1:r'o'ûons caused. oy the arnrnonio e-roup is accu.rate for

su.bstiiutecl anll-1:nes a,s t".;el1 as for a.niline itself ,

/ l¡lat,

and. r,reta

-rltì'i.t 
-

The la.sL colu.mn of Tab1e I á{ives the differences in

siiifi of the rlng proions in the tv;o solverlbso The su.m

of orb4o plus rqet4 shift changes is o.ni'be constant for i:iost

of the 'AW*e-.- substitu.ted- anilines. 't-he aevi¿rtj.on of p-phenyl-

ened.ia.mlne froar this consta.nt rra.lu-e nta]¡ be due to incompleie

pro'bonation of l,ire iwo anri:o.o grou;os, 'I-he rea.son for the

devip.tion of p-a.nisioine i--e not o'oviouso '-l-rh.e spectra of
'bhls cornpouncl r,íere remeasLlred sii:ce it v.¡a.s fel-t tilat o-r'Le or

inore of i;he shift val-ues might be inaccu:'ate, tt¡o suï:stan-

tial cha::rge vtas found-" It is interesting i;o no'be thab

clevia-iions a.Te in gerrerzl greater for the individnal sh.j ft

d-iffere:nces tha-n for i;he sirils of the ci-ifferences. This r,¡oul-d-

ind-icate tne-,t ihe subs'Lituent red"istributes iire effect of bhe

a.mi:no a.nð-/or arnmonio group (s) i¡ithout chang;ing their overa.ll

effect 
"

fn slrmmary, 'bhe results for the pera.* substituted

a.nilines ind.ieate i,ilat the ad-ditivity princí1:le provid"es a semi-

qu.a.ntitative method for pred-icting shifts of jrerlq..- ,substi'butecl

anilines. 'fbe agreement beti^Jee.n the z'esu.lÈs tor 1¿e_.rÐ- s'-rbstit-

uted anillrres in CC14 a,nd ihe ¡:esults of l[e::'tin confirmsthe

add.ttiviùy principle and- the cofl,sistency of ihe ti^io sets of



resuf ì,S. llìre reÍjtr1i;S in !.;i'-i; [r;r¡s Ér. e¿]-i;eI' si¡'.iiíictlÍlce
-oece'.u,Se riie;' sìtoi,': bìle.ï the ¿ì.Iûrrlonio ¿rroup has ectuel- effects

lr?,Ea:.- ÊLljls.b i iutedu,Jon ihe oriho ¿¡r.d. ileta ,oroion s-l,ifts of

a,nil inium io:ns u

(2) Orbho a.nd i:reta proioir slr.irils 6

Figures Jl¡ a_nd 5B shor^¡ the proton shi.f''ts of a-n.il-ine

a-nd- pa{A- suiics'ci'bilieÕ. a.,rilines ii: CC14 (Flgu,re 5i+1 and- î!'Á'

{tiigure 5B), Slnce substj-tu,ent effects âi:e rlearly ¿rdd.it1ve,

tine C-i:fferences in si'ri.ft Ï:etnee.n bhe ec¡uiirelent lrrotons in

aniline and the paf"g- srr'ns.i;itLrted anil-lnes represent tTie addj.-

'cionø.L shif'bs ctìlLÊed. by i;he pa"::a s'.tbstit'.ients" These substit:

uen! effecis a.ppear to be nea'i'l¡i solveni 3-nd'e¡:end'"ent {for ti::e

tr¡,¡o soJvents usecì) and i^iill be d j.scussed wi'bhont reference to

tl:e sol-vent. f'he ef'f'ects of i;he a.nrirlo and amn'ronio groups h.ar¡e

lreen d-i.scu.ssed ltreviously and- rrrill- not be further cliscusseit

1n ti:is sect io.r'l-.

Since this section is corlcernecl v¡ith shifts caused. by

tlne 'pjzra, snþstituents, the nornnal- nomenclature i'¡iIl be reve::-

sed- anc1 Nìre lrroton adja.cent to tlne surþstitueni l'¡ill 'be

reÍ'erred 'bo ats the pgj[¡ro proton, etc"

(i) ltetq. proton shifts - In the absence

grollps and/or la.rge concentrabions of charge

nnsit:iorrs nre'ça SiriíiS r.elatir¡e to a.niline are vel'y Snall-yvp -L (, Åv--'J I jl:__

(see l+igi,lre 5) " Tlris is conf irmecl iry the small shif i;s rela"tive

to benzene o:i' reIg pro.bons in moncsuþstitul,ed Ìrerr.zenes {,J3} a'-nd-

of
ô+

polar

¡trhø'a '¡i rnc'¡ *¿¿if



FïGirPifl 5,4." The or:i¿hg and- nlglZq- proton shifts of a*i'Line
an.¿ Flffistitut,ed anilines in CC14. Chemi-
cal-. birifts a.re in rrpm relative to benzerre"
Tlre a.nillne proion shift-q are represenbed'
'oy tkre lines which rurl the length of the
dlagrarn, P::oi;ons are label-1ed- rele-tive fo
the 4 pos;itlon in ¿inilí1le.
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ilTGUl"Fi 58. The erthg and. iqe-Þi¡. proton shifts of aniline and-

p -substituted anil-ines in -'L'¡ä"
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bv the snlall r¡alues of ineÙa. Substj-tuent Pâ-ra'trteters in d.i-

.qubsii'bui;ç6- benzenes ( 11) " This s il"ongty sLlggests tltat

i1¡i¡¡piprr induc'biVe effecbs are Ltâinporta.nt aJld thä.i J-a-r'ge

ïqEEa. shifts only occur v,ihen Tf lndr-ictive effecì;s and-/or

f ieLc ef fects are intPortant 
"

ii is evident from Li-lg-rre 5 that i;ne ne.J? ;oroton

sigr.als of p-ha.1oa.ïìi11nes aLl- occur to high field- of the

correspoilding anillne proton signals, l'rith the largest shift

for p-iodo¿rniline" Sin,ce the halogerls ë"Ye electron-1^¡ithd.rai/\'-ers'

ihe ind-uced- positive charges on'ühe æ car-þon atorûs lçould- be

expecieci, to cause lovr field- skrifts of the rnela pro'bons by

nr.'imâr¡-r nrid Tf indu.ctive mecheilisins, Corrsequrenlrly the higlt
l-/& ¡rrr*¿.1 v.Lt!4

fielrl shifts musi be caused bJr sorle o'cher rnechanism"

fi has lreen su-ggested. thai tlre positirre (lrtgh fiel-d.)

shifts of p::oto:ns meta, to ha"Iogens mâ.¡r 5u U.,tu to flel-d- effect

contribubions(t3)"4' atteinpt was rnad.e io ca.lculate sirifts of

some p-substituted. anilines in. CCIU. The flel-rl- (2".6) ancl

reaction f ield- (2.1I) equatlons of Br-rcklngha.m vüere used.o

Dipole monents were oþ.bained- from a. standa.rd compila.tion (77) 
"

¡-leld* a-nc1 rea.ction field effeots rrTere a.ssumed- to be add-itive.

The results are given j-n Tal:}e VfJ, Agreement t¡lth ex.cerl-

mental values is quite pooï.s After correction for addifioilal

qËli1_q" shifts, the d"iff'erences in shift ioould skrov¡ the ::ight

irenfl" Fresuma,.bly 'bhese calcula.tions do .not alfol.r for rqeso-

meï.ic effects. The impor"bant point Ùc be noted- is tìnab the
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calsulr¡ions ;oredlct negaüive shifts for ûhe mgt_? proroos,
rel-aiive to ùhe equlrralent protons ln anillne. ifhis agrees
ivith v¡Ìrat one wour-d- intuitively expecü, but is opposi.be to
what ls found. erperimenta[y. The carcu]_aiions ap;oarenüJ_y

d"is'orove the postulate thaù tlr.ere are ilosltive contrlbutlons
to the mqta shifùs from field effects.

The dipore rnoments indicate tnab there is a net elec_
tron. i,vithdrar{ial f rom the phenyr ring by the halogens. The
overarl- decrease in electron d.enslùy shourd d-eci:ease the
ring current effect a.'d, consequentry l.ncrease tne ring ¡rroton
shieldii:g, Fior,reveru i,he shifts would be erpectec .bo ¡e s¡nall
a'nd- should. be parùly or wholry countera.cted. by the inoucùive
withdrai'ral of elecbrons. rn any case, the positive shifts
shoul-d" be ]east for iodoaniline" The largest shifts are
observed for iodoanlline. Consequently, cha:rges in ring
current ef fecbs must be relatively unimp ortÐ.rr| o

rt is tempting to assume that ihe high fierd. slrifts
Ð.Te due to substiËuent anlsotropy contributions, ,llhe shifts
,slroul-d. ice largest f or iodoaniline because _V ,, largest for
iod"ine. ft can be seen frorn Ji,igure { thaË ff _A/ na.s va.lues
of ten to twenty c*3 roole-I, then the predicted. high fleld-
rneta' shifts will- âgree wiih ihe experirnentally measured sLrifts.
I-lot''jerrer, there should be nea.rl.y eque_l positlve a.nisotropy
shlftsof the para probons, 11, has been showzr tnat oa-ca

profon shlfts are snal-l (in the absence of rnesoineric effects)
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a'ttd" correraie well- v¡ith Hammett reactlvii;y parameters (13). This
irrdicates that effects other typ.n mesomerlc effects are
unimportant a.t the para position. tsqu_atl on z"! l,lould- have
to be grossly a"ltered. before it wourd_ pred-icü signiflcant
meöa shifts and. insignificant €¡àrg shiftso Therefore, ihe
posi;ule-te tnat positive meüa shifts are caused by substituent
anisotropy must be rejected unless â. reasonabre expla.rr.a_üion

for the smalr pryt- shifts can be proposed". This is unfortun-
ate slnce there is no oùher r:bvtous and- plausible exprana-
tion for the large positive net?. shift of p-iod-oanirine,

itfost of the other p-subsùituted anilipes r,¡hich viere

sfudied- naö- la.rge positlve or rregative meü?* proion shi:fts
relatlve to anil-ine" These shifts ca.n easily be ra.tiona.Iized,
i[here are nega"tive contributlons to the met3' proton shifts of
p-cya.ir.o- and- p-nitroaniline from the field" effect of the
substituents and from the ]f iirductive effect of the large
concentratlons of positive clta.rge at the g¡.tbo and lcar?
positions. The high field shifË of the meía protons of
p*Bnls1di¿re must occLì.r because positive field. and 1T inductive
effecLs overcome the prlmary inductive effect of the üret¡oxy
group 6

lriet-a shlf'ts can Jre rationalized i,vhen they resul_b

largely from lnd"uctlve and- field- effecbs. rn the p-ha1oanllines,
nhere ihese effects are small a àfl unexplained high field. shift
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is found" The posiblve shifüs have been diseussed- in general
terms in thÍs sectiono bu'b an aetu.al- erplanatlon of the shifts
i'^¡ould requlre more complete knowled,ge of the nature of anisot-
ropic, ring current, inductive, and- fierd. effects and posslbry
other effecis not yei recognized,

(i1) ortþq proton shifts - fire orlng proton shifts
are ln general much larger than bhe meta proton shifts.
l{esomeric effects are at least part}y responstbl-e for the large
o_rtho shif'ts of most of ùhe compounds stud-led" prlmary ind-uct_
ive effects are probably rela.tively unimportant" The much

sma.ller meüU shlfts d.o not appear to contain any appreciable
contr.lbutlons from primary lnd-uctlve effects, lherefore, it
is unLikely that this effect wil_l ha.ve a major role in the
deüernninatlon of the much larger ortho shifts " l,,Ihen i:he

shifts cannot be accounted for by T ind-ucüive effects and.

mesomerlc effects, aniso'broplc, dlspersive and. fierd. effects
are the most Ilkely contribuùors to .bhe ad.d-iülonal shiftsu
ïn methyl hal-id-es, overlap effecË,s of the type suggested by

Drago must be less important than primary ind_uci:lve effects
since the gþÞ, proton shifts are mod-lf ied ra.ther tnan d.onin-
ated by overlap effects, consequen'b1y, if primary ind.uctlve
effects are consld.ereo to þe relaùiveIy untnporËant rn sub-

süifuted- benzenes, then overlap effects need- not be considered..

The ortho_ proton shifts of p-haloanillnes vary from pos-



6z

ltive (relative to aniline) for fluoroariil-lne bo sirongly

nega.tive for iodoa.niline. The positive orbho shif't of
fluoroanlllne is und.oubtedly caused by mesomerlc lnüeractlons

betl'ueen the fl-uorine atom and the ring fi electronso It 1s knoi,rnr

that the para proton an¿ Cl3 shlfts of halobenzenes ioùher

than fluorobenzene) are sma]I (13), Experlnients and- calculai-
ions by Karolus and- Das (?8) indlcate tlra.t halogens other than

fluorine have no significant mesomeric effect upon F19 shifts
of fluorobenzeiles" This strongly suggests that halogens other

than fl-uorine will have little mesomeric effect upon orùho

proion shifts, Therefore, the ortho shifts carn:rot be accounted-

for -oy a combinai;ion of fr ind"ucûlve and. rnesomeric effects

because ioolne has the lor^¡est e]eotronega'bivity of the halo-

gens and. should. have the sma.l-lest inductive effect"

Schneid-er and- Spiesecke have postulated. that anisotropy

contriJ¡utlons were a.t least partly responsible for similar

low field" shifts in h.alobenzeïLes (13)" Thls possibillËy was

col1sld-ered 1n detail in the theoretical- lntrod.uctlon. ft was

conclud"ed- that the negatlve ortho proton slrifts might be

caused. by suìrstituent anlsotropy, Hot^rever, the lot¡s fleld

shifts of the qr-tho c13 atoms (13) could- not be caused by

anlsotropy.

Since the lralogens withclraw electrons from the phenyl

ring, the polar C-X bond" should- cause a. negatl-ve ortþ-g proton
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ffhift. ¡'ielc- effect calculaùions ind-icate tiia.t the hal-og'ens

cÐ.u,se .nega-f ive qr.!-þp _¡rro'i;on shifis of a "2J io 0 ,J2 ppm ( see

I'able VII) ' Ileaction f j-elc effects should- reduce the p:'edicf ec,

shifts sl-ighbly, rf ii is a-ssumed. iLøt half of .Lhe total
reactio:n íielrl effects shor¡in in .rablevf I are cau.sed. 'by ihe
halogen atoms, then the p::edic'bed. shifts are -o.z to -0,a6
ppu 

"'liih the largesü i:.egaùirre sirif'b for fl-uoroa.:ai-rine" ,rhese

values a.re irrobabry too la:rge, since shif'ts ce-Llsed- i:y. the sub_

stltuenis i4iere es'i;inated, se1:a.raiely " The shifi orol:o:.tione.l
io E- rnusb be estimated- from ihe'botar field_ since.bhe field-
coi-r;:onents d.ue bo the incirrid.ual snbstituents par.tly calrcel*
Fiel-o effects i¿i1r certa,inly contribui;e to the negatj_ve qr:!þg
shifis, ilowever, some oilr.er niechanisrn mu.st car:_se the lar.ge
negative shifts of the orb@ protons of p-bromo- and p-iod.o-
anlline 

"

Fitcher a.nd- corvor.Ice::s {6+} irave postilLated tna,t loi,^¡
ì^fietd- al-¡>ha lrrY shif'ts of fluoroalkanes Ð.re clue to iraramagn.e¡lc

contribu.ùion.s fr"on the substituerrt" The¡,- su;opor.ted. this pos_

tulate b¡i pointirrg out tna-ú alk¡rf tin IV comoounds d,o not
exhinit negative q-l-¡¡þa. Fl9 shlfts* Tetra-¡aleni .bin has no

unfilred- d orbitals" consequentty ic shor_il-c ha.ve no lor^r-Lyi:ng

exc'l-ted- startes and. srna.l-l paramagnebic contrJ-butions to s¡.ifts"
Bs.Eg, F19 silifts åre eppareniry not a.1ie.r-..ed. ìoy paramagnetie

ef f'ects" This si.r.ggests tha.i i;iiere iney possibly i:e a;:;oreciable

perameg:iiretic contrii:utlons to o.rtho c13 sh.J-f'ts but noi to
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proton sh.ifts, partlcula-rIy since protons ha.ve no low-

lying excited states,

It has been postulated ihat nega.tive ortho F19 shlfts
in mono-substituted" fl-uorobenzenes are also due to pararûag-

netic con'Lributions (ó3 )" Holvever, fluorinated- dimethyl,

d,iphenyl tin also exhiblts large negative ortho_ F19 shifts"
This suggests 1,hat the lov¡ field_ shifts may be caused- by

some other mechanlsm,

The negative ortho shifts of substituted. anilines
can also be accounüed- for by assuialn¿; tinat they are caused

by ln'bramoLecular dlspersive f'orceÉ* Dispersive forces shoul-d.

have apprecia-ole rna.gni|ud-es at the o-¿_tjro_ posltions since the

van cler i'laals ra.d-ii of the substituents and the orth.q protons

a.nd carbon aioms overlap (see Flgure 2). Dispersive ef'fects

s¡iroul-d. be unimportant ai the meta and para positions slnce

they d.rop off rapidly witkL d-istanceo

An attenpt l'ras mad-e to obtaln a seml-c¿uantitative

estlnate of the magnitud.es of lov¡ flel-d shif'ts contrlbuteil.

by the three effects, A plot of oh.emlcal shifts \¡ersuË C13-g

coupllng constan.bs coul-d" not be eonsi;ru.cted- since the necess-

ayy inforination l'tas not avallable" However, a study of the

C'r-H coupling constants of poly-substitu.ted. benzenes shortred"

fhaù tl:e values of ühe coupling constants changed only sllghtly
as the substituents ..{ere changed (79) " The coupling constants

appeared- to loe parùia}ly reJ.a.ted. fo el-ecùronegativity slrrce



//
^5v¿

they increa.sed- irr the oro-er Ii>Cl- lF;") idO, for com;oound.s of

the t¡r1:e Ir3u5-tvi.&a.nj-l-ine ithere 't i''¡as one of the four stl.b-

stituents -risted a.borre" Therefore, it it'as considered' that Ð"

plob of shiíi;s verÊLts elecironega,tivity wou-Id- 6,ive an accurafe

est¡nate of shifts ar'1sin6 frorn add.itio:¿r.al- effects, The ploi;

i.ras construc'bed but ii; irroved to be u-nsu.ii;aÌrle for estiraiing

shifts arising from ad,ditlo:¡:a"} effects beca.use må,i1y of the

proton shifts were d-etermined largely -ny meFornerie effects 
"

An a'btem¡-,t I,iP-,s rrla-d.e 'bo obtain shifts v¡hicir had- i:een

eorrectecl :1or nesomeyie effects. 'ilhe accura.te data of Sch:reicler

a-no- ,!piesecke -foz' mono-subsiltuted" benzenes {13) '¡¡e::e i-l.sed

since iÌri.s ellminabed errors int::oc1i",lced- i:¡r devia.tions from

arliìi t i-viì:i¡ i:n di-subs'b ituteå 'oe:nzenes ' Shif'ts ö-lie 'bo e f fec'b s

other iha.¿r flesorioric effects were esiinated- -o¡i su-0'braci;ing .bire

pêra sÏri.fbs froiri the oqth,-o-' sirif ts. It was assumed- that the

pa,ra. shifi;s uiere causefL e:niirely by ;-nesomerlc effects a.nci- that

niesomeric effecis vrere eqLr.ally important a.t the g[h9. a.nd pg{el

positions" The estimated" orbho protoir a,ne' C13 shifts a'Ye

given 1n ila'bl-e VffI"

Inductive, field-, d.ispersirre, and- posslbly anisoi;ropic

effects contribute to the nega.tj.ve ortho .proton shif'bs of ihe

p-ìraloanill:aes. Only dispersii¡e aad. -ûcssiì:l y a"nisotropic

effeei;s shoul-d. ^be la"rgesi; for' Íod-oa::.ilin.e, Therefoz'e, ei1,her

o:: both of ihese effecbs rilr.rst cromina.ie ihe orbl,ro- llroton sh.ifts
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in i:-haloanilines. lhe l-a.rge nega'i;ive arrü_llo ct3 shifts of
b::omo- and iodobenzene {13) must be caused by dispersive forces
o'n ã 1 n'o Ìr¡¡ ir ,-, vc:.rru-tvt"' uJ ¡ta.L.?,fi¿.grtef ic d-eshield"ing by the srr-'l¡stituent,

']-he qq-!49 pr.oton shtfts of p-mebhoxy-, p-nitro-, p-nethyl-,
a.no p-cyanoanil-1ne can ì:e accounted for by ::eason"r.ble com,oln-

ations of mesorneri-c, irid-uciir¡erflelci, anlsotr.opic¡ and d_isper-

sive eÍ'fecis* Liydrogen bond-5-r:s betinieen the nibro p.roup r,rnd

i;he orLþq protons in p-nitroanili:le may cause a.n ad-d.itioiral

low fieliL shlft of the oqll_o pr.otons of] tnat compound"

ll'he ortiro proton shifts of a.i,l the p-substituted. anl-
lines ca.n be r"ationalized, by com'bln.a.iion.s o-+,1 the fj_ve effects
menf ioned aboveu Unfortunately, it is im;oossible to cleterrnine

the rela'bive lia8Slituoes of 'bhe .¡ariolr.s effects. The orobabf e

slgns and, slzes of inducti\rê¡ mesoneric, a.nd fiel-d effects cau.

be estlmated- fron i:eactiviiy pa:.ameters and dipole momentsu

Dispersive forces oicviousl-y caLise 1ol¡ flelr1 shifts but the size
of fhe shifts cairrrot be determined"" It is trrnoi¡n ihât inter-
nolecu---l-ar d.jijpersive forces can caLlse shifts of as much as -0",/
ppn (70) " Therefore, i.t is c¿uite conceivable that lntraruolecular
dispersive forces coulcL calr.se shj-fùs es la.rge as those shor,v:ir.

iir I'e.ble vrlï" Both tlie signs and sizes of ihe anisoirocy
contribuficns to .oq!_eg shif'bs ¿-r"re unknovln"

'Ilre a-Oove d-iscurssion i_n no i,.,ray tf,r'o\¡es rfie exis'benee

oi- ¿ìppreciabf e CLispersive effecbs u.t)on oriho -r\-n^'¡-^-ñ -"nil nI?j1 ¿ u r./ \J-tL ¿É!U- V r
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-=hiftËo iioi'¡everu'bire posiul-a-'i;e tira'b dlsperslrre:flo:'ces c¿ìu.,se

¿.t lr;ast yse.rt oÍ- the neça.tive ortho shjf'ts in sr.rbstiiured-

anll-lnes ls co:n.Þqistent u¡ifh eryerimenba.I evi.dence. A1-so,

it a.iJr)ear$ ì;ha.t the expe::inen'ba1 resul-ts ca-n be rnore easil;'r

expl-a.ineC if it is assu.med-'b.'rai significant d-ispersi-ve forces

eT'e :Llresent" ¿111 the Arllqq 1:roton sLi.ifts c¿ln be ra-tional izeð"

by cor:rbi:nations of 'bhe five possi-ble effecis d,iscurssed above.

{ C ) }l-aJkyL-.Su.bp-tltuted" AniLines

'Jite spec'b::a of the lri*n'l Þrr-i ''.lrl I i1'ìêq in GCIU 1',1 ere

oi' the .ã.2E2C type and- were not rigorou-sly enal¡'zed,

'¡alu.e.q ave only approximate* Usu.a.Il¡r they ar"e neerl¡r ect-ua.I to

the correstlonding shifts in aniline. äor^;ever, some of th.e

shifts ciiÍ'fer sur"Í'iciently froni ihe anlline proton shifts to
-¡anrr i Þa avrrl n115.iiOnrq 

uvi!¿v¿1*r!r/. u ¿v.LtÈ'

(1) Steric hii:drance of the mesomeric effect - fhere

is concl-rrsi-ve evioe.Êce 'bnat $teric hindra.nce affectSthe sitifts

of irt, ltï-d-i-nethyl-o-t ol-uÍdine and- il-methyl-N-phen¡rla.niline in

CC14 â

The pgLþq a:rô paåA pro'bons of i'lritT-d-irnethyl-o-tol-uld.lne

resona'be a.t much l-ou¡er f j.elo Elnatt bh.e corresponCing proto:as

ln i'i,li-d"irneblr-ylaniline" I\iol-ecul-s.r mod"els in.dicate tnat the

presence o''i a ileih¡rI EroLlp ia the g{bf-g. posi-tion ¡reverttÈ

the di-,rnethylamir:.o groiåp from lJ¡iirg j.n the pla.ne of i;he ring.

ldo s.bnornal shifis a.re noteå Í-or I,lriii-dimethyl-o-tol-uidíne in

TFli" itlh.ls srronglJ¡ sutg;g'esis tTLa'c i;he a.bnormal shiffs j-n CCl,n

Slenera]1y

rì tl.L J l,
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3'esult f rom a. clecz=e¿.se in the inesomeric ef fect " 'l'he arnrnonic

group has no íflersomeric effeci,
fn unsubsùitu'i;eo- i\i, i\i-dimei;hyla.niline i;he ni i;rogen

vale::.ces are trro-ilaibl;í nearly in a trigonal plana.r configu.ra.t-

1on (27), The lone pair. el-ecbronË are in p orbiials at righi
a,ngles to the plane of the rlng. -..dherr steric irind-rance for.ces

the group ouì; of ihe pla"ne of the ringn the spa.ital Ð.TyÐ.nge-

men'b of 'bhe nltrogen valences alters until they a.{e tn a pyra-

micial configura.tior: mhen the dimethyl-arnino group is twisted

through a.n angle of 90o. ,4.s the g-i:oup is forced out of the

o]ane of tì:e ring, tlte ovei:1a1:r beti^¡een the.'one pai:: eiecbron,s ¿;"nd.

ihe Tl e-"1-ectrons of the ring rìecreases anrl the nesorneric effect
irecomes sma.ller *

-t.t 1s possible to es'binate the angle of bwist if one

assu.mes 'çha.t VAEZ shifts ar'1se e.nii::ely from mesornerlc effects"
.Su'þtraction of ùhe substituent pa"raneter for th.e ring me'bhyl

group from the observed shi:flt leaves a va.lue of 0.2 ppm f'o::

the p?.ga shift of iririti-d.irneth¡rI-o-toluldine ruhife lùri[-crirneth¡rl-

a.nillne has a. l)a.r'a shift of'0.f pprn. Si-nce the overla.p varies

?-8 
"o*2€, 

t ratio of 2/'7 co::r-espond-s to e.n e.ngle of tv;ist of 57o "

'Ihe saine va"lue is obtained- for" tlle a.ngl-e of iwist of llt-ine¡hyI-

2r6-d"imethylanll-ine, if i;he shiilt va.lues of Fraset a're used"

itA.¡. 0bviol-1"s1:r tÌ:is ineiirod" provid-es only a very cruo.e estl-

nate of the arr6*1e of ùwisb"

Angles of twlst have bee::. estimated from the electronis

spectra of subsi;ituterì enilines (80)" The angle of twist
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ob-bained Ílrorn 'bhe electronic spectrum of idril-oimethyf-o-

i;olu.io.ine îrâs 5Oo , Ihe agreeilent bet';rssn ¡¡s two va.lues of
a.ngle of 'blvist is a"bout es good. as coul-d_ be expecied.

ln iti-phenylanlline the lone pa.Lr overlap.e l,¡i'bh two

r:ings and one night naively expect a" tvro-fol-d_ d.ecrea.se in
shield-ing, as is roughly true. 'Jlhe acicì.Itlon of a. metnTr! group

to the nifz'ogen causes hind-rance a.nd- ap;oa.::ent1y decreases over-

lap alnost to zero, since the shlfts d.ecreaÊe to zero. This

itnplies tnai the nitroteTl aiom is Ln a tetra.hed_raI configura,-

tion,

l'ilroru ùire expei'irnenùal- d-ata it can be conclud"ed. tTrc.t

steric hindrance only affects shifis apprecia'nly ,,,ihen (a)

a'b lea.s'i, 'bhree of th.e four irl and, g_rtæ positions a.Te substib-

uteci or (b) a fertiary amine contains ai leasi ti','o phenyl

grou_ps è

(Z) Lor,¡ field shifts of ring protons in td-alkylanilines-
r-rr (rãi.òø'År +he ring protons of itl-alkyl and" iVrî'J-clialkyl-a.ni-l-1nes inJ¡¿ åV¿¿VÁøÅt Vl

CC},, are shifted to lovr field of i;he corre-qpondlng anil-ine pro-

tons" The o{!¡q ancl met_? protons are ap:precia'oly sh.ifted to

Jor,r f ielcl, i,vhile urre oqç?"nroton shifts are not al*i;ered. signlf-
ican.ùly. 'f'hese trend-s are not obvious in ihe crud,e shift
results for i"t--alky1an.ilines, llìhey ca,.n i¡e obserrred in the shifts
of 3r-toluid.ine and iti-nethyl-;o*tol-uid,ine in CC14 and also in

the resul-ts of Sclmeid-er aJr"Ct Spiesecke for aniline and. Nri\T-

d"irnei;hytanif ine ( 13 ) "
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The presenee of ihe lü-nethyl groups i';or.rld- ìre e:lpected

'bo increase the inesoneric effeet of the a-nino group, increas-

lng 'bhe ortho anC paJ:_A proton shifts " Ti'ie lor¡ f ield, shlft

can:rot be ca.ulseo- by steric hind.r"ance of the ¡nesorneL:ic effeet
since this should d"ecrease the eara, sh.ifù as well a.s

ì5 r1I_L U o

Lhe ortho

'l'lre lol^¡ f'leld shift of the p.li!-l¡q_ nrotonÊ may be partly

o-ue to'bhe Ö.is;oersive effec'c of the methyl g:roups aojacent to

ihe o:ilolr_g pr"otons, This is rmli-kely to account for the nega-

tit¡e,shift of the net-? protons siirce it is r-inlikely tha"t the

C.ispersive eff'ect is irnporba.nt at so great a, CList¿rnce" A

rnore plausible explana.blon for the Iotl íield- shifts is that

they a"r'e caused l¡y a" clecreaÊe iir Ì;he field effect of the a"rnino

br'oLrp" The ;oresence of tiie inethyl groups a.Il-ows i;he cì':a.rge on

the arnino group io spread over â large:: volumerand ihe field-

d-ue to the a¡rino gro'up is reduced""

{,3) Ttre ::ing proton sLrectra oil i'irI'ii-.4-ialkylanilines in 'I}'A

are not conrolei,el¡r colla-psed if a.t least o:ne of the alky1 groups

is la.rger iina'n i'netiryl" The i'iirg protoras seem to be slightly

shifted- to loi'v fleld of 'bhe ring i:roions of a.niline in ühe same

sol-vent. These obse::vaiioir.s can be accounted" for if one

assi.üneÉ trtz"'E a:rilinium 'brifl-uoraceia"l,e forns i.on pairs in ifïi'l!*

Ihe irr.rlky cria.lryla.mno.nio !'rou:o musi preven.t th.e close a.ppr'oach of
'Cae irif'lu.orace'çate iort, Conseque:r.rt.iy ihe ]ori¡ field ring pro-
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'i;on sltif'Ls Ð.re no lor:ger cou.ni;eractec, bJ' ihe counùei" ion"

{l)) fo}uidlnes a.nd DimeÌ;hyl A¡.iliires
(1) i:'ing proton shif'bs - The experimenta! resul-ts

ini,ica"te ttyeit, r,re'i;hy1 groups caLtse high .í'ielo shifts of 0.]0 to

a"25 _opm for .orotons erbho ;o trie rner,hyl Eroluls a.nd 0"05 to
r-ì 'ì 4 n:rrn f ¡-n tnørD qrrÀ -,-\Êr-.â -.ræn-l-nnn ¡11ì¡ -ìSe Vâ.1U.eS Agyree V,lithw o LJ ¡Jrvlr¡ I vJ s_ç U-o.- cr.J¿v UFrJ- tà ,Ur V uvJrÈ o. -LL1E

i'lartinr s su-bstitue:rt oarameters for o-sui:stituted toluenes

{11), His su.'[rs'[iiuent pa:ra.meters liad va.J-ues of 0"18j pprn

-in¡ 
^-,a'f"n^ 

-a\-F^r- ^-^ - ^-- ¡ /\ ì /\? rrrrrn i'n:c rrra+tì l-\-fi^-l-^-ac.i U' ll!-9!!tl, .l,JJ.'Ut/Ul!Þ d.llll. U ê'LU f ,-/lJlrr i- vr rrru uc.- l..)J.'(Jl,U.lIÞ q

Sone of iire ìi.ns)¡rnme'i;rica.ll¡r su.-ostituied- aLriliÏ.es

cor.iained. il''ro or!'no or rne'ba ¡:rotons ojl urlequal- siri"ft" In

ihese ca,ses 'bire spec'br¿ì l;er.e not s'ur:i':licieTltly -r:esol-\¡eo. 'bo

a"l1o'¡'r es'r,1ila'bion of ,ooth shif'bs ¿ino- onll¡ average ,,,'a"1i"ies nere

ob'f;a.irieo-" 'Jhi,s sl'loul-o introouree a. s¡n¿il 1 erroi' siirce¡ â-s

i-^Äi a.-.!^;i r.-¡ Ltra :-rraË¡i r.J-aÄ va.lues of sitif.bs .i.n Ia.b]_es fx e.nd x.J!fU.¿L,áUVU JJ Urfv ,rr-'¡r çUIUL/ç\l V?-IL1 ftÈ U-'- ùt¿¿J- UÐ .i-Lr LO. l./¿çtJ 
¿

tlre d"ifference in sh.ifi shourld- be sr'nal]-o T-n T¡-;t, al-rnost all

r:ing ¡:ro';on spectj:â. viei:e single, eol-lerpsed peaks, ;\11 shifts
ì,,iere co,'rsid,ered to l¡e ecrll.al i:r -Dhese ceses " Uhí,s po$sir:1y

irrtroo-uces an error r¡rhich i-s largervYp.n the norrna.l ex;'lected

.\ -ãT. 
^ 

-U¿ I WI ø

il coiili,rs"-l'i-*o.n of ex;L-rerime'ba.i sl:if't Vel-u,eS oÍ' p'o'bon-

s.i,ed neLhJrl a,niii:ii.es ¿;"niì siriít values;:i:eclicied cy'bhe use of

î'ia,r''bints subebi'buen'b =Ð¿.rare'be:cs is g;iven in Ta.bl-e fX, The

.iilii,S d"evi¿rtion is 0"04. plrroâ I'iu.ch of ihe el:r'or lrroìraÌrly' is
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i.iri,i'ollucecl bi'bì:re assu.mrltion of eclui-,1 -"hif'bs i'or single peak

r:r-n3' ;r:,'otcn spec'ura..

'i'airle L sl::cws ceilculated ancj. obser.¡eai- shi-f'ts of se''¡era.I

nethylanilines iir tCl¿" '-fhe cal.cul-ated shlfts ai:e coTl-slsteobly

too high. f|he ÈJ[,S o,er¡iatio:n is appr.oxinately O"l ppn" This

is certainl¡r large:: bha.n L;he experiulental- erroi:, The d_evia.t-

ions are probairly ce.useil b]'a b::eaking dov¡n of the adcìitivii;y

relai;ionships for. trisubsiituted benzenes" fn diraethylanilin.es,

i;hree substltu.ent ¿r'oLlpg ¿rre trJ¡iTrg io push electrons into the

ring" llhiS inaJr l-ea,d 'bo ¿,. rrsa.tupai;ior?rt eff egt" r\S a result
actua"l- slrífts ma.y .be smallez" iha.n p::ed.icteC. shifi;s. riher.e

sholrl-,1 i¡e no satr-'.ra.tion effecb in proto.oa.ted cl-iinethyla:rll-ines

because t-i-le ammonic gronp iras an eleci:'on riiLhdra;1^iing tendency

nhich is a.pproxiitiarteJ-y ec¡iial i;o the coinbined- elec'r;ron doi:aiing
'bend.encies of 'ühe frnio ineih¡'] grolipsE

t2) iliethyf ¡r::oton shifts - 'I,he chemica"l- shifts of ihe

inethyl protons a.re girrei:. j.n 'Jable ïI, The shlfts for metiryl-

anilines iir CCl¿, fa.ll iirio two cistin.et groups. The qe.ta- and-

pa:Ta_l,rethyl .L)roton shifts are equ.ã,I i^;1thin e4periroental errorõ

The of]¿hg räe bhyl pro'i;ons d-ef iniiely resonate a'E higher f ielcl

than the otner netir¡rf protonÊ"

Tn T,t';'i tirere "re no ob.¡iou.s tr.end.s. iJol'íe\ier., it
r;r1rrêDlic 'l-hoi- .;he OfthO p¡'OtOnS fesOnate p-.8 _-l_Ot^leSt f iel-d,. Sii:Cev v¡iv.v r vpv.L¡e-vv r' v -Lv

both 2r4- 'and- 2u5-C.LrnethylanS-11rle in T-1,'4. shoT¡Í iv¡o d.istinct
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trefhyl- pr.oion si6-n,3-1s. It ca.ûnot ì:e def initely conclud.ed.

ùiraù il:te low Í'iel-d- peak is cne o*r:i.ho i-nebhyr pe.a.i<, bu'b ihe
r. ã -, ; --..^*- ^-^ +Lj.ss'Ej'nenr seems rea"so.riable io ilof the ne.bh¡r] pr.o.bon

shif'ts of ii::.e i:hree monomeihyranilines, /.rl_so, the loi'¡ f ield.
peaie is higher in both cases " since the me!_a a"nd per? rnethyl

pro'Lo:n signa.i-s are broadened by coupl_ing to 'úwo pr.oto:as v;hile

bhe -or'üþ*o meth¡'l protons e.Te coupleci to only one pi.oton,, bhe

1o",r f ield. peak is nost 1:r'obraìrly d"u.e to ihe orrL¡rq ¡¡ethyl, pr.otons*

The hig;Ìr fielci shift of' tlre oqtþo_ nebhyl i:roions in
CC14 is probaÌr3-¡r 6.o* to a colobina"tion of fielcr d-ipole eff'ecùs

a.r:d- indi-ictive effects caused by tkLe rnesorneric co:ncentration

of cì're.rge a.'l,. the ef'qh9_ carbon atorn"

'llhe methJrl proi;on shifts ii:. Ti+Ji aye taela:rly analogoì.tÊ

io tlre ri:rg proton shlfts in .bh.e same solvei:'b, si_nce bhe shifis
of th.e difíerent t;rpes of rnethyl protons are akaost equaln orre

r¡oul-d- ha"¡e to ccrûpare shifts wiih those of 'bol-uene in the same

solvent in order to obtain a val-ue of 'ûhe a.ctua.L negatirre

shifts caused by the amnonio groupe

($) Aqiqq lqqtqq .$qijcs
The ami-no proion shifts in CC1, are tisted. in Tabl_e

ffl:" rncluded iir. th.e tist are valu-es of the anlino proton

sfrj-fts of qrl4g* a"nol gelqL-brc¡noanitine" ILing proion shifts
of these iivo courpound,s could- noü be cleierrlined. since i;he
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s:oec'bra idere 'i;oo cornpllcaied. f'or. f irst orc-er analysis " Al_1

of iite amino proton signa.ls v¡ere singre peeks of a fev,r c¡rsfes

'u',;idth, Coupling: io the irrl4 nuclei should. sr¡lit ti:.e amlno

Ðr'ofon sig'nals into triplets. Rapid_ quadru.pore rela_xatlon
lJ¡by Nhe ilT'* nuclei must cauFê i.ho nr ni o-n signe.ls to colla;ose

i,o single peaks,

'rhe a.:r,j-no protcn shifts ca.n be corr.elateÕ to Hamniett

v'¿"¿ o.''r i ¡r i h rr rr ,:+ \,úv vr v ¿vr¡ ,-o.lrâjll€te1" s " ¡'igure 6 shows a plot of shifts
versus Hamnettfrconsiants {Br) " .ilor the gårug-sl1bstitu..ted.

a.nil.ines Taf'bf,%onstants vìrere used, {Bz). Tlr.ese consie.nts d"o

not correcù f'o:: a.ny ttsterict' (dispersive) ef fecis.Çconsrants
!'íere a.ssumed" ì;o be a.d-ctitli¡e for cli-substi'buted_ a.nillnes6

itioisi lroints cì.er¡iate fron ihe stra.ig;ht line bJ' r.o aore

thein ihe estimated- ex1:er:inenù¿¿I ei:ror (0.4 p;c.,m)" OnIy i;he

amino proton shii'i;s of 2 r6-õ-j'.mei;h¡'1¿ni.tine a.nd. o-jrromoanilirre

devia.te ila"rked.l¡r frorn the sisa.ight 1íne. Schemabic d"iagrarrrs

indicate ihe.i there shourd, be a. positi-ve shifb of i;he ainJ-rro

protons of 2r6-dirnethylaniline due to the 'rC-Ctr bond- a.nisoü-

roi)y (ir tne experiinen'ba.l estiina"tes of anisotrotf,y are correcü)

and" a ireg;ative shift of Nire amino r-rrotons of o-brornoanifine

d.ue io the anisot:ropy of ihe C-Br bo:id, Dispersjve forces

should ca-use l-cw Í'ield_ sitifts in both casesÞ

Presrr.rua'ofyr 'bhe size of r.eacti-vity pa::ameters d_e1:end-s

upon ihe el-ectron densiiy about the sioe cha.in proton i¡rhose

reactívity 1s being r¡easured.. fn the absence of ort-ho- substit-
uen.t effects, ihe ainino pr.oton shif'ùs depen* la.rgeJ-y upon the
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eleCtroi: clensii¡r of i;he a.rnino protons. ,Iherefor.eu the

strz.igLtc line relaiionshlp betr.^¡een sirifts airC Hanmett constants

is i:ot surprising" Pl-ois of ihis tylte mey pl:ove quite useíul
f or esiii:iÐ-i1ng a::isoiropic a-nrI d lspers 1ve eff ects.

Taft has obiained a seb of consiants v¿hich rrleasLì.re

'bhe exteni of steric ell:era"iion of reactivity by or:Lþo

,substii;rients (82). He ha-s shouna i;hat the d-ifferences bet¡¡reen

the E. va.Lues of ffu-orine a-nd- otl,:.er sul¡stituents vary in
the *tr" fta.ffiieï'e,s the differences between ihe van oer l,Ja.al-,s

ra.d'ii of fluro:cin.e anÕ other substitu.ents" This sr-rggests th¿rt

steric ef'fects and- dispersir¿'e eilfects ai-.e esseniiai-Iy ecltriva.-

1en'b.

(-, SUï'lIiAilT ¡rtrD COi+tLfi,Sf Oi\îS

I'leasurements of the rir:g oroton spec'Þra oi' sulcstiiuted-

anilines in rF,A, nave sl:orun -bhat bhe amnoitio grolrp causes a lovr

field. sh.ift of 0"30 ppra of all rii:g r:rotons" lfrirr-d.ialkylammonio

groì;ps câuse u¿fec¿ulal proton shifts. ilfhese result.q can be

exolal,ned j-f j-t ls a.ssunied- that aniliniuin lons a.ad tri_f-l_uor-

acerate io:rs exist ii: solulbion as ion pairs. cjalcul¿¡tio:as of

the effect of ion pair'forroeition 1L:l.d-ica"te ihat the rLng proto:n

f.rÌ=tttt of ¿rnil-iniun ions can -pe accoi.inted for b]' the combined

f1elc1 and, rea.ciion Í'leld- effeets of i;he ion pairs iir solutiono

'Llhe bul-K1er d-ia.1kyi-amrnonio grou.pË must prevenb close approach

of the 'i;ríf-l-uoracet,af,e ions ancì. therefore decrease 'i;he fi.el-d
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effecfs of these iorls"

ïi has :¡een confirrned- .bha'c suostituenb effecbs åre

nea::ly a-cì.aibive in protonatea a-ir-d- u.nproNorraterl- L¿a.r'a--suos"¡it-rt"ced

anilines , Subs'bi buent ef'f ecùs iil. <r i substltuted- anil-ines are,

in general, noi a.dctiriveu

Chenica.i Êhifts r¡f orotons ortho to su.bsi;i-j;uent,s can

]ra rnn-,aa aqci"l y TAiiA-nA.]iZeO if One ASSLìtneiStJv rruÀ v vL+p ¡&J

ciisirersive forces calrge loir'¡ f ie-]-d sf:lifis"

bhat in.brarnol-e cula::

i"leta'cro'L;on sh.if'ts

cannoi be conpleietr)' explalner1.

It -nas i:een sho-"'¡n tne"'E steric nirtarance reduces 'bhe

mesomeric effec'i;s of 'che arci.¡ro :.rou-ps of iri-iireì;hy}-i,t-;c.henyl-

anilirre and- i{ri\j-dinet?ryl-o-iol-i.lid-i.c1en Steric hi.nd.rance onLy

aífects si-:ifi;s oll sub-<ti'i;uì;ed- anilines a.p_¡rreciai:}¡r wnen (a)

a'b lea-.s'b th.ree of bhe four. lT a.nö- oli4g positfons a.re sui:stítuied

or {b) e.. i;er1iar¡' s.rnine contains a"t least ttco phenyl groups.

ït has been Êho'¡n thÐ-'b there is an appa.rent rel-atioi:.ship

betv,ieen t{anmett Ó-- con.stants a.:nd a-min.o Froton shifts of rne-Þ-a-

and para_- su.bstituted- anilines, Arnino proton shifis of fiorne

qgthg-substituted aniltnes cannoi be cctrcelated ¡".^íith Jaft fl""
cons'banf s 

"
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Blng iriethyl
Ànilines in

TABLE ]T

Proton Shifts of ï'lethJrl-Su'i:sLituüecl
CCl¿l and 'IF.A (Rel-ative to Benzene
in the Sa.me Solvent )

I'{ethyl Proton Shif'ts (ppm)

Sulrstltuent ( s )
_In CCl¿t

ortho meta para
in TFA

ortho meta þava

4-cH3

3-c[j
2-cH3

2-3-Di-CH3

2t*-di-C'Å3

z r 5-ùL-cÃ3

2 ,6-dt-c[3
3 r 4-d i-cH3

3 ¡ 5-1I-CH3

5,0 5

5.06

5 "A5

( 5"rl )

5 "og

,r ñ^
^te(7

(t+"76,-^

4,83

LL R?

t+ 
"77

4 "82

\

( 4,BB

l+ 
"86

),ZO

5.2V

5.rg

5.Lg

5 "L6

5 "og

5,09 4, g4

4. gg

4, Bg

l



B2

Arnino Proton Shif'ts
CCl¡ (nelative ro

TABL$ Tlr

of Substituted
Benzene 1n the

¿rtrilines in
Same Solvent

Subst ituent Chenical Shfft (ppm)

H

p- I
i,r - Br

m-Br
o-Br
p-c}
P-F
p -ÇH:.
m-CH3

o_cH3

2 13-dj--aH3

2r4-di-cH3

2,5-di-c]H3

2 e6-d:.-clF.3

3 , ¿+-d"i-cti3

3 r 5-ci-cH3

3"88 1

3,75

3,73 
.

3,7Ð

3,30

3"78

3 "93

3,gB

3 "93
4.oo

4. oo

4, 08

3 "gB

3,92

3.97

3 "97

0"03



B3

(:iel8.å'.4 (:3:åi"iiïr,-'l
Posltlon ns(esu) g2(esuz) ppm ppm

,IABLH ]V

PAiiT A
Cal-cul-ation of th.e Field. Effect Due to the

smmonio Group

ortho 1.15x105 zfllxtol} -o ,5! -0.30

meta 1"44x105 0,35x1011 -o"32 -0"30

parE- L"39xIQ5 0.20x1011 -o.2g -0.28

PÁ1IT B
Calcul-a'i;1on of the i'üet Fielo Effect Due i;o the

;lmmonlo Group and- the Trifluoracetate Jon

posiüion er(esu) n2(_esu2) (-ryg-t%,ao""18q?nnq,

orüho 1.1/x105 o,97xl-011 *0,33

meta o,?1x105 o"25x1ol1 -0,1?

parr- 0"51x105 0"1¿{.xro11 -oel,z
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Ëxperlmental-
¡.¡.niIines

TABLE VT

and Pred-ícted_ Shifts of p-Substitr.rüed
in 'l'FA (relative to benzeãe ln T¡A)

Substitue.nt
-=g sry'-"3E î iËå' i ç îäË i1,,'i"iiiü*'*æ*' rExp.grlqgntal _ _ _..lg.gsicÈèãTffi

tsgq\¿]-!.8.- Fron- nes
Schneid.er and Parameters of

--Il+Ë--Ë!-8.0.Y- sp,ie-u e-c-ke ( 111ort--[g ¡]'etL- ortho- metà -l'Ie.rp-u--Llll.___ortæ- mesa

1ì LT

UCHz)
I

Br

UI

];iJ.

Ci\

i'äo2

._-_+..
l\ l-'l ^ 7i'- --J

-0 "10 -0,10

+o.23 *0 
"Q7

*o;71 -c "04
-0.48 -o,1?

-0,2? -0,27

-0"03 -a "29
'g "57 -o "41
-L"23 -0"58

-0 "55 -0,55

+0 .13

-0 ,70

-o "52

=0 "28

+0 "0r

-U u /-Q

-0.05

-ô 22

-0.32

-0.28

-0.51

-0,09

+0"28

-uo07

-o ,l+9

-0"30

-0"58

-L "32

-0.19

-c ,18

-0"04

-0 "l?
-o "24

-o "40

-o "46

fi is assumed- jc]nat X*ul = lr dn,uj = -0,30 .opmo
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TABLE VTff

Estimated- Ortþg" proton an¿ C13 Shifts (13) of*substitulãã-eerrzeyLes {relaùive üo ¡ensãne)after Corcection for I'iesomeric Effects

Subst iiuent Chemlcal Shlft (in ppm)

ôl

Br

T

ocH"

Î{i -rltr L¿2

Ortho HI

.091

,l-37

"253
,t+33

"Q6?

"130

ortho*Ç12-

+ 9"9

-22H@H

- 4"3

-f0 "3
+ 6,6

+ 2.9



BB

TS.Btr,tr TX

Pred_ic'bed and. Obse¿"ved Ring proton Shlfts of
i'iethyl-subsiitu'bed- ,milines in TrlfluoroaceNicr:tU, Belatlve to Benzene in the Same So1vent.

Substltuents or"tho meta þare-*
Observed.

ortho meta þa?a+

2 ,6-di-cï3
3 t S-ar-cnt

2 n3-õ-i-CH3

2 s+-d-j.-cÃ3

2 r s-Ci-cü3

3 r 4-d-1-Ci{3

2-CH3

3-c"ø,t

, ";-
-0,03

-0.08

-0.0].
(-0"03)
(-0.01 )

-0,19

(-0.r4)
(-0.12)

o .04

-0 .03

( -c "04)(-0,06)

-0,01

-0.01

-o"oB

0 .07

-0,01

-0 " 
0l_

-12

o.03

0,0 2

-0.05

-o "2

-0.1

(-0"t4) -0.19(-0.12)

-0 "19 -o "12

-Q.02 -0,02

0"05

0.03 0,03

0.02

-0,05 -0 "05
0,0

-0.2 -0.2

-0 "1 -0 "1

* liing protons aye i-abell_ed. rela"tlve to the ammonJ"o group"
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IIABLE X

Pred"icted- and Observed Ring Proton
$ubstltuf ed Anil-lnes in

Shifts of i'iethyl-
CClr,ÉY

Subsiituent

Che{nica1 jihift (qe}ati_ve t-.o bep_z*,eng-) !q ppm
Shlfts Predicted- from

Experimental Results Subsiituent Parameters
This Stud-y of i'iartin (11)

ortho metg :pê"ya ortho meta Þ?La-'

2-ÇH3

3-cH3

2 r 3-dL-ct{3

2 rl+-dL-cH3

2, 5-er-üH3

2 ,6*dj-cþ3
3 r4-d_i-cH3

3 ,5-c"L-CH3

0uB

1.0

0,90

0.90

0 "95

1"0

1,1

0.4

0"4

0 "52
0 .50

Q,5

o,47

0.5

0.43
O 

"Lþ5

0 "38

0.5¿l

o "64oo6l
n É,1,

u. or

0"78

Urö)

o "96

UuY0

O"BB

1 .04

0,7 o.BB

o,B a "95a,93

o,Bo 1"04

0. gB

o"g 1,06

o,37
- .-/IsUO
1.04

1,0 1"11_



Ci{APTER 3

¡' sT.uDY orr H]I\DEIiED Ro'r¿rt'roi\T ri\ piloroi'iÀ,r,ED BEi\zyL¿,i,iJ-iiùHS

I, Ii\ITBOUUCTIOI{

consld-erable v,ror"k has been done on the problem of con-

figurational isomerlsm of substitu'Eed ethanes, using k.igkt

resolublon nuclear magnetlc resonance (83-gZ) " There was

some misund.erstanding in the early literabure a'l¡out the roles
of asymmetry and- conformatlona.l popula.tions ln prod-uclng mag-

netic non-equivalence of nucleii (86rB?). .rhls confusion has

la.tely loeen cleared" up (93-95) 
"

trrom the iemperabure d-epend"ence of couplrng constants

invorved, (89), or from an observed averaged. coupli-ng constant

at one temperature and a val-ue of energy d-iffereilces between

isorners obtained. from vibrationar spectra (91)l values of
vlcinal cou;oI1ng constants h¿ive þeen estima.tecl as l-0 to rB

c/s for þvans coupllng constants and ] to 3"5 c/s for gauche

coupllng constanùs of protons a.ttached- bo sa.tura.ted_ carbon

atoms in su"pstituted- ethanes"

fn the coLrrse of investigating a series of protonated-

anrrlnes a.ncl rerated- compound,s, it wa.s noted- 'bh,at the rnethy-

lene proi;ons of certain protonated- benzyramlnes v{ere non-

equlvalent" Protona,ted benzyl-anine, ( ØHZC-i\H]ìtì. ¡+ are

analogous to triply-substituied. ethanes (xl{2c-cHyx), rt was

d"ecid.ed to investigafe a serles of suþstituted- benzylamines

amd. ci-j"benzylamines ín a protonating solvent (f¡A) in order to



l,'IGlIltE 6" Plot of araino proton shifts of aniline and' ring-
sr¿bstiiuted. ani-lines in CCl¿¡ versus Hammett 6-
constan|s" 6- constants ot' ãisu'pstituieÖ anilines
u,*eassumed-iobead-d-itive'Taftpolarsu.b-
stituent corstants krave been ueed for q{Lþg-
subs t itr¡-i ed. a'ilil ine s 

"



q1/-

d-ef,ermlne the ruagnitudes of couplirrg: constants, asymmetry

shifts, aJro isomer popula.tion d.ifferences for thts type of
compound_.

The equivarence or non-equiva.lence of rotamer popula.tion

1s establ-ished for the series of compound-s studled-" The predict-
ions of Gutowsky (95) aboub the effect of substitution upojr.

rnethylene proton asymmetry arê conflrrned.. I,ja.xirium values of
the gauche coupling' corlsùan'bs and minimun va.lues of the trans
coupling constanis are es'bablished-" A qu:;litative estfunate of
the rel-aÙive sterlc hindrance caused- by several substituents
1s ¡-rrad"e " 'lltere is not suff ieient d.a1a avalla-trl-e to allol.¡ the
determinatlon of exact values of ihe r¡icinal- coupling coÌlstants

e-und. the energy d.if f erences beüv¿een ihe various isomers,

Z " Ti{EOii,i,.fIC,cI DISCUS$ION

(A) Effegt gf EnerffL Leve1s Upon Rotatlon Bates Ab.out
sipql? Bqlrdp an{ upon
RotAÞioqa1 fsomeqf;

Steric trlnd.rance of r"otaiion about sin.-ale bond"s in saturateC.

hycirocarbons has often'treen cozlsidered to be d_ue to van d"er

ylaal-s forces of' repulslon between substltuents (96), Slnce

thls repulslon vli}l generally be greatest when subrstlùuents are

ln eclipsed. positions and least when they are in staggered.

configurations, it is usually assumed that hydrocarbon nole-
cul-es exist in their three possible staggerecr- configura.tionsu

These are often call-ed- rote,.ti.onal configurations or rotamerso



>4

ïhe rela.tive popula.tions of rotamers d_epend_ solely
upon bheir rela'bive energy levels" A. typicar energy level_
plot iroulcl ir.ave the form shol,¡n in Figur€ Iu The relative
¡:opula"Ùions are girren by the Bolûzlnê-t1lr, equatlon,

Nç

f{j
T
. ( i +i = 5zf) ?l

An in.crease irr tenperature wil-t ceLrse ihe r.el_a.tlve popula.ù-

ions fo approach eciuallty.

Th.e rotation rate a'bor.rt a. singre bond depends upon the
ireights of th.e energy -þarriers (AE;)" The r-ctatlon rate
v¡il-l- incz=ea,se in¡ith inc::easing tem;oeratur,e roecause a ]arger
percentage of roûamer rnolecules wil_l nave surfficient energy

f o junp ]¿]ne be.rriers " rf one of the energy barriers is very
high, a. roclcing motion will- occllr lnstead of rotation. since
this nornally will have th.e sa.me effect uporl the protojr. spec-
trunr as rota.tion, fu.rther cliscussion wilr be based upon the
assumption that rota.'bion occurs about ihe single bond, rf
two of the be-rrj-ers are much h.igher than the other barrier,
then 'bhls assuärption v¡11_l no longer be jusbiflecl,

(B) Effect p{ ]-err__Ee!_e_ ?-qd Eotarrlêr popul_a_t io
i''Íethylene Proton asymrnetry

The conditions n-hi-ch cause methylene pr.oton asyume|ry

1,,rere sorietines mj_suncl.erstooo iir the early l-Iiera"ture in this
f iel-d (86rB?) " The co.nfuslon ha.s since been cleared- up,

vraugh e.nC. Coiton {93) and Bishop {91+) polntecl ourt a fund.a.uental



I,'IGUEE 1, A typical energy leve] d.i-ag::am for rotatlon
a.bou.t the C-C bonet of' an ethane-type íloLe*
cul-e 

"
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9t+

error" iil the reasoning of prerrlou-s r,';orkers. Gutor¡sky has

esta,-irlished algebraically' ti, e mlnimurn substitution recluired

io calrse non-equivalence of methyrene protons ln compounds

of i;he substltuted ethane type (g5) " His treatment wilt be

a.opri-ed. here io ti're nethyrene grou.ps of protonzrteô benzyl-
anlnes. These compounas are analogous to substltuted- ethanes:

{,Øcu* ( I\HRS ) 
+ ) *

{}) TXpgJ - Consid-er Ë. compouncl of the generzrl type

:tLiZC-1 i,iRSitg) + " The ;oossible rotat ionaL conflgu.rations a.Te

shov¡n in Figure 2s using s'bandarö clia.grams. There are three

more possible rotamers v¡hich a.re mirror inages of the three

$hov{n,

The rota.t1onall¡r averaged proton shifts ,¿.Te

Yt

or in general,

{ *. Y-u
t

{ x-vfV^=

J,1 :FL

and. t :
B

3"3
1ñL

moLe fraction of roia.rner n and- Vrr= f þs chemical

the ith nucleus of z'otamer no [he shift of pr.oton

considered for reason,s outlined- in t,he section on

ft ca-a be seen from the configuration d-la.gr:ams tha.t

rotamers are id-entical lf X=H* Therefore,

3,2

v¡here -ì( =
TL

shift of

H,- is not
JL

results,
a.Il- three

áå)f=\rvß= tå )'u
'Ll

VA=
'tl'l

3*4



T¡f GURE 2. The t,hree possibl-e rotamers for a' protoira'ted'
compormd- o? tite type Xci{2-(NllSH)+ (Type 1) '
The rnethylene car-iron atofi ll-ies outsi'd.e ihe
pla.ne of the ùi"-,.gTan and the nitrogen atom
l-tes inside bhe plane of th.e diagram"
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i.ên, (rfl-))R)= o.
All A arrd, l3 proions are equivalent onl_y lf rapid rotation
occLlrs a.bout the C-lj ,oond- axis" Equer.tion J,l* is obtained
bry noting ttlatyf = rl, etc. Hor{sys¡, there is sii.l-l anr)'
intrlnsic asymmetry whlch woul-cl be observecl if rota1ion i¡¡ere

stopped, stnce Vt+rt*Vt, ercu

rf x / H, then three d.ifferent r.ota,mers are presentu
The presen,ce of x changes alr si-x proton shlftu UA and.
,.R ï1

v; . The net result is a. chemlcal shift betwoei: Ho and HB ,

ñn = { xn tr,.l - r**) = tv,, -*,
rewrltten F,.s

{
1

rvhere A{= trr" shi.ft between the protons of rotamer n of
th.e parenü compouncì. (where X=Ii) anO. 5 ),n = the chang.e in A/ro
caused bi¡ the substltution of x for iîo But from equatlon 3"4
vüe find_ thaù

yo

3"5

3,7

to give

?o

xh (ayf + 5y,)
Tlris may be

,/\\) =4 Ul¡ñ

--Ä)j. =fl

Ëo,uatlon

AU,.=
1.1tl

3,8

resuli ln equation 3.6 yield_s

å )o>i* {ß**å)áuo* + frl
rearranged l_n ter!ßs of equation j,5

b)()l-uf)* 1å5).,.,

{å^uf = o

Fiubstitution of thls

1fr.
3,8 can be

á(^*-
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'Jhe first term depen.ds u-porr rel-a.tirre popr"rlations a.nd upon

d-iffere:nces in chemical shifts in the three rotarners" 'rhe

second" term depend-s so]e]y upon" the add.itional shj-fts ca"used

by the substitution of x for Ii" This additlon.a.l shift ha.s

been referred to as the asyrurneùry ef fect {95) 
"

Equai;ions 3.1 to 3.9 can be used to pred.lct what types

oí speetra would. be expected. for type l- compou.nds for different
populatlons of robamers and for different rates or rotaiion
a-l¡out the c-I\ bond-. There are th"ree basie situations v¡hich

must be consioered". These â,re: (1) no rotatlon - slow

rotatlon, (2)rapid- rotation wi-th equa.l rotamer popula.tlon, (j)
raprd- rotation irith u::.equa} rotarner popr.lrations, rf the com-

pouird- d-oes not rotate abourt the c-iri bon.4-, the spec'bra of the

lndivld-ual rotamers w1Il- be obtainea, if ihey are suÍ'ficiently
populated to be observed" As the rotati.on raþe ii:.oreases bhe

spectra of the in.d,ivid-u¿il rota.ners collapse to a single,
avera.ged spectrum. Collapse is complete when the rotatlon
ra.te exceedsrar(r,o-uj)s*.lf "t", The theories of rhe effects
of rotaiion a¡rd- chemical- exchange upon chemical shifts are

essentially id-entica.l. 'Ihe effect of exchange is consioered-

in d-etail in Chapter 4. Since r'Lone of 'bhe compound-s str-ld-ied

sholrred eviaence of slov¡ rota"tion about the C-I{i bond-, there

vüilJ- be i:.o further discusslon of thls possi"oility"

i4qu.a"tion J.p ind-lcates that the methylene protons of

t¡r;oe 1 cornpound-s are non-equlvalent even vuhen rapld ratatlo:o
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occurs å.bout 'bhe c-lJ bond-. t'he averagled shift wi]l- al-ter
v;ith changlng bempera'ûure until the poputa.ilons of ihe thr.ee

rotamers a.re equal-, t\t this ;ooint a. snarl shift will remain

(the asymrnetry effect) i,'ihich w11] not a.lter wiüh i-n.creasing

ternperature, rb wa-s originally belleved that the methyrene

protons woul-d- become equivalent v'rhen popula.tlons becane equral

(87). Cotton and i;{augh (93) , p,lshop (94) and_ Gutowsky (95)

ulere the flrst to point out bhe error in ùhis assumptlon,

I'he asymmetry effect is a second- order effect, rnihich results
from d-ifferent interactions between the va-rious su.bstitu.ent

groups. ft ls inpossible to p::ed-ict the expected value of
the asymmetry effect. It is a.lso difficult to obtaJ.n

experimentally, because equalized populations normally are

obtained only at very Tùgtt tempera_tu.res e

(2)

icrentlc.al-

group).

TypeJ? - itype 2 compound-s a-Te those wlth two

groups bond"ed to the nitrogeii (other tlnan the benzyl

There ar'e two possiblliiies: XI-IZC-(iunrU)- (type Za")

and. XH'C-(I'IRHZ)+ (type 2b) " In terms of the asymnetry of the

methyl grolip they are -both of the general type XH2C-{rutfSr)+

and. therefore may be consid"ered together" The d_iagra.ns in
Figure J represent ùhe ùype 2a rota.mers@ These can be con-

sldered as a trans f'onm t2), referrlng to X and_ H*, and- two

gauehe forms (1 arrd- 3) , It ca¡ be seen tnatr,l tt, ,l= U,u, ,l=u.u
and xr=5 since roiarners 1 a.nd- 3 aTe sierically equivalenü,

SuÌ:sùii;ubion of ùhe above relationships into equa.ti-on J.2- yields



FIG-UBjE 3" The 'bhree possiirle rotarners for.a protonated'
coapolind o? tH.e Ù¡rpe X}IIz--{i'rnru)+ ('Iype 2a)*
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Ðo= %= x.)j +:zxt(ll,Ê*),8)

or
::Íç!fr= !B:

100

? ì^
)aLV

x*)ro* o? (),0* Ð,u) 3,11

l¡here xg=x1+rc3o Þ,-qu.a.tions r0 arrd" r] pred-icü that proronLq

Hr. and H" are ecluirralent, regard.less of i;he rela.tive popu-

la"tions of the ira-i:s a,n.d ga.uche rotamers, if rota.tion is
rapid enou.¡gh to avera¿re chenic¿rl shif,ts" ,lhe Ð.ver¿igêc1 shifts
will va"ry nith iç¡ir,pei:aùure until- roiamer lopulatioi:s e.re equal,
a.:rd. then rn¡ill re-rnain const,artt,

(3) lrpe -3 - If the (UnS2)+ group is chang:ed ro (NrH3)+

{¡ype 3), it cÐ-n ea.sily be shown iha.t all- rotamers are

equ-lrrarent ¿lnd- the-'¡; no shj.ft tj-ifferences will- be f'cr.rnd., regard_-

Iess of the rate of rota_tion aþou.ù the C-N bond.,

I'rom the al:ove d.iscr,l.ssj-on ii, can be seen tha.t onJ-y type
I compounds show nrethylene pro'bon asymrnetry rrihen raptd rotab-
ion occurs a.bor¡.t ùhe c*itl boncl. this asJ¡mmetr¡r persisos even

for free roüa.Nion (equa.l populations)" The methylene pr.oions

of type 2 and ty¡re 3 compouinds a.re al-r¡âns eclulrrale:at -v,rhen

rotation is ra.pid" enough. to -ò.vera,ge the differences in shift
of i;he indivio.ua.l ro'bamers" Therefor.e, methylene protoi:.

asymmetry occurs vrhen 'bhr"ee d_ifferent grou_ps, other tha¡ ihe
benzyl group under observation, are bond.eo_ üo the nitrogen a,ton,

fn oiher worcts, the ]lecesså.ry cond, j.tion f or rneihylene proton
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a.symrûetry is 'bhe absence of a pJ-a-ne of, s¡rmmeùry along the
c-i{ bond axls" complete nitrogen asymmetry 1s a. sufficient
na-nÃ i + 'ì ^- 

'l-r,J-ç\r'Lru"ru¿u.[ ouE not a" necessary conO-it1on since some Substituted
d"ltrenzyla.mlrres should shov¡ rnethylene .pr.oton asymmetry. For
exa.mple, þrotonated i,ii-methyldibenzylanine should. show methyr-
ene ¡-rroton asymrnetry because it ha.s three different Brolrps,
other t]nay;- the benzyl group und-er conÉlderation, 'irond_ed_ to
bhe nttrosen : ( c6Hr-cllã N( cli3 ) (c5n5cu¡ ( H+) ) , There is no

pla"ne of symmetry along the c5rl5cï2- fr/ uond, Thus the methyl-
ene protons r'¡111 be asymmetr,ic even though the nitrogen atorn

i-s not asymiletric"

(c) Eff'ect of' Ro Popul i-on arrd 1ìo on F'ateProton Couplinp. Constañt_s

There are üwo basic types of coupling consta.nts beiween

nethyrene protons and. a.mmonlo protons of molecules in stag-
gered configurablons: Jgauche (Jg) and Jt""o. (Jt), The

va.lues of J* a.nd J¡ w111 va.ry slightly for- the d.ifferent rotamers
foz'ihe same rea.son ivn"t there is an asyrnÍreüry effec'b, rt is
noriualry a"ssumed that all varues oÍ' ea"ch ùype of coupling
constants vrithirl a gj.ven mol_ecul,e are equal_ {g?) " ft is knonn

ttrai trans and- gauche I'-F coupling consta.nts can va.ry by as

much as + c/s urlthin a girren rnolecule (gBegz). The coi:.stancy

of the clifferent trans a::.d gauche H-tl coupling constants irvithin
a given eLìnane-type molecuLe has ai:i;arently never been measured_"
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It has bee:n- sr.lggested ti:at I+-C-C-i'i coupling corastants à3e

determined- by a trthrough Ëpacerr mechanism ',çhich principally

invol-ves non--Dond-ed- b'-F interactions (99) , On the other

hand, !i-ä coupling constantË are bel-ieved to d.epend- u;oon the

elecbron ci-isùr"ibution in the intervening bond.s (l-00). Tf

these iheories are correct, then vicina.l !i-i{ coupling con-

stanis should" be d,etermined. largely b]. ihe eLectronegatlvi.ty

of the substituents while vicinal- tt-t¡ coupllng constants

shoul-d be deiernineci largely by sùeric effects tvhj.ch. alter the

Seltaf'âtio.n- of th.e f'luorine atoms " Slnce steric factors prob-

ably cä.use oifferent F*F disiail.ces lrri;he va::ious rota.m.el's,

it is quite possii¡Ie 'crøt vicinal- f I uorlne coupllng constairÌ;s

ar e l-ess consta'nt wlthi-n a. given rno-'l-eci.lle ihan the correspond-

ing proton coupllng consiants. In any case, it vtill be

assumed- th.at the values of J^" ancl- J* a.Te the Same for allË(/
the rota.ners of a given nolecule. It is necessary to rnake

this assumption, since r¡ith.out knol'rled.ge of the energy l-evel-s

of the three rotamers, j.t is impossible to determine the

^^,.cì-qnnrr nf --LrLrrrÞ úarLvJ vr Jg en0- Jb \Y¿) "

rl'::orn the previous eqrrat-i-ons ai:d diagra.ms, it is posslì:le

to pred.ict the eif ec1 of populatj.on changes u..oon -proì;on coupl-

ing cotr.sta-nf s E

(1) Tyrre I - This iy:pe of cornpou.nd. is expected to give

an ABX speetrum for" .bhe meihylene 1:rotons and the a.mmonio

pro|on viith 'bhe methylene protons being A and- B. The AB
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coLipling cons'ba.nt is neasura.ble" It shoul-o be nearly independ--

ent of rotation rabe since geminal coupling constants of

sa.turated- carbon atonis depenô upon molecul-ar geometry (100),
¡ ^l: ^l^! ^1^---^-.â slignt cnange in JO" can occllr: if suf'ficient steric hindrance

Ls present to ca.v"fie e. cha.nge in geonetry as the rotation rate
n 1r o -,r r¡"a qV LI9!¡¡õV u O

Ihe possible va.lues oÍ' 1.. and
ru\

tire rota"mers iLlust:.ated- in
averaged cou-pling constants

.rRx
./x l, + (x-+/\t \,t ' \"2

lu* = k, * xz) T2 t x¿ T1.

'Ihe d"ifference beti¡¡een the
nr¡-t r¡ rlrr^n .l-ïra feL¿-r¿ir¡e mOlev.L¿4J uiJv.Lr u LÀv

ì;he values of Jf and J¡.

-<
l-

"€x

.illgure 2o

D-îã '

X \T"3 / {q,
0

two coupling

fra.cbions of

J--, can be o'otained" from

Ì"or fa.st roiation, the
i

3,r2

J ø!)

constanis depend"s

rota.ners ] a:nd.3 e.nd.

ln*

In generatrl* /7O excelrt by coi:ncid.ence (when x1=)r3)* lf
it ls assumed- that Jg and" J6 are co.nsta-nÙ, 'bhen it is possibl-e

io d-eterinine the rela.tir¡e t:opul-ations a.nd coLrsequently the

relative sta.bil-ity of the tv,io ro'bamers" hs populations approach

ô-,ì,ô-r ií¡¡ -nn+þ T,,., a"nd. [.. *;OpfOa.CYt a ]-lpiting Va,IUe OfqtLlL{<'r¿uJ, vvu 
l-r-¿r -fJ.1!

(2/3 Jg * t/3 Jù. Inequarity of TAX ano lu* d-ef iL:iÙely

ind-icateS uneqlLal rotamer populations" Equa.lity of T* anO

JUa i:nd"ic;ztes that Lf=ä3 and triat posslbly a1l populations Ð're

(-i\ Jt Tr) 3,ll+
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equal, The situa'bion r,rklere xl=x3lx, nj'$nt exist if ùhe

sieric effects d"ue to R a,nd S were alrproximately equa_l, bec¿u.se

there luould then be little energy difference beti,¡een rora.aers

1 and 3" This corresponds to type 2a cliscussed below"

(2j Typg 2a - Compound-s of this type should give ArX

spectra r,^¡hen rapid, rotation oocurs about the c-1\ bono axis"

si:rce .Lhe rnethylene probons ate ec¿uivalen'i;, ib ls impossibl_e

to roeasure fhe gemina.I coupling constan.t (I01) 
"

val-ues of Ï* anA lUr¡ caïL b€ oirtaii:.ed. from i,.igure

H, in l'igure J). 'Ihe rot,atlonally-averaged coupllng

are ;

r Tr +8,-+ *.) T? =

+(X, + X ð.t 11 r(r - äg ) fï . 3.16

The

3 {FI^,
la

constants

ät r,.( -It) rt 3"t5

f \./ 'T-Bx = ^3 vt ")q 5

The averaged coupling cons'bants

ma.gnitudes of L-* a:rd 1,,., wlll.¿-r ¡! ' .^.

up to a limlting value of (2/3

a.Te therefore equaI, The

vary i,¡ith relative populatlons
¡ /¡ - \,g * t/J ù¡)o

(3 ) lfge^_æ - Tire rotamers f'or compound.s of this type

aye shown in F-lgure 4, ft can be seen from the diagram that
J¡rtr = JÁtXr a.nd J;irX = JaX, since roùamers 1a.nd J aee steric-
al-ly equiva.lent " Taklng into accouni tinat there are two coupl-

ing constants of each. type per rofa.mer, the avera.ged_ va.Lues of
the coupllng cons'Lan|s are:
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- plx

5d*= (x,+xr)f,?+ x.I+
In general, TAX / Tn,* @

'bure u.p io a llmlülng va.Iue of

tions are equal"

lïxncr.i merrtnl I v tha sUnS and dif fe1" eilgeg Of i^o, and,urlrvv¿ ¿ruvr¡vø¿¿., , vrrv u4¡¡f p qrru v.¿¿ J v 
¿lJr

l',,,. are neasured" T'hese two varial¡Ies have the foIloi,'ring
}I'-¿L

values:

3 "Lg

3.20

ã xX II + z.Jt, 3"18

Both lti1l alter v,¡ith tempera-

(2/3 J* + l/3 Jt) t''rhen po.oula-

If it is assumed tna"t the gauche rotamers are sterically less

favorable 'Lhan the trans rotamern then lt is found tlnat
taF\-(Jl+X - JA,X) varies by (J¿-J*) viheir the rela.tive rotamer popu-

la.tions change from x¡ = f to x¡ = !/2 x*, (Ï¡5+ÏOr*) varies

oy on1y L/J (Jt-JS) for the sane change Ln rel-atlve pooulations,

Co.nsec¿uently the neasured- d.ifference in coupling constanËs

shoulrl. be more iemi:eraüure d-ependent tha.:r the sum of the coupl-

ing constants for type 2b molecul-es. 'Ihe llmiting values for
'bhe two var"iables are o for (7¡,r<: TÀ,X) a-nd (lr /t Jf+2/3 J¡)

for (ïrux + ï",¡) *



FILrÌJÏ.E 4u The three poÞssible rota.r¡ers for
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a compound.
2]Þ),



H
l.,

õ o\

H
..,

H
A

(3
)

H
R

Q
)

(1
)



L07

{4) Type 3 - Eegard-less of iemperature, rotation ra'c'eo

etcu, a. siirgle 2 â.verÐ.gecl value of' (2/3 JU + L/J Jt) t¡ill be

obtained- for l*,

The most notable feature oí the effect of temperatu.r'e

L¿;oolL coultling constants is the constancy oÍ' the limiting value

of the average coupling constants obtained for the three fypes

of rnolecules. Iri Type 2 compound-s the rnebLryle:re ¡lrotons are

equivalent and" changes in cheruical shift can only be measured

rel¿¡'bive to a r'eference sign.a"I, Holvever, defj-nite values of

coupling constants can alvra¡rs be o-o'baj-ned-. Defini'be values of

coupllng co:r.sia,nts are prefera'ole to relative ve.lu.es oÍ. chem-

ica:- si'rifts since there is aluays uncertaint;rr rvhether ihe

r-ofopr.ne.e- :inri' /ar f-ina r-neì:hrrì-611e pfOtOZ1S AAy ShOf.i additlOnal,L V¡ V¿

shifts d-ue to f e.ctors other i-ltan cha.nges ín rota.mer popul-â.t-

ions as the tenperaiur"e change-s.

(D) Effee,t of Prot_on- Exchai:ge Upqn i,tgthv]e4e- F-rotprl
AF fmire q f y anr1 Q þ s_e_tV-e-È_ Couþ 1 i trg__C qnÊle.n.!-q.

Ëxcha,.nge ali;ers the sh.ape of the observed- nethylene

proton speetrum by ti,vo necha.niscrìs " Firstly, excltange bettveen

tlie protonated and- unprotona.ted- f'orms of tl'le substituted"

benzylan ine prod-uces Ð.fl averagea rleihylene proton specfrumo

Exper.lnentat errid,ence v¡ilf ìre presented in Chapter 4 i,vhich

sh.ows that aniline in TFlf is a.lmost cornpletely pro'bonateÓ.

Benzyl=-mi:res a.re stronger bases and shoul-d" be even more com-

pleiely protonated- 1n SoJtiItion, Since the concentration of
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free base is mu-ch smal]ez' rnan tÌra.t of the protonated- ìrase,

the observed spectruni should- be l-iitle diffe::ent tha:n th.at

of proüonated" benzyla.mine in the absence of exchange ( see

ecluaiion 4,89) " Second-ly, the exchange of a proton bond"ed

to a nltrogen atom may be accompanied by a.n inr¡ersion of 'bhe

i:itrogen atom i¡alences. This inversion eÍ'fectively inter-
cha.nges fhe A and 'B protons of the nethylene grou.p of a. 1,ype

] molecule. Consecluently exchange viill callse 'ûhe AB spectrum

i;o colla.l:se bo an A2 specirum since Lhe pro'bons become

lndisti.nguishable, Tf' the lj-fetine of unp::o'bo:aated- benzyl-

e.rnine 1n solution is long compared io the'birne ''ca.ken f'or

11Cn.'t1nn.111:: refneflh ¡f' 'l-l¡a -ni 'l-rnr; p¡1 ffa.-j r+n¡r.S 'i: hOir .n'\rêflr S'CCOnd"L Vçit ¿ Ørri-vt!¡çrr9 urtv r!À ur vÕv.Lr v Çi¿v¿¡vurr, vrfvr: v v u¿ J¡ lJv,

excirarrS-e i'¡il1 invert the nitrogen a.'bor.n valences 
"

Excha.nge lvill a.lso alter the observed- val-ues of T¿¡

an.d J"- u As the X proton exchanges, 'bhere is an increa.sing

u"ncerta.inty aoout the X proton spin alignment. Only every

second- exchange will- result in an inberclrange of the X proton

spin"

{E) Anal;rsis of azX, ABX and Arl(, Proton Spectra tvhen the
ÉJr*

The X (amnronio) proton specùra of proto:nated benzylam-

ines d-o not yie1d" any useful informa.tion., jlo¡= retJ.sons o-iscussed

!a.Ler * Consec¿uenì;-ly, iire amount of i-¡seful- inf'or¡lation 'v,rhich

cãÍr De obtained is limited-"

(a) A2it a:rd- AqX spectra. - Only the A*{ coupling constanþ
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can be obtained, Jn,\ is not observabfe l,¡hen the tiço ¡r¡otons
are equivalent (10I)"

(b) ABX spectra The AB part of an ABX specirum con-

sists of' two qua.rtets. The cr,ua.rtets are easily identifled,
since they conta.in four spa"cings equal to Jou" slnce the x
part of the spectrum cay.trot be rneasured., the specirum carurot

be anaLyzeð-" Hovisvsp, if it ls assumed that fl-, and- .f,.-o hu.veAj( Þ/L

tire same sign, then it is posslble to obtain absolu'be values

of J'-tr JBX, and -ûhe chemical shift" ïhis is a reasonal¡Ie

a.ssum;otlon since it lias been shown tLv.i the vicina.I coupl-

ing consta.nts in suj¡stituted, eùhanes ha"ve the sÐ.me sj.gï (89,

gL ,toz) , rhe values or L/z llortl"* | ano- r/z 
I 
lr,-i""1 c*n

be obtained from the spectrum (103) " There are two possible

values oÍ' the Laú'úer term, d-eperi.d-ing upo:n v,rhether the d.ef ined

constants D* cos zë+and D- cos Ze'(lO3) have the same or

olrposite signs" Only one of the tv,:o posslble ve.Lues r;ir1ll
l= : I- l- |give lJ,X + JBXlllt* - JBXI n 'J1he above rela.tionshtp must

hol-d. if IAX and. lg¿ have the same stgyr* The chenical shift
ca.n arso be o¡rtalned, from the elcpressions deflnlng D* cos ze+
arrd D- cos zQ-. The signs of JABr 1*, a"na Ig¡ car::rot be

ol¡ta.ined" It is al-so impossiirle to decid-e v¡hich coupling con-
-,t.-.^t ; ^ ?stani is J+X and v¡hich is JBX,

(c) irZ)çZ spectra - The iheory of ll.2K2 spectra has l¡een

cieveloped ln general (104) a;nd also for the sroecific case of
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disubstitu,ted- et'nanes vlith i-rnequar rotamer oopulations (91,

92) . The coupling co:*stanlrs a-re de:f ined as shown in Þ'igure

4, ft is convenient io aefine the follolving eLie;ïr.'bitres:

K = J,',r ¡
ñllt

I, = l;:{tr

tr-it 
- 

|¡r - U/\/!l
ffÀ

t! - u i¡-,r

JrÇit

T
"A IX

Jlc(t

=J ¡lrX

3,2r

3,22

3,23

3 
"?.Ll

rf K )) L ana I{=o¡ then the ri:ethyLene pro'bon spectrum r¡;il-l

consist of flve pea.ks 2 avr irL.Lense doujrlet v,iiùh strraclng eci"ual

'Lo N a.ncl a triplet whose outsid-e peaks are L c/s a.part. Boüh

crran.'|.nql cFnr:nå vrr¡o 1^ ^rr^ +1^^ ^ ^-+-^ÈjrcrJur-cr¿ ¿r'uutpiilgs ha.ve the sâae ceir.tre of grar¡ity" As L

i.ncreases v'riùh respect bo K, the central l.lne of the triplet
s1r}lts irLto a d-oubret. rf irt / e, then the ou.isid"e peaks of
the triplet are split into cioubl-ebs, 'r'he spacing from center

to cenüer of the two clor.ibleüs is equal to (1,t2 + ,?)-b and the

d.oublet spitting is equar to ti, If I, is s¡nall or Ïvi is large,
ihe total spectruiro collapses to a" tr j-plet 

" OnJ_¡r the va"lue

of i[ can o-ef irlitely be obtaj_ned, from an {t}i, spectrumu

3 " ElGlrnIltEt'rTiIL

El-even o-ifferent .orotonated

In tlree cases rro u-sefu1 resuLts

be.nz3r]¿¡1ines ríere investigated,

r¡üet"e obtained,, "{ll solution.s
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coïr.ta.ined J mole per cent of the benz¡ifs¡iine being investi-
garted- and 2 mole per cent of cycroh.exane a"s an 1n.ter.na.I

ref'erence" Trj.fluoracetic e.ci-d. (T¡Yr") vras used as a. protona-ti¡g

solven'b, Al-1 chemicals r,jere Eastman irjhite Label grade and v,rere

used rvj-t.hout fulrther J;u.rifi_cation.

Proton resonance spectra iÄiere ineasu.r.edL a"i 6O ltc/s ot1

a Varlan DP -60 specirorneter." Samples Tdere degassed and.

seal-eô in thick*vra.1l-ec1 5 m¡n glass sarnple tubes, Spectra. were

obtained' at different temperatLlres wi|h ihe aid- of a va"ri¿¡.lcl-e

tempereltu-re protre manuÍ'actured a"t irj,?C (105) " Sample terupera.-

üures were rnea.sured by a. copper-constant{:a t}rermocouiple attached
'bo a ]/arian G-11 record_ing potentiometero The teinlrerri-bure

fiieasurements a::e believed. a.ccurate to i¡rithin 2o 'K, Feak separei'b-

ions were rneasured- by sicleband techni-ques, using a liewlett-
PacF'ard 52lc' frequency counter. All- results are the .?.ver.a.ge

of at ]ea,st six measurements"

The temper=a.iì,ire range vias ]imited by the high freezing
poinf s of the sol-utions a.nd l'rr¡ r-'naln :-ì.h vol_atillty"

Lþ ^ R$StE'IS

The c¿Llculated cher-n1cal- shiÍ'ts and coupling corr.sùants

a.re given in Table f, The mea.sured shlfts of the center-s of

Sl'ervit;¡r sf the metl:Jrlene g:roups rel-a.tive to internal C}¡clc-

lrexa:re are given in Tairle 2" Sj.rLce these shifts clo not appear

to va-ry in e"ny meaningful ¡ne¡:¡er a.s teroperature changes, they

wi-.i.1 nof be further discussed-"
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Ê.apid- p:.oton exchange betneen I'i-li-d-lbenzyleihylene-

d"iamlne and 'JF:i- collapsed. the rae'thylene proion spectrtem of
'linat compound be1ow room tenperature, prevenilng th.e observa,t-

1on of ooul:ling consia.nis, Proton exchange also collapseCL

the methylene ;oroton s¡;ecira-. of ä-ethyl-it-phenylbenzyla.mine and-

I'J-phenyl-dibenzylamin.e a.ù tenperatures above room ienperatLlree

Separate peaks were observed for tire benzyl a::'i. ethyl

protons of i'i-ethyl-I',r-phenylhenzyla.nine and 2--oenzyl:Lmino-6-

niethylheptano}-fu Presurnabl¡r, the a.nlsotropy of the phenyl

groups caused- a lov¡ fielc- shiít of 'bhe benzyl methylene

protons relative to the ethyl methylene proions (106)" Fjovr-

ever, in 'bhe spectra of i\-Ìrenzy\etlW.nola,uiine a:rd- II-'oeTLZy:.--

cl-ietha.nol-a,mine, the ethyl and benz;rf rnethylene protons over-

la.ppect, rerrderj-ng these compoutnds Llseless for inr¡esbi..gation.

Four nain Ûypes of mebhylene proton-ainmonio proton

specf ra were observed. Since -i;he ineihylene protonS z'esoi:ated

¿rt more tha:r 4 ppm to high fj.el-d of the amnonlo proions, the

t;rpes of spectra can be classified. as /\2X, A-3X, ÃZXZ' and ABX'

T¡rpical s,oectra a.re Shown in Figures 5 to 8. The analysis of

the spectra was complicated. by tlre fact ihe.t th.e ammonio

probon s;oecira al-wa¡rg consistecl of si-ngle broad peaksu A

coinj:ln-a.tion of Slow pr"oton. exchange anO Nl& quadrupole rel-ax-

ation liresumairly caused the col).apse of the X proton Spectrao

The analJrsis of the by¡''es oí spectra mentioned abcve has been

diseussed. in the theoretical introductlonn



ITIGLIEE 5. Repr:oductj-on of the methylene proton spec'trum
of protonated. N-methyldibenzyla'mineu Thl-=
ts the AB par'; of a:a i\BX speciru-m ('Iype 1) 

"

FIG1IBE 6_ Repro¿uctlon of the methylene prol;on spec-trlrm
of protonated Ì.'lrlri-Ôimetlrylbenzylamine' TliF
1s the A- pÐ.rþ of a.n /toX specirum (Taype 2a) "
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FIGURE 5

tt I,t Itti irll

-2O c /s 2Q c/s

F IGU R E 6

-5c/s : 5c/s



þ'IGUBE 7 "

¡.J-LiU|tH ö.

Iìeproducülon of ihe inethylene proton s;oecirum
of protonated" i\-isopropylbenzylarrrine- this
ls the t)-2 part of a.n &ZXZ spectrum (Iype 2b)"

Reproduction of the methylene proton
of protona.ied rli.benzylamine" lllhis is
part oÍ. an fuZXZ specùrum ( Type zio) ,

speccrun
rlne l+,
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FIGURE 8
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The esüi¡na"üed" err.or.s in rnea.snrements are given in
llables I and. IIu f¡. the ca.se of' ABX sjlectr¿r, the ilerir¡ed.

r¡alues of chemical shift and coupling constant'q i¿re not as

accurafeJ-y tr<nouin as oû1-ier values of coupllrrg cons'bants sirroe

i.,hey are obtained 'by ihe d if f erences of other d-erived values o

Tv,io ma,jor factors Iinited. the accuracy of the rneasure-

nents. The iild-lvidual pea.ks nere quite broad due to the

hlgh viscosli;ies of' the sol-u.tions. Al-so, the thick-'¡¡alIed

sample ùulces a.ncl. 1;he teml)erature ;orobe reduced, the serrsibivity
of the spectrorneter so much inet'E it r¡ias d iff icuilt to obtain

slgnals, ('J'he serlsitivity of the spectroneter ha.s since been

j-ncreased by a factor of' 2 ln the signa.l to noise ra.ì;lo)"

The benzylamine concen.tr¿','bion used- represented a. comrþromise

betu:een too rnuch viscosity broa"dening and úoo little signal

amplitude. The solution of }-benzyla"rnino-6-nethylheptanol-6

was so visoous t'nat the spectrum could- not l¡e accura-'bely

measured at room ternperatLtrre u

5, DïSCUSSTOi'ü O:ir' RESULTS

(å-) Ef f_ect of .Proton Exchangg

Iìapld pi:oion exchange car-rsed. the meth¡rlene pro|on Êpec-

trum of proton.ated itT¡N-clibenzyleihyleneclla.mine'bo collapse to

Ð. síngle pealca 'oelor,u rooil temperatuT'eê Collapse of the

meÙhylene,orotott str)ectra of N-ethy]-i'i-phenyld ibenzylamíne and.
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i'i'-phenyldibenzylamine occui'red- at eleva,ted temperaùLlres 
"

Since proton exchange alters the observed coupling consta.nts

a.nd- chemical shifts, it nas coilsidered- necessÐ.ry to deter-

rnine wireth.er or not appreciable an'imonio proton exchzLnge vtas

occurring in tLre other solutioir.s stud.ieCr.

P'enzyt.amlnes shoul-d* be stronger bases than anillne"

Consequently, the activa.tlon energies of proto:n excha:rge

should. exceed. 25 \t"ceL/mol-e (see Chapter 4)" Therefore, the

collapse of the atethylene proton spec'bra should occur over

a narrorJl¡ teruperature ra-nge. Depen.dirrg upon Ûhe pea,k sepa.rat-

ions, th.e spectra shoulo collapse over a tenpera-ture range

of l-5 to 30o I'i" Th.ls can be sitoi¡¡n ii: the folloviing wa.y: the

ra.te of colla.pse of a. óoubl-et as a. resu.lt of exch.ange is

approximately glven by (fO7¡

Separa;.tion of -p.g_?kq_--*=.--- =
Separe.tlon of peaks f'or la.rgef Lrr-aL ()^ -

= lifeti¡re oí protonated rnolecule in seconds*

l,-or two peaks l-0 c/s apa.rt, tkte cal-cu1a.ted separa'cions are

respectivel-y g"94u 9.?5u 8,93r 4,36, a¡rd. o"o0 c/s for exchange

ra.tes of 5 "0 o l-O "0, 20.0, 40 "0 and 44.4 exchanges/second. If
the activation en.ergy of exchange ls 25 T;cal/mo1e and 1f

exchange takes place at a temperature of 330oK, then the

excLtange rate v¡iII cha.nge from 4.1+ to 44 exche"nges/second- over

l,-

LLI
)BrJ
3 u?5
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a temperature range of approxtna.iely ZZoK.

It is interesting to note th,at equ.a"^blon 3 ,ZJ predicts

tlnaþ ùhere is littLe change in measu.red peak separations at
lov¡ exchange ra.feso Consequen'b]y, only ihe r¡leasureinents at

the higl'rest ternperaùures a.Te llkery to be ln error since if
appreciable exchange were occurring at lov¡er temperatures,

fhe meth}¡lene proton specbr.a, vuould_ be completel_y collapsed-

at hi¿her iemperatures"

Exchange causes a. broaoenin.g of 'cne spectral peaks

as we-l-l- a.s a. d"ecz'ease in peak separation. Such behar¡iour r¡lÊ.s

not noticed I'or any soiutions other" tina.n Ehe bhree ile,otioned,

even at the highest temperatu.res. Hor,rever, this uas not con"-

sidered suf'ficlenb evid-ence to exclud,e ihe possiblllty of'

exchange. Add"itlonal- evidence for the absei:ce of apprecia.ble

excha-nge was provid-ed. by the two compounås containing iiJ-methyl

groups. These f ormed type 3 groupings due to rotation a.bout

the i'í-CH, bond-s " In both cases the H-¡J-C-H coupllng constants

Trrere temperature ino.ependent, aÊ v¡ould- be expected, for type 3

groupirrgs in the absence of excLtailge"

Of a.l-I the monoaÃino compow.d"s stu.died, only those with
a phenyl group bond.ed. d-irectly to the nitrogen atom shov¡ed.

evid-ence of appreciable proton excha.ïLge, Presuma.ì:Iy, i;he

r¡¡ithcira.v¡al of el-ectrons from the nitrcgen aiom by the phenyl

group inc¡'easeo ihe acid strength of the ammo¿nio g;roup to such

an exi;ent thai a:pprecia.ble ¡:roton exch.ange occurred" aù higher
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temoeratures. 'Ihe nethylene proton spectra of jV-ethy1-lù-

phenyld-ibenzyla-min.e a"nd iri-phenylbenzylamine r.Iere only partly
collapsed. e,.t 5OoCo Becau-<e 'Lhe colle..pse occurred over a

naruow iemperature reg;ion and 'because no evldence of proton

excha"nge a.t room temperature i¡ias rioted for either of the two

compound.s, ii is assurned. thaù the roon temperabure resu.lts

for ¡:rotonated- i\i-ethyl--iil-phenylitenzylamine a.nd N-phenyld-lbenzyl-

amine are reliable,

(B) Typ-e I ,Cogcounds

All- three compounäs contain non*equivalent rireikrylene

protons" Froto-r1ar-bed N-phenyldibei:.zyl-amine a:rd- Irl-n:ethyJ-d.ibenzyl--

aruine conùa.in symmetric nitrogen atoms v¡hile pro'bonated

i\-eiiry'1-Iù-phei:.ylirenzylamine does nob" All lack a plane of

symmetry a.Long th'e be'nzyl-nitrogen i:ond"" This confirns the

conclusion rea.ched- in the theoretical introduction tnat ihe

absence of a plane or a.xis of symmetry a-long 'Lhe bon.d" axis is

the sufficlent cond.ition for methylene proton asymme'bry,

The chernic.al shifts be'i;lveen the nethylene protcn.s â.r'e

small in all thz'ee coml:onn.d-s. In the ca.se of iti-rnethyldilcenzyl-

a.mine, tire shift decrea.ses when the tenperature is increased,

but appears 'bo level- off at higher ten:peratu.res, I{or,;svs¡, this

ca:::rot be 'bv'ue" If roüamer popul::,i;io¡ts aï'e eclua.I a.t 4}7oß-o

then J¡x and J".*. should be equa.l (see equaùions L2 a.nd" l-3),

The non-er¿uivalence of l¡çç e-,nd- lg5 in al-I three compouncls
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ind-icates ihat ihe rota,rner polJr.tl-a'bions are uneo,Lta.J- in al-l

bhree compound,s. Presr,lmably, the asymrnetry sirifb would. -be

found- i;o be o,uibe srnall if it coul-d be de'i;erni:t1ed-" Tltis is

noi surprising slnce ihe a.s}¡nineiry sh.ift a.rises fron seconcl

ord"er eff ecis 
"

lr I

lrael has va.lues of Jz.?5 t 0.1, J2"95 t 0.1, a.nd"

13.0 t 0" 2 c/s for i,[-et]iy1-I,[-phenyl-benzylamine, Ni-phenyl-

d"1'oe.nzylamlne, a.nd. iri-nie'ühyld.ibenz¡rfarnine respeci;ive1y, Thus
ll
[J,,olis essentially consl,ani for the three compouncj-s, Kar.pÌus
I ¡rrf I

?ras ca.lcula-tecr. ti'Lat lt^" | = LZ,B5 f or FI-C-FI l¡oncl-s ''¡hen the

ca¡:bon val-ences are in. a tetraherl-ra.l conflgura.tlon (I0O).

,Ihe agreement is c¿uite good, suggesting Llna-i sterlc hind-ra.nce

d.oes noi force 'bhe inethylene carbon ¿ztom out of iùs t.tru¡"Ô.rr'.!

configuration, Jt is ¡rrooa.i:]e ihaÙ Juo is negative and t'n.at

J'^r( alrcl Jg¡ are posiiir/€¡ since the correspoi-tding coupling

consbants in substituted ethanes ha.ve those signs (108).

AS shot¡n by eo,uation I4', the d.ifference betr,rreet 74"

ana T"" ts ð.eterrnined by the diffe::ence in mole fra'c'bion of

rota.ners 1 ancl J, ff' i.t is assuiled- tlna.t J* a.ird J¡ nYe the

same for all three compound-ls, then it is possibl-e to esiima"te

the rel-ative amounûs of sberic hind,rance caLlsed- by the va.riou-s

suìrstiiuents, fi ltas been sircivln ú'ftÐ,t tÌre sîze of vicina]

proion coupling consçan'bs in polyhaloetha;res d.epend upor:. the

el-ectronegativity of ihe subsÙi'buent s (92rLa9r1I0) ' Since

i:r all iirree Compropnds ilrree carbon a-tomS are bond-ed to a
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n-ii,ro6eú. atom, Jo' and J+ pro-oabl-y oo not al_ier appreciably
tfu

Í'rom compouncl to corn;oounci, Íhe bo:no.inp: of a phenyl group

to a nitrogen a.toni aay ca-u-Êe sone change in Jo a.nd Ja since
6v

th.e bonding carbon a.'bom is trig-ona,lIy irybrldized,

In all three compounos, rotaner 2 r,,rould be e>r¡rected. to

be e'rergeticall-y least favou.red- slnce in tl'ris ro't,amer a"

phenyl grouir (:l) is adjacent io tr,,¡o obher bulky substituents

{see I'igu-re 2) " trh.e non-ectruiva.lence of Ï,1,r' ancl Ïpy in li}-rae-Lìly1-
.ÈLl\ 21\

d-ibenzyl¿:.rnine is presumabi.y due to the fact tha.t i;he benzyl

groups are -i:ulkier than ihe iirethlrl F.roup" The non-eqltirral-ence

of' the rric1na} coulrl-in¿+ co:rsiants in the o'btier j;v¡o i,y_¡re 1-

compor-eno-s is most reasoirp-bl;'r explained- by assumin.Ar '[lr.a'i; 'i;ìre

'nlrnir:¡-l ,ì=F^,ììì ?¿àLLSeS i11O1'e Sbefie h.inO.faffCe ih.eyf eitlfef tnerJ Lrv¿rJ J- õr v ø lJ

etttyl. or tìre benzyl groufi" Tf it i.s assur¡ied, thaf tire piren¡rl

grou-p caLr.seÊ l-ess si,eric lr.ind-ra.nce tha.n ihe other ilnro Er"ou.ps,

then one muist conclucl,e 'blra.t it also cäuse,s less s'i;eri-c hi,nd,rance

ihan the lrethyl group. lfhis d,oes not seem reasonajfle€ Since

ihe couplinr consta.nts o:i ir-phenyldi'Ì:enz¡'lairirre anfl ir-ethyl.-

r'i-1-.i:oil.]r]-ben-zylarnine ?.ue neerly identical, tÌre etiryl and 'uìr.e

benzyl groups nruLst car¿s€ â.pj--,lloxinrately fhe se(me a"mount of

súer'lc hind-rance. Co:rsec¿uentf¡i 6nç conclLr-des jlron i:he d-ifjler-

ences bet-rl¡een Ï..,, and- Ï.,,-.. foz- the three coinpouriö.s that 'bhe
t_'j/¡, lf/\

,steï'ic itind-rance of the su-bstiiu'.ents d.ecreases i.n tire ilol-loi¡*

j.:¡¡r' o::der: phenyl ) benzyl 3 ethyl ) niethyl" This orcler

SeemS qui'ûe r.easona'ole, 'Ihis tju.3¿eS'b.q i"ta't 'bhe aSs;unçtion
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Nhai J* a.nd J, do not alúer from cornpounci, io com'pou.nd. is at

l-east Jprrro"i*a,iely correct.

The val-ue of the ¡{-\f-CH3 cou;oling consta.nt of il-neiiryl-
d-lbenzylamlne is 5.25 t 0.t5 c/s. The collstancy of t¡e
coupling constant confirns that ïr.o appreciable proton exclta.nge

occurs in the temperaiure rarlge v+hlch is used " Since this
is a i;ype 3 groupingo 5"25 c/s should- represent the value of
| ^ t^ - - t^ - I
lZtS Jg * t/3 Jt,l" ff bhe va.lue of ano.bher conbination of J*
a,nd J6 coul-d- be o'btair:.ed, then the va.Iues of J* and J6 coul_d"

be obtained algebraicall¡i.

iC) fype 2? C_çrmpoirirçts

The va.lue of the vicin¿:.J- coupling coi:.siar':"t of protonated.

ltri'i-d-imethylbenzylainine changes very lit'üIe over. a- temperature
., ^^o--ra.nge oÍ'90-K ¿lnd- is onl-y slighbly larger than the e,xpected

va.Lue v¡hen rotamer populations a.re equal-" 'l'his indlcates tha.t

ihe neihyl groups cause only a sJ-ight hindrance of rot¿rtion about

bhe C-iit bond-. The ojrserved value of ihe H-1\--CH3 coupling

co:nsi.an.t is 5"25 c/s" It is inùe_¡rend.ent of temperabure, There-

forç no a;'lprecia.ble ammonlo proton exctra.n¡;e ca.n be occurri.ng

in fhe tem;oerafure ra.I'Lge studied"

The resul-ts for tribenzylanin.e a"re ci,ifflcult 'bo und-er-

söand,, The vicinal coupling constant is afrnosi 'bernper"ature

inc1e1:endenb anol is id-entical, rri-thin ex;oerirLienir,al- error, to

che iwo va]ues oþüai.oed for lrll J* o tß ltl" T¡is ind-ica.bes
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ihat al-l 'bhree roba"mers ¡iave near.ly equal energies ancl popu-

I¡rtions. ft is d-iJ'ficr-rft to v1sual1ze why a phenyl group

situafecl bett^ieen two oenzyl grou.t)s shoulcl not be in P, steric-

ally l-ess far¡orabl-e tlosition inan a, phenyl group ad jacent 'r;o

only one benzyl group. Fiotrtever, tne results indicate inat 'bhe

two positions are ecluivalento

Ihe shifts of the r¡ethylene pro'Lons, reJ-ative to cyclo-

hexane, d-o not cha.nge sig:rif icantly as the temperatu-re changes.

r"r'rha-¡a{'nna yro COnCI-USiOnS Can be o.fawn alCOUt the effeCf OfIt!¡r¿ vr v! V t tLv

cha:rging rotamer popula.iion upotl chemical shift"

ifhe equiva-lence of ihe nethyiene p::oto:ns in i¡rpe 2

compound-s coníirrns 'bhai the absence of ¿ln a"xis or. ul-a:re of

syrnnetry along the C-t$ -oond axis is the necessary condition for

meth)¡leire prof on asymrnetry 
"

(D) Ty_Iæ__ Zþ Compound-s,

1'he rnethylene 1:rotons of the three com;oounds ofl Nhis

t¡rpe give five line spectra correspond-i:ag to the A, Farts

of' Irrl{, spectra. The triplet sp}itting is mea.surable on}y

in the specirum of' irl--isopropylbenzylamine, fn ihe s¡rectra of

dibenzylamine a.nd- 2-cenzyla¡nino-6-rneùhylhep-bano1-6 the central

peaks of the ileùhylene proton spec'bra are broa.dened rather

l;ha"n splii; lnto d-isiinct iriplets" The spa"cing of the ouf-

side lreaks of the triplet is equal- to iit + (inz + f'2)È, If

Tvi=O¡ then vaLues of i6¡ and l¡r,^r. ca.n be obta"ined- from the sums
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a-ncl ciifferences of the tlvo coupling co:rsta'nts. It is

d,if f icult to ùe'ber¡nine whether geninal Ii-C-ä and- ËI-i{-H coup}-

ing constants shoulcl- be tLre sane tvhen bo'bh atoms àce

qu.ad.rival-ent " Grant has shown that the size of the genrinal

ii-C-H coupllng depencls upon ihe exteni of Îf bond-lirg ì:eticeen

ihe carbon atom and subsiituents aita.cireÖ io it (l-11) ' It

has also been shown 'únat the size of vicinal- ccupling con-

sta,nts d-epends u12on the electronegativi'by of su.bsiitutenfs

1:res eir.t in bìre inolecul-e (92 ,I09, l-10 ) " 'I'ireref'ore , it i s

unlikely ihat irí=O in the conpound-s s'i;uqied. AII that ca.n i:e

stabed- r¡¡ith certaln'ty is .v\e.t tire va.l-ue oí the triplet split'b-

ing represents an upper limib of Lo T'he val-ue oÍ. ihe iriplet

s1;liitin¿ ciianges tnore rai-ridly i'iith temperature than the val-ue

of the d-ou.b1et s;olitting" It v.ras shov¡n in 'bhe theoretical-

introclu,ctlon |.lnat L should c]na.np:e three fimes as fast as I'1 as

teml:eraiure changes n

The value of Iü for N-isopropylbenzylamlne apilears to

be tenperature independent. irÏ changes loith ter-nperaÙure fo'c

dibenzylamine a.nd ls in general lower tlnett the value of lit for

i'[-isopro;cylbenzyla.mine "'i'nis inplies ùhat the isoirropyl

grou.p cå.Lrses nore steric hind-rance than ihe benzyl groupe

This is not surprising u;hen one notes iha.t ihe results for

type I com,¡:ounÖs indicatecr tnz.t ihe benzyl and. ei;iryl Piroups

cause e-pproxirnaùely equal amounts of steric hind.rance"

lne value of il f'or 2-'cenzyla.mlno-6'methylhepÙanol-ó
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is i-ncie1-'eno-ent of iemoer¿¿ture i'ù1thin ih.e lirniis oi' excerimental

er:ì:or " Ii is slightly iov¡er tha.n the cor.responoing 'ua_ì-r.r,e for
¡r - i s opropyl oenzylanilr e u

Tn a"11 cåses tire L:oia.'ner. ,oopul_ations nust be u.nequal

si-nce itj is a.lwa-¡rs stleller i;ha.n'Ene exjtec'Led valu,e for equa"l

popula.ti ons ( | t+/: Jg * 2/j Jtl= 10.5 c/s) .

iE) Foss j"ìrle Values of | .rr-l ana I Jb I

lf i;he eylergy rli.ffererice 'oetlveen trans a-rrd gauche

r"ot¿.roers cf a 'by'1,e 2b conpor-rno- becomes vet?y large, then irlost

of tiie compound- sirou.Io erisü as 'che ir.ans r.ctamer. (see ì''i3ure

¿i.) , Tf olle e,Lqsumes 'che,i p::o bona.ted irt-isopro;cylbenz¡if¿¡¡i,r"

e-xisj;s so-Ie];- ¿g ihe trans roiarner zr roon ten;oere-tlrre, ihen
l- | -^ / t
f Jo.*J*l= l-Z"'a c/s " Lisinål this value ano the previor,'.s1y olrtained

u

- -[^;^ - Iva.Iure of l2/) Jg * L/3 Jtt i'b can then i¡e calcr-,.1¡;ted tirat
| - I ^ - r' u - I : r ^ r,lJo [ = 3 ^I5 c/Ê e.nd lJ,_l = 9.+5 c/s. These values represent a.n

L' l./

rrnìrê?- -t ir-'il- ^f l;^.1 a.no a l-ouler l-imii of lr I eirao .i.ho actualv-utJvL r¿rrr+v vr 
é, 

vÌv¿ trrrrrru v! | " tl 
L'¿¡¿vv urr\

l- - I /va.l-ue of l.Tg*Jtl *uy ìte l-arger 'cna.n 7-2"6 c/s, J* ha,s J:een

fou.nd 'to ha-ve rri.l..ues 'oetween 1,0 a.nd 3 "5 c/s in subs Lituted

ethanes while J*- has va.Iues i:e.bireen 10 anct 18 c/s (89091) 
"tr

'ilheref ore, i he est im¿iied. vicina.l coupl:-i.rg consia¡rt,s f or pro-

tonatea -oerrzT,Lr::nines C.o not seem uûreasorlaìrl-e 
"

IL is possiol-e to use va.lu.es; of l;^.1 ¿"nô. [.iuI to calcu]..a"teg'' - u

enêi-r/'\r a?rd nor:UlatiOn ciifferenCeS fO:f ihe t¡a.riOltS rObamerso

äor..revei:, tì:ese values r,,ior-rl 0 be irighl¡i questiona.ble, co1l-sl-oe::ing
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ihe nunber of assumptloirs invol-ved.'-L-lierefore, calculatio;r.s

of this ty¡re v¡ere not carried outu

6 " SU-Túji{t{iìY Atiill COI\CLUSIOIì,rS

(]) lt has been shown iheoretically and. ex;oerimentally bhat

the necessary and" suff icient condition for uethylene

proton asymnetry in protonated- benzylantines is the absence

of a plane oÍ' syrnirretry along the C6I15Cti2-lV bond axis"

{2) ilo'ûamer popula.tions are unec¿ua1 Í'or al} comirounos except

-nr-ninn¡¡ted tr.i lrclr r,tr1 aroLTTe u*\/!vvv¡tç1 uvv

(i) The ria.xi¡num va"lue of lJ*lin r:roio:,:å.ted loe¡zYl-amines is

3"15 c/s" illreul-nimum value of'lJrl is 9"1+5 c/s.

(4) The s'beric i:.indrance caused bJt the various substituents

d_ecreases in 'bhe followirrg order:

lsopz'opyl 
à benzy!E ethyl

phenyl /

ït car¡-not be decid"ed- f'ron the experimerúal evidence

whether ihe phenyl group or the isopropyl group causes

greàtev steric hindrance*
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TABLE ÏÏ

Checrical Shift of I'iethylene Protons of
Benzylanines in TFA

(nel-a'bive to Jn'bernal Cycl-oiT exa-ne)

Tempera'Lure Chemical Sl:rift
.. (õt;) _ __ -*.-(ppm) - -

i'ir -net hyl d-1 o enz ylam ine 299xo,z
3za
J'(o
403

2gB

2gB

299
337
++a

2AA
??a
111

382

2gB
323
353
?R¿t,

299
)¿L

"2lr351'
)\) )

!1riìrenzyl-amine

I\ -jr henyl d i b enz yl a"mi'ne

L$- ei hyl- -I\-¡rhenYl b enz 3r1 -
amine

i[, iÌ-dla e b hY] b, enzYl a.m i:re

Di-benzyl¿rmine

iri- i s opr o pyl-- o enzyl arn i ne

-2.BBt O.03
-2,90
-2 "87
-2. Bó

*L 
"o)

-z "90

-2 "93-2"92
-'/- "óó

-3 "A3^3,L2
-3 ,12
-_1 o UAf

-2.87
-2"89
-2 "91
-2 "BB
.2.88
-2.88
-2 "87

-2.9Q
-2 "92
-2. BB

?-benzylamino-6-
rnethylheptanol-6



CHAPÎER ¿I

A S'IUDY 0¡- PEOT'O}I EXCËIÀüGE RE:\CTIOI\S OF

IJUBS'If ir-u|TED .itiILi Ì'lES Iî\i'IiA

1" f i\iiüIioDUCtfToll

'Ihe effect of chenical- exch;inge r-i;oon i'il,ßi sFecira wa.s

esteblisLrecl theoi"etical fy se'¿era.l- ]rea.rs ago ( 107, l-12*l-15) 
"

Since ihen, I'iliB. spectrosco-p]¡ hes 'oeen used b¡r 1r¿¡isr* Ì.\,olike¡s

å-s a Ùoo1 to stud,y exchange reactlons in aqueous and- a-Icohollc

sol-uiions ( 116-133) .

In i;he course of invesiigating protoi:.¿.teo. anj-lines in TtiA,

iü was noted rrp-.t ihe observed ä+-I,i-CFI" couplirig coüstarrù of)
=c::oNo:iiatecÌ iir l,r-Cirethyl.a.ni--l-ir-Le i¿a.s tennerairr-z'e Ce;oendent " Tire

ì;enperature dependence of this coupling constan.t rsas ;ileasLrred

and. Lhe e>lchairge ra-be and tirerrnodyna"mj-c *Ðroirs-¡¡i"= of excha.nge

v,ieI"e calculated" Tt T/reS orlgi:na-lly intended to inrresii.ga.te ihe

exchang'e reactions of a. nurui:er of ring su.bstituteo I'l-al-ky1a.ni-

l-1nes" Thi-q invesiigation would, ha.r¡e provided information

a.j:out the effects of su.bsl:ituents rllroJr exclrarrge ra-tes and ther¡r.ro-

C-yna'.r:ic vari-ables " ¡ioi,¡ever', beca.u-se íerr of' tirese cor"rpcuird s ?rere

com¡nercia-}ly avail¿iOle a-ncÌ -i:ecauSe there TJìiere e)rperj-menta"l-

d.j-fficr..tl-ties invo.Lved- i:n ihe rneasu.remer-r'i;s of' srnell coupllng

co,'r,sta.nis, it was o.ee,ideo. to try an al-te::.'ra-iir¡e iletirod. of

inrres";i3-ai1n¿, e,xcha:rge reactions oí anilines in TFlr* ft r'¡a"s

found- thab .Lhe IFlr 1rro1;on sig¡ra1 i.iid.th oepended u;oon the
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excha-nge rate of the protoirated a:nil-ine in sol-uülono The a.cj-d-

proton peak was intense a.n.d iis v¡idth coulc¡- be mea.sr-rred. with

minimurn expez'lmenta1 d.ifftcr.llby" Therefore, the a.cid proton

signal vrld-ths of a. series of dilute solutions of haloanll-ines

in T¡L\. were measured at d"iffe¡'ent temperatu.res" The haloani-

Iines were cnosen for study because they ï{ere aI} commercially

ar¡ail-ab1e and- because there seemed. to be some confusion a'oouf

the nature of halogen -'¡u'ostituent effects (26) 
"

Because the exchange rea.ctions of ha"loanil-ines na.ve lreen

stu"dled- in oeta.il, the experlnental r'esults of these investi-

gation.s a.re co.nslOered first" 'I'he results for protonaied i'iv

l{-d-irnethrylar.ril-lile a¡e dlscu.ssed in te¡ms of ihese results"

The acid. proton exchange rates of soluti-ons of hal-oanillnes

irr TilA. a-re give:n. The pro'i:a.-nl-e tea'ctions occu'r"ring in solu-

tions a're coil.Sid-ered-, Thermod.yir.a.mic Ô-a"ta for the exchange

reactions are calcula,teÔ a.ndu where ;ooÊsible t àre j-nterpreüed

in terms of the nature of the reaction and- Structura] prop-

ertLes of ihe reacta.ntso PossiþIe errors in measurement of

excLtarrte ra'Les a"re considered""

The excha-nte ra.ies of protona.ted- 1ùriri-d,ii.nethy1anil1ne at

o-ifferent terl,oerabures are given" Thernod-ynamic a'ata ate

ca.lculated. it is for,lnd. tha.t the nea.sur'ed- a"ctj.vatron energy

of excha.nge is Lovler i;han EnÐ.t of anil-irre' ii. poSsibLe

exç;Ia.natlon ls suggested o
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2. TH¡;OE]JT]CAL DI,SCUSS]OI'J

(¿) Spi:r-Lattlce RelaxaNion ilime T1

(1) flhe iluclear i'iap.net

i'he magnetic moment of e. nucl-eus i.s girren by

\,//T#\
,þ= s \ -L h / &"1

where ,{À = the na.ximLlm observa.ble component of the rnagnefic
'/

moment of the nucl-eus and-[f= tfre maxirnum observable component

of angula.r momentum of' the nu.cleus" \ is called the magneto-

glrïic ratio " /,Å. may also be ex-¡:rressed. in terms of the nuc]-ea.r
./

nagneton. 'Ihe nuclea.r magneion is the rnagnetic moment whieh

v¡ou.ld- be ascribed to a prot,on ií it r,uere a spinning spherical-

particl-e r,¡ith mass a-nÖ charge spread- evenly over its Su.rfacee

On this basis

l+ rz

is the speed of light and e

d-imensionless constant v¡hich

the poetulated rnodel- o

(,2) Dislribu-b,ioF gf irl-uclear S,oins-in a ilie'.gpetic F.lelJL

If a n.ucl-eus of spin z ls placed. in a unlform ma.gnetic

field., the energles of 'bhe tv'ro spin states a"Te sepa.r.ated by

,,/^*o, where i{o is the applled rnag:retic fieIo" ln I'Jl'l}'i

exlrerinents, t::a.nsiti-ons between the two levels a'Te inclu.ced-

by the enission or absor,otion o! energy quanta.o The required-

+
= elPh-)I( þ¡lP c'
p is the proùoïL mass, c

proton crrê.Tge (134)g-- is a

s for the ina-ccuracies 1n

wher.e I'l

is the

correcE



frequency of tra"nsitlon 1s

H- tt> =r,þ*o.

1Ô^L)Z

given by the sia.ad_ay'd i:eletl_onship

l'n
^p")

'Jhe ratfos of spin state popril_ations a.ye grven by the

ïf
r¡.ô \

ì¡ íllJ\¿

lr lr

hihere l'= nlimber of nuclei in l-ower energy sta.te,
-F

the lrro'i:ability of transition from the l_orver fo the

energy stai;e, etc. From equ.at j.o:rrs 4"þ t'.Trô- 4 "J,

Bo7-'br-ma.-rut factorrexpoil-eTli1a1 (,zJttlo/ury ), since the va.fue of
(ZlÉ^/l<f ) ls LtsuÐ.Ily of ihe ord-er of lO-5- ihe nrotraltilii;ies' 

| 
- Q', --- "---*-¿ i/å v us'Â

of a girren nucl-eus being in fhe upper or rower spin,sta.te aJ,e,

respecti-r¡eIl, very nea-r.Iy

È ft- /e-"o ),KT alrd- È (t+¡x

{,3)'!pig*ap_Li*.q.e_'3çf gäaþåg"e-lr::1g

l\n eïL'seml¡l-e of nuc]ear spins (spin å) lrlaced in a. rnagtletic

field- vuil1 seek a nei{i 'ohermal ec¿uilibriu.m. ch.a"rz,.cterized by the

Bol-ûzinarur factors girren l:a eqna.tion &"1¡o Át ec¿uilibrium, the

number of transitions in boLh d-ir.ectlons must þe equa1" There-

fore ,

n+U**- = n-U--++ +,5

llv+-l
hJ r'hr.r"

U++ -
r+ l+""

t, a&ã.av



If n is the uurnì:ez. of nurclei. per unit
l-or.,ier ernergy staie a.t any time t, ruq
'ûherrnal- equil-ibriurn, and.. 1I is ihe r,:ea.n

iì.ra-n i.i- mor¡ }ro ShOWn that (13&)' -- tut
(n - ì.'e? ) (n- tne Q)o.

l??
-JJ

volume in excess in the

ls the value of n a.t

^4r TT o--å T'r\.,l, v_->, t<1.lLL¡. U+-4 - a

+"7

vlhere (il-n^^ ) i s 1-.ha irni,r-ia} val-ue of (rr*n \ qrhe excegS--eQ'O u¿rv r'l'!vtutl v L'¿u-r? v¡ t"-*teQ./ ø LLIJ

num'Der approa.ches its equ1librlu.rn va"lue vlith a cha.xact eristic
'bime cons'ban.t L/2 TJ, i^ihich is usua"lIy calleil- T-i r the spin-

l-a-ti j-ce r'el.a.xa.ùion f i,re 
"

J'lecha:risns v;irich rna¡r cau.se spl,n-l-attice relaxatlorr are

discu.ssed, in pa.rt Cn

i B ) s,o i n"- Sp lIL Jìe Ia xat i o:t * g_q ç.Iæi-*lH*?. û-å*.S,¿+-eÞp*+-e
Itelaãa.þ_¡. qL-liÉer

(1) i\rl{Ii {bsorp!åoE

The angular üromentum a.nd- tlne ma"gneùic moment are related.

lry equation 4"f , By col1Ëid"ering the effect of the inain mae¿-

netic fj-el-d" upon ùhe ti¡ne rate of change of angular momentun,

it can be shoi,¡-n tvs,a.E ( f-3l|)
/. VúJ = --. ó Ho, 4.8

uvhere Óò is the errgula.r velocity ol þne angular momentum
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Therefore, 'bhe nucreus lrrecesses Ð,round ùhe na.ln rna.gireûic

i'iel-d- i¡¡iih a.n angula.:: ve]ociiy-û)" The fr.equency o:î tiris
precession is called- the Larmor Ì)recession frequenc¡r,

Suppose one uses a. coor.d-inate system xotztlng_' wlth a.nguIa.r
\./

velocity -6Ho. Then in bhe absence of other fiel-<i-s, tne

magnetic tnonent vector v¡ill rena,in stationary relatirre to the

nev,i toord.inafe sysbem" Suppose a" .aew flel-d Ht ls introduced

v¡hich 1s perpend-icularbo the origina-l fiel-d" H^ and" rota.ti-ng

about LIo " H1 exerts a torqve,þ * Et on the nueleLls, tend_Li:g

the a.ngle betweenrrGand l1o, t¡ Ëf 1s i:novi.rrg in the

system, their. the dj-reci;ion of 'bhe torque lvill- vary

lit'Lie overall- ettec:f wil-1 be noüiced., Hor:vever¡

to iircrea.se

coord-inate

1 â.-r-)ì dl r¡ pnrl

if g. is sbatlona.r¡r in the rotating coordina.te system, ihen

a stea.dy torclue wil-I be exerbed- and the angle between tr*a.nd

$ viiIl increasen There will be a. neù absorption of energy

which can be ctetecied- by monitoring the strength of H1"

Cl-assically, the absorptlon of energy is a. resonãnce phenomenon,

r¡iith naximum absorption of energy occur-ring inrhen !l-, roùa'bes e.b

'che La"rmor precesslon frecluency"

The resona.Tr.ce experime:a'b can also be trea.ted- quaniwn

mecllanically" Since energy l-evel transiù1ons are ,qua.nEizeð-,

equatlon 4"J sholvs rirraf, i;he transltion from the lor¡ to the high

energy s'ba.te occurs only -v'rhen !r r"otates r^¡ith a. freo"uency

V = ? JeHo .T
i+ 

" 
l_0
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There is no finiue.croÌ:ability of a transi,uion a.t any fr"equ.ency
-loui'rer Enar' V, ït ma"y easily be shol.rn tha.r equa"tions 4,p

and 4.L0 ar'e icìenticaf a.nd t.nat. 1,he La.rmor precesslon fr.equ_ency

ancl the tra.nsiiion Í'requency a,re id.enl,ical" The difference
between Nhe two treatments is ina.E the qua"ntum nechanica.l

trea'binent lrredicts absorp'û1on of energir onI¡r ¿.¡ the La.rmor

precession frequency v.rhile th.e cLasslcal treatmen'r; ,ored.icts

absorptlon over a range of frecluenctes v¡lth a maximum at b]ne

la-rmor''precesslon frequency"

{,2) Líne idid.ihs of irtï'iR .Sl.gna}s , T?

As r:nenbioned. å.bove, the quantum inecha.nical treatmenù

pred,icts resonâ.:ûce enly at one frequency. fn actual practice,
resorÌance occurs over a. range of frecluenclesrfor r.easons dis-
cLlssed. in pa.rt B(3)" The number of nuclei wij;h a resoïLa.nce

frec¿uency betrr-een I a"nd D + d)¡ wii-1. be girren by

o{ N = N" ?(y)á)J ¿¡." 1l

where g(V ), the i-ine shape function, is proportional io the

absorption ai frequency )) , Therefore, g(y ) descrii:es ihe
shape of i;he resonance si.g'na}. Slnce l\io is the total- num.ber

of nuelei ,
/Ø
l?(D)dy=l." u"Lz

'/o
g(y) ha.s a finite value oveir a" ran¿:e of freo,uencies, Since

g(V) is a normal-izeô- function, ibs rnaxímum value ls an inverse
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The factor ã is introd.uced- to make thls definii;lon of T,

colr.slste:rù v¡ith a.nother definitlozr v,¡hich w1I1 be developed-

in part D" Signa1 line vsidûh is inrrersely proportiona] to 'Ir"

ß) Fa.ctors'¿
llime

Some of the fa.ctors a.ffeci,ing line i,.Iid"th are d-iscussed.

beloro" Irr addition, the efíect of excltange Llpotl line v,rid-ih

v¡ill- be discussed- in ;oart E.

(a) f,ia"tural llne r¡iid.th cj-ue to s;oontaneous emlssion - The

natural" l1ne -v'uid.th oi any transi'uion is determined by the life-
time a nucl-ear spin in ùhe higher energy stai;e. ft has been

founcl tlnat spontaneous ernissíon of radiation has litile ef'fect

on the line r^¡id"ùh of iütfIì signals {L35) ,

(b) Broaoenlng due to spin-1at'i;1ce rela.xation - The

lifeiime of the two spln states is d-ecid-ed by the spin-lattice
relaxaiion t1me" Llne broa-d.ening occurs as a naturaL co.n-

sequence of EAe uncertai-nùy principle,

AEat x T., b 1L

the absoz'ptioi: frequency 1s

wid-th, or1 a" ilrec¿uency sca1e,

SinceaF= hlDrthe uncertaint¿v in

t/|'fTAt o Consequently ihe line
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r,ril-l be prclroi:iioir-al tc \-/'It, in the a.bsence of oth.e:: broad-en-

ing tnechã"rti si:r -e "

(c) Broadenin5 clue to sriln-spin iniei:aci;ion - ilu.cl-ej. fll?¿\¡

sêê z r¡:¡rietv of local- fj.e.i-c]s d.u.e to the preSence of otlrer
t, v\,

ituclea.r spinsu I'oll exa.rnple, 'ühe field- caused by a lia"gnetic

none-ntifL, ¿.t a. Oistance r from a:nuc1eus, is of the o::d-er

of4r3n 'Iherefore, a. proio:n I I f"o,o a nuclear ma-gneton will

see a l-oca] field of severa] gausg" The presence of Joca'l

flielo_s of ihis scre:r:.gth iuilll- al-ter Ùhe ilagnetic f j-eId- seen by

ùhe v¿rriotr-s nucl-ei and u¡ill- cause resofl.¿''llce to occur over e

r-a'nge of frequencles a's rÐ'r'ge a"s to0Kc,/s, since g {t ) is Ð'

:nornalized, f'tlnction, tlle value of T, wil-l- be decrea'sed Ot'le to

ihe spin-spin inì;eractions" }-or tl:-is reasoll, .IZ. is often

cal-l-ed- the s;o1.n-spin relaxa"tio.n tine'
,IZ can be d-efined in terns of eo.uation 4'p and the strength

of the local Ílields.

t/rz( å. Hro"rr.

In liqu.ids and- gases, rapid- ilolecr-ilar motlo:ns tend io average

loca-] 'íj.eld-s to zeroo Congec¡uently, there is liitle broaclen-

ing due to spin-spln interaction, In solids, the rig.irl jleture

of |he lattice prevent,s rnoiions of |,his t'ype" Consequen'i;Iy,

irilriH. signerls of sr:lio-s ere ìlsì.lal]-l-I¡ broad-er ihan those of liquiÕs

and- gases u

{d) Broad-ening ciue to :la.,gne'bic fie}d inhomogenity - If the
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whrch bhe sanple is pla-ced-, iìren resona'ice trill occlr.r ovel"

{â.nge of frecluencies becau.se ÌnolecLr,les in different þârts

tiie sÐ.r¡rple see dif,fere:nt \relues of tii.e nain inagir.eti-c fj-e1d

In a. perfeciJy honogelleolls f ield- anrl" in the abÊeïLce

s¡rin-s;cin Lnterac'¿ioiis, f l and T2 shou.lci be equal s itice in

these circunstances tire l-ine luidl'bh i-^ cleterminect by T-r *¿

( C ) spin_-La.t! iqe kqla_xa.j; ioq l.reciran,Leln,l,

C,"

OI

oi

*i fiu.c.bua"ting nagrretic field can ii:ld.i.:.ce transi'L1ons

jretween s3..iir s'ba.ies if the f ield" has Ð.JÌ a.p.oreci¿rbl-e contponent

n-î ír.enu=r..,..,. ) o the Larmo¡' .-)recession f'reoueilcy" The e¡:tentv! r¿ vvhvr¿v<.} . 
LJ

of spin-I:rt'bice reLzxa.Eion cìelrenci.s upon il:e i,rÉì¿-n-ituoe of loca.J-

f ietds ând ihe ra.tesof ff urc'i;ua"ti-on of tirese Í'ie1ds"

Several mechanisns üay induce ffu.ctuating ;lagnetic fields

ojl tÌte type described e"bove" These ¿ì-re discussed lcelotr'¡:

{1) ire}_axatíon Due _to !ì.lu.clear i'la.8lne!Àc Dipole f+teractions

í,a,t'iice motion.s l^¡iI1 cause fluctuating n:agnetic f'i-elds

oue i;o nor¡ernen'b of nuclea.r spins. .iia:ely a.tÙempts i,o correlate

latbice vi'orations in soliC.s v¡iÌ;h il, v;er-e unsuccessfi-rl in that

the ca--l-cula.bed values of T, i'rere nuch too large (136), Calcu-

lations oí 'bhis i:,¡:re are inaccura-te since tnere ere fer¡'i latti-ce

r¡ibraiions j-:a ì;he pro,oer frec¡ue:ncy rÐ.nges

Ì+'loerriber.øen- Purceli a¡.ä Pouno- {5PP) have exanined- the
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infl-uence of rotational, tra.nsl-aiiona.l , â'TtÕ- rrj-bra'iional

motions of molecules i-n a liquíd u.irol1 vsfa,'xation times (135) .

Liqulo,s can be consiúered- to exist in deÍ'iniie configu'r'ations

er,¡e11 '';hough over¿l}I ¡oolecular chaoS preva.il-S' One cain d-ef ine

D. correlaiion i;ine drv¡irj-ch measures the time f or on'e coTl-

f iguraiion i;o iransÍ'er to anoì;her complete])' i¡nrel-aied coil-

figuratiotl. Inirarrolecul-a.r' and iniermolecul-ar coi:relabi-on

'ûines aust be co:ûgi-d-ereO." ff a molecul-e conta'i¡s tv¡o or n]ore

nu-cl-ei wlin ïÌotl-zero spins, tþen these s1:rins t¡i11 move relative

to one anotne¡ iÍ'tlTe rnol-ecu.}e roiates" ThiS uoveixent produces

a flu.ctue.ti:og mag:retic f ieiil i¡rhicir ca-YL, if it lia"s bhe proper

frec¿uenc¡r, i.ndu"ce transi Lions of' the s;cins iil. tþe ìnolecu:j-e.

,the intr.ar¡olecula-r correlation time fg is defined as the

ãì.Ver.Ë).ge tine iâken bJ, Ì;he nolecul-e 'bo rota'ie throlrgh one radj-a'n"

ft is possi'ol-e io predicì; a val-ue of Tg n¡t inaking Lise of a

rnod.if ica.tion of ihe Nheor¡r of diel-ectric d-ispersion (13?)' 1g

is then rel-ated. to the viscosityT ou i l-35)
v

L
Arfu

T-= orY["] /r{f
i^¡here a is btre

agsuned, to -lre

al-so give rise

inotion i138) '

lc

lt tA

radiirs of 'bhe nolecule if 'che molecule is

spherical. ltranslatioira"l- rnol-ecul-ar motions ca-ll"

'Lore].axa.tior1'Frornthe-bheoryofBrot,lrria:r

ihe interrnolecu'lar correläiion tine is l¿iven 'o;'

= Tr\ /tlr '
l+,W
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1"a is 'bhe ui;:re baken ì:;r a- mol-ecuIe bo dif Í-use .i;h::oir.gh a. d-ist*
ance JLv¡ìnere t1- is a¡:¡;roxinai;ely equæ"r to ihe rrorecu.]a.r" rad,ius,

'/r, =

BPP o'r¡iaineci the fcfl-oi.¡iitùj. el{ilression i'o.r: T1 !

c'?*=- + L"-Ït 
.

I + 41T?Do'1." | + t6-Tr1rft'' lL tR

C1 a-nd CZ are cons'barr-i;s t,¡i'ticìt depenct r,¿pon the r"eìation j:etlçeen

in'bernr-:Lclea.r C'i s'La"nce anq toca.l- iriagnetic í'ield- *ctrenath" ilhe

ecllta-tioirs Ìtrir¡e 'bi'le same forn for inira- and i¡rùenlolecr-¿l-a.r'

conbribu-Lions ro 1..., 
"

ïf Zlnfc-<< | , then. eclLr.åìiion ¿.1"18 becoue s

t/T, = (c,+ C,-)f.. L, lo

If, l1(Zî)io'lå.,tiren eclu.ation l+" lB becone,s

t/- 4et tcz
tT,- ..-¿"r¿^ 4 *zor 16 rr' vi r,

j'f ,har,¡'În:.¡¡ i -,,r -i-ìr- -¡.n¡..i ¡-¡ æ 'ri!\'r'çiu.L'r=, r-rr i;ire r'e¡ion;;irer-e'Li= \¡erir si:ort, Tl_ is
iriversely propoi.bio:re.l- iro ?*, Oir '¿ire othe:.' h¡rno-, if "f. is
ìrÕ'n1r I n:',, ';- ir^:¡ rtì 'i ô ;:t --,^^!'ì -' ^-^:.i -- ryv v|j, rurrL, r,rre]f 11 j-s c.i irectljt -¡:.ol:or.tioita-']_ .i;c 'fa 

" Ihe rnini-
rnu-lt in r', occurs for'fen¿t<l, ljece.use T".rs ¿ì. nealL value of
th-e b i ri:e f o:: tr:ol ec,,r.i¡-t' t"eorieniat ionS, 'bhe f --t_r_¡.cil.ra.N i:ir¿- inäg-

ne'Ûic fie--l-d-s causeci by rrolecu-Ia.r' noticirs l¿ive Lhe i-¡ie.xiinu.n

conpon.r:ib of .11i:ec¡ltency ec,ua,l to the La::rnol: ilrecess j on

frequencJ' ï,then 2Tf)oÏ.=1, i.eo vihen f"ec¡',ial-s the bine for

one nuclee.r ]l,recessio:n. The iliii'rirnuil does noi occLtr r\Tl.l.en

}T1D¡J.= I becau.se frequ-encies eqlral to Z \) ^ can a.lso ind-rr.ce
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transitions betr^¡een ni.lclea"r spi-n stabes 
"

BPP measured 1}, of gl-yce::ine as a function of vlscosity
'a.nö fem¡rerature" They found- iha'b the plot shovo'ed- the expected
nlnimum. Tirls confirmed tnai rnolecu.lar motlons in licluiei_s

were of the right order to cause s,çin-l-at'bice reraxatlorln
The cond-ition{<<tarru)-l is al-so the condrtion for spin-

spi.n v'ela.xation to be ineffective because moleeufar. inoùlons

a.vera.ge out local fields l'¡hich cause r-el_¿ixation, Therefore,

TI a.n-õ. 'I, are rrearly eo,ua.l -u^rrrenff(znr)-1" Às T" ir."r"ases,
T.l d.ecreases to a rninimurn a.nd- then ir:.creases, Flov¡ever u T2

cl-ecreases contlnuously because l_ocal f ielcls â,T'e no lons:er

averaged, ouL o

(2) other" Sp,iq:IraÞ-äcg RelatsatioE lvjecna.qiÞ_Igfi.

For nucl-ei inriûh spinT/ly interactions betr{ee:n or..iad.ru-

i:ole monients and. i-l_uctuatlng f ieLrl gra.dients calise an

increase in spin-lat'i;ice relaxation. paramagnetic impurities
such as oxygen cause a decrea.se 1n relaxa.tion tirne due uo

infera.ctlons of nuclear spins v¡1th the unpa.ired. electron
spins.

(D) @çqtmen!-of .r'-9}?tsaïiBloch Formula.tion

Bloclr. has develo;oed a set of ¡nacroscoj:ic equa.tions foz'

the va.xia.tion of ioial nucl-ear magnetic momelrt per u-nit volune

ia a. na.gnetic field- (,L39), llhe nacroscolr.i-c momen'b, lt,



sra.'bisf les the f oll owlnE ecua"tion:

d,i'li

L', t
=X(i'i x t{).

Consid-er a- seN of nuclei of spin ã tn

fn the absence oÍ' relaxa.tion irrocesses,

Hov¡ever, it is kno-',^¡n tirat lti, a.pproaches

I{^, beca.use of spln-lattice rela.xa.tion,
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.t6LL

a stea.d-y f iel-d Ho n

Iui" i'¡i1l- be constant,

an ec¿uillbrium val-ue

lllÌ,ranafrn-no
-L trv, v ¿

dl''r". 
= _ _{M"*,laLdf T1

Bloch refer"s to T.., as the longitud,inal- relaxa.ùion tine

si:nce it ileasuï'es the rate of cira-nge of the component of

magneiization along the main magnetic field-. If ecluation

lL 21 l< cnlrrorl for the x a.n.d y cOmpo:te:tts of I'i.it iS fOUnd.| ø2- J -"^^.i-

tna.t, 1n the alcsence of reJ-axation rnecharii sms , vh.e rna"gnetic

momeni precesses around lio wlth a.n angu-Iar veloc,iby -(il^.o
Hovrever, inûeractions v,¡ith l-ocal f ielos cau.se tire nucleii fo
¡¡4 nrr*'n'r. "rrnogç a¡.d- the compo:nenis i'j.- and T'ì-, decay to zerouË,\t{, ULi.t/ Ul ì-/rrø'Dç C!.t-\-L t/ tlE uL. .- --X 

J

The time cons1:ant T>, for this decay, is ca.ll-ed Ùhe trans-

verse relaxa.tion tiie. The rabes of cha.n¿e of iu* and !,y

a::e girren by

1sl,á

Lþ /A
'1 

f\Jiu_r'rx

U-U

dNi*"v _
Â+"UU

ilix
ô oltlr, - .,..^

and"
lll. "\rtr ¿_(.r,rpli.t* -_7i;. ,
tL

l+ 
"21+



iiiot'¡ conÊr irle.r iiie ef f ect of ä. :i'1el-d-

to ii. ar:n T'ot¿i.tj-,tl'.,; j-iir i, 11¡ç-i-Sr'vel-oc:-t¡'

enis cf r-1., r,r.re (ij')x = Hl_ cosâ) t

and

(¡.-., ) .- = -l-1. s in â) t ':\, 1

1 tr -

¡j- oe rceno. ic'uiler:
l.-

- A). 'llhe oorirl:)on'*

lJ 2t,

The l3loCh ec¡u-atj.ons har.re Sirili,--l-er íoi-iaS if' one uSeS ¿i- i1ei,',J Set

of cooi:il.ina.te a:i,e-c l':tri.ch i:ota"ie abou.i q6 i'litlt arrguli;::

velocity * A* LL a-nd-1¡-are resltectively def in.ed â.-c 'bhe

coi:rpo.n.enis of U :per.cenCicrtla"r and pa:ri;.llej- to Et" llllori'ing

foy. the ef'fect oí.' ûite f:-e] cr Fir ¡ equ,a.Dions 11"22 to ¿1',24 becoriie:

&
dâ
¿v
CJâ

tl
r(Är' _r

,2

-þ 1¡
lz

+ (c¡o- c^l)lr = o

- (<^>o-c,l)\r+Yl-1,p2= o

Lv.26

il. 2ç

L2A

Lt, 2a4Izç M=-M" - )'Hrar-= o.dt. L

The steady state sol-utions âl:e obtalned bl' setbing all ii-ne

O.eri r¡aiii¡es eq',i.a1 iO ZeTc. 'Ih-eSe solu'bionS ean be expreSSed

i.n ierms of út a-nd--llor irÍ* a,nd, i';íUu

Jn aicti-1a.l nractice, a linea.r'Lg oscillabing na-grlefic

fie-l-d- ls ursecl- ln p]-ace oÍ' i;he rocaiinE Í'ielc H-, * 'lhe :l'iel<l coirl-

i:on:n'bs Ðr'el H-ç = ?.Hl cos ûJt " 4"30

u-nþ11
!J. -, - 

V-^

This can tre sho-v',ltr to be eclu.i.rra-leni i;o twc r.otaì;ing fieios t'riiir

angul-ar velooiiies óO a.nd. - ü), Only ol:ie of the rÎiel-ds is ef fecti-rre
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beca.use a¡rçrrecia.ble resonance efÍ'ecis occu-r oi:ly l';hen 6)AL,Jo,

The effect of itre l-lnear flelo- can De d-escril¡ed in terrns of

the inbensities of rnaSrietiza,tion in ;,rira.se a.nd out oÍ' p'nase

viith Iìa" 'l.hes e ?"Te respectivel¡r {'H' cosú)t a.nd. ?ltn' sinôl t

where fit and. f r I are ihe suscepti'oiliiies in phase and out

of phase liith iilr. The suscelltiirilities can be obtained from

tkre steaily states soltttio.ns of' 'bhe Bloch eq,ua.tior1" They

â 14ê ô

L2
l=

It

f ow" =--I" 
( ô:; 3Ì, ,r= =

4 "32

r+ å3

The susceptibility Xt t h¿Ls a. rnaximr,rm value nthenOo=ô u i"€"

a.E'bhe Lar.mor fl:eo,uency" 'Jhe sample absorjrs energy f'rom

the H- f ielcl a.t a ta'úe ( ]40 )
J

rf = zwf\', l+ 
"31+

Thereforermaximum a.bsorptlon occurs v,ihen ()=ú) o" Comparison

of this val.ue and the va]ue of the ¡ai;e of absorption of

energy obta.ined from a calcula.tlon of ihe q,uantum mecha;nical

transltion probabi-lit¡r gives

7Tz 4"35
I + ,{ rrt T,-' (yo -Þ)'

he form of equ-ation 4"35 it is obvi-otls th.af

7 
(..) 

=

,Trom t

h,-,] Tn o-x = 2T, t+ #6
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ConseOueirily, tbte tv¡o ciefinitions
$r¿uation +"35 is only àecàr?^iÊ, if

of T, a"re equiva-Ient 
"

.-// I
H\\--:¿-l\\\2.- o'ðt/IT,
Signal l,ine lrid_ths 

"
(H) Bffect of Exchange Uþon T, a.od-

(1)Ge@

ord.inary cirernical bechniques are unsuitai:le for the
measureinent of fast reacþions. HovJever, i\j'jR tech-niques ca.TL

be used to stud-y chenical exchange reactions l¡iì;h exchange

rates of the order of 1 to 1O4sec*l*

itilviR spectroscopy can -be used" to stud-y excherrge react-
ions if the nuclei. l,¡hich are exenangtng harre d-lffez.ent mag-

neù1c enviro¡r-menis a'nd consequently. dif'ferent larmor
precesslon frequencies" ÊxchaJtge ca.11 be consict-ered io be a
iransr¡erÍie reraxa.tion ¡rrocess siirce ihe exche:rged nuclei.
wiLr be out of ph.a.se v¡ith the other nuc]ei i-n th.e sane

elr¡i.z'onnient. Exche-nge between nriclei ir the saj:ne eni/irorr-
rnents has no effect upon the sig:rar wid-ih because the nuclei:
have ihe sâlre 1lrecesslon frec¿uencies i:eforc a:rd ¿¡.fter exchange,

Sl-ow exchange causes a" decr-ea.se in the transverse
't'ei-a.xa.tioi:. time ¿ind consec,uently lir.creases the '¡1dtli of the

slgnals ciue bo the ez;cha.ngrirr¿- n.uclel- n iltternaiively, the

lrrcrea"se 1n 1lne i^¡id-ùln cayt be e:.,plaineö by the ur:.certainty
t .L +

.rrj.:nci.l;l-e, hA)AL 3 h " 'Jlhe increa,se in line width clu.e to

exckiange i-s inversel-y pl"oportion¿¿l 'bo ihe L\vera.ge f ifetirne of
tlie nuclei, c¿ì.Llsing, the r:esone.nce signa.l or directly propor-
'biona.L to 'l;he nurcl-ear e::change ,å.t.,
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Its ihe exchâ.nge raie be'bween. nuclei_ i.rr two non-
eqi.r irraleni s it es Íncrease s , the s ignal-s become br.oa-iìez. ancl

move closer" toge'ther. urntÍl_ the¡r flnal_1¡r collapse Lo a, slngle
peak l'¡hich becomes sha.rpez. as tne exchan¡3e increases " fn
tl-ris region ùÌ:re cha,nge in signal '¡id-th is inverselrv propol:-

tiona.L to tl:e exchar-rge rateu

t2) i'ioci if ieai;ion of i; och Equations ì;o A]lolv for
Excha4ge."

The ijl och equ^a.tions were moo_if ied tc al-l.ow for. e;xchange

by GutovuskY¡ I'icCall- and- Slichter (l'LZ) and 'by i'Íccoi:riel1(Il¿l),
iniccon"ir.el.ürs ùre¿:'bmeni is slnpler ¿i.no. wi]l be f oll or¡;ed_ hereo

The sl.mplest rate process wh1ch c¿'ri l¡e considered by

i\jl\1F. is 'bhe exc'nange oÍ' t¡¡lo uncoul:lecL :nucl-ei. in nol:-

eclui-valent environmertts, The Bloch eo,uatlon c.an be rnooified

so th¿it exchange rates ca.n be d-eüermi-ned fron ki:.own va.lues of
the,' chemical shift betr'¡een the ti,ro sites a.nd/or from the

observecl liyre v,r-idths of th.e resonance signals.
If Hl 1s not ioo large, then luÍ"=t{o and. iti" can l¡e

repla.cecl by lto in eclu_a"tion 4,28. -Su.opose G is a. cornlrlex

momenf such tha"t

(i= tl+rttf" 4..37

of equa,,tiotl-q +,27 and 4,28"

G = -)v YH, Mu. u,ja

G can

dG*
o{f

l:e rewriùten i.n terms

r, _|

l+ -r. (ôo-o) 
|

L '' J
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l.f G,. an-d- GÞ ¿r-re 'blìe ccrnplex nlonents associ¿r";ed i,;ibh n.u"cleiJ{ lf

lr ancl B, ihen
tnNn + X" G
ctI 

r -\fi vH = -)-f H,Mo^ l+.39

4.,40
dG" * xBGe = -LY H, Mosd.f

where

^./ | ; I t.¡ /r\ / ^tl, 14 - rzr.., 
/L ( o, - (ù) ' (l = Ê o." B). +J+L

It is necessa"ry to a"ssLlme tnat the time talten by a
nu.cl-eus to jump from one site to another. ls iregl-lgible coÍi-
pzLred to its l.ifetii.,re in eith.er site " E]íckranÉie 

.beiween

eci,uivalent sites v'ri-l-l- 'bhen ha.ve no effect because the nucl_ei

wil-l sr¡iltch sites too r.a.pidly for a.ny signif ica.nt r.eraxatlon

to occu.r " rf 1l¡ is the average lifetime of a nucreus in
sii;e A, ihen l/T¡r= 'i;he i-r¡s¡arbil-j-ùy iper unlt i;irae) oi ùhe

nucl-eus jumpirrg to site l3n The rela.tive polrulaiioi:s of th.e

sites àr'e tiren

PtarR- Îo*E o',no[ Pu= ïïfu lt. bç

tuhere P- = l-Pr' 
"D

The rnod.ified. Bloch equ.a,tions;oroposed by loicCon-zreL {ffl.¡
â,Y1Þ.

d G^ + o(RGo=
dJt

-,t Y H, Mo^
l\c

J- t'B vñ Lt L¡z
18 tA '6 'r



4S.
d.r

+ o(,"Gu- -ÀY H,lYou + Gn
^rA

__tu.
?B

f'l

lf
1.T is the rate of it:icr.ease of rr d.u.e to ii:a::rSfer of. iJ vÁ "A

f1
magnenizabion from B io Á sites" :A is ihe rate of d-ecreaseri\
vl \1,, og

148

l-t, Lt Lt

Lt, lt"4

4'"Ltt(:

ilor sl-ov,: pa-ssa.ge

d.G,, dG.__frB
:+ :.1-
U- t/ Lr- l,

cond-it ion'-+,

The total complex moment (C*, + G") is gi-rren kry

G = - (¿ [ H, rU). ]i+ te + ry^?*(xoPa+ ¡(e PC- (r+xntq)(t+ãets) - t

rlll'ra irT'i:erqìl-r¡ of absorptlon is propo.r-,tional 'bo the irna_gi-rrr,,ry*J.,'vv:-lJú vJ

pa.ri lf " The solubion of the a,bove equiatlo:a becornes simpler.

irr the rimiting cases where l-ifetlrnes are very J_ong or very
short.

(3) ch EquaÞ1o&.--iqr.
Di-Cf erent Exchagl&e Eg!_çå-

(a.) slovs exchange r'Í lifetinresT, anôt- are suffic-lL r:t

iently long compa.red. to the inverse of the -ee_pa.ra|ion bet'¡¡een
'bhe iv,ro sites, .bhen tu,ro separate signals are observecl" ì,i"hen.

the applied, ltr-r field" has a frequrencl' r,,rhich is nearly equal bo

the Larmor precession frequency of one of the types of nricl-ei

the tota]- nagnif lze."il-on contributed. by nuclei. in the other
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environ*ment is sna.ll_ ì:ecause they

d,lfferent than the appJ_j_ed- Í'lel-ii
i,,rhen C,J t Lùg )

G x Gn" L Y H, Mo p^fa

Ihe solui;ion f'or

I

'zF

I

th

( t¡n - t^l)'
-1J. 

=
t + [^rn

precess at

fr.cnneinar¡

a freclu"enc¡'

rl1]r' ør. af, r:-n a

mponent

+

e

o¡A

xn tR
irraginary coi

I
I Tn. rzR
|--_.-:
L ?n + lzR

i s ( 14'1)

but i.n ilr.e a"bsence of
comporr.erni (as o'otained

4"2]) is

+,47

lJ bR

ovnT-t.smc' avj:\/rrLrrJi:v a

from solu-

l+ 
"Ltg

t+"50

convenlently
lfllrono-Fnna ì +-Lr¿v¡ \/rv¡ vt +u

lraJ-r¡toan rfluvurvvvrL Lz

it 1.q s eerr

kro+ Tro)]

iino er tire sarne cond.iii or:Ls,

i;he v¿rlue oÍ' 'bl:e im:l.Eiina:.y

t io:ir.s of eclura.tloirs 4" 2? to

1r= -Yl-f,/YolnTza
l+ Tå(On-ô)'

Therefore, fru ha.s -oeen ::epl_a.ced ìrJ' TrO, vuhere

]-
rF*2A-l

11F: +;"
- 2þ, t l'\

Experime:rtally, the variabl_e which is nost

, ríreasurs¿ ,isi the .qlgna} v¡idth aN half heighù.

is necessary to determine the exa.ct rel-ationshlp

a.nd signa.I v¡idbho Fron eclliaiions 4,35 and- 4"J6

i?rat g()) = -ã (g()))*** i¡¡h.en

-T-^ - L Ta-,.L-

I + q rrt lr' (,Do- D)'
4 "5L



The o-Ovious sol-ui;iott of ihis ectu.¡,i.bion is

¿+Tt.Trz QUo -))t = |

or

(U.-\)) = t I

Ltî T,z

I P¡: f-R
mr -^- r-r-
L2 .LDI, In,L .!\ ¿B

Tïrez-'efore, ùhe line wi.d.th in c/s is ecr,ual_ to | /U\"r

IrÀ))= +r2

;q"u"a:iiorr 4 "49 Ìrecomes

TfA¡= { * +-'l-a I-n
Th.is eell¿-ition is onJ-y tr.ue if the signill h¿,s Lare:a"ozj_an l_lne

shape. ììxper'imeirtalry, bhis cond.ition skrourd. be fulÍ'ill-ed
if i;he r.esolu.tion is good a"nd If Hr is srnall¡ loe" if no

s a-tura.Nio11. occurs o

(b) Very fast exchange If exchange is not rapid
enough to cause cornpleie collapse of' 'bhe two signals, then

{L42)

: = $+ 4+ + p; pJ (r^-ôu)'(rÁ*du) t+.56
T T**-¡*t ln[e \wn*B/\rA"B

If the li.Í'etimes are verJ¡ short, the l-a.sü iern of çc¿uatlon

l+,56 becomes uni-inportartb and

4." 52

g l{

b 4lL

a'u))

I¡ ln+ø3(
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'Ihe signal is cenLered on a inean frec¡r_ienc¡r

ó*"trr=Paô¡i*Pa0'' lt. (Q

If one oÍ'the signals i,s yrot a single peak, then the

sltuia-1;ion -becorles mlrch rnore complica.teö-" i\Teiboom and co-

'i,,oJ'kers have inr¡esù:-ga.teÕ problems of this type in cl.etail

{L27) " By an¿i,loõ^v io 'bheir resul-ts, th.e effect of relaxa-

tion- arislng from rapid exckrange beirnieei: aeid" and- a.mmonio

proions is given by

å = +*.+ -r ¡^'¡j(ar¡ouf(t^o?u){t2- tzA tzB

J = lrì-FI coupllng consiant

r. *1"!qry)"q''sqPB) zfr'(

PB = populaùlon of the annonio grorli)

+r! - I ifet-'ime f.'Or tr.¿¡..nSfer betv¡een cOmpO¡entS of thel*

amnronl.o trilrl e'b 
"

. Z_2
'.llhe term ã J'simply represen'bs tire second, momeÍLl of th.e

J

ammonio trlplet. The Lir.Le wldth of 'bhe aÍImonio tripl-et is
d-eiermirred. by the 1,i14 q.uaOrupole relaxa.tion time and ihe

excha.nge raie. 'Ihe slgnal wil.l alr¡ays be broa.d-ened due to
'bhis ad-d-ítiona-I term" Äs th.e l-ifetirne of the ammonio tri;olet
becornes ver']r short, this terrn decreases to zeroø

(c) I.n'cerr¡eclia.te exehange rates - The ful] expvession

for the inienslty of absorption in the regiorr of interinediate

exchange ta.te was ctevelol:ed. 'oy Guiovrsky and l{ol-m (107). Tire

€i',pression is ve'cy complex and. vsil-} not be coil-ír'iciered here"
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rf it ls assuined. that the two bypes of nucleii have equel

po;oulations and lifetimes, and, ha.ve large tra.nsverse rerax-
ation i;1mes, the ercpressions can be consld,erably simpllfed."

i.îost commonly, the pealc separation ls neasured. as a fu¡:.ctlon

of exchange rate. 'Llhe change ln peak separatron as a frrnct-

lon of exchange rate is given by equa.tion 3"?5, If T2¿r TZ'/IO

fhen thls sinple equation ls lnaccuraËe, [he equatlons for
thls sltuatlon have been d_eveloped in detal] (l0Z ulJ!zll+j).
The equations are complex artd a.re most easlly sorved by use of
a computer, [hey urlll not be given Ltere,

(F) Ion llssocia!lon oI Ton Palr tr'g-nroatiorl

fn recent years, ion a.ssocfatlon or lon pa.ir formaiion

has been the subject of nnmerous investigati-ons. Devlations

from ld.eal þehavlour of cond"uctances and aobtvl'bles of ionl-c

solutlons have provided- mosÈ of the evid.enee whlch proves the

existence of ion ;oaÍ-rs In solution. Iiluch of the work has been

sunma.rlzed ln a recent mortograph on lon associatlon (144) .

fon associatlon will not be d.iscussed" in d.etail here but va:r-

ious facts and. ld.eas applicable to thls investlgatlon w111 be

pointed out,

(1) F-ao.Lorç Deterqiinins the Tend.ency towa.rd"s Ion
Assoclafion

Bj errum has developed- an equatlon which 1:red.icts the

probablllty of flnd-lng arL i-on at a given d-istance from an

oppositely ci:arged. ion {lt+5} " 'Ihe mlnlmum probabllity occu^rs when



T=

tla

Ä1,6 0u

Irh.ere 'Å, elnd Z{ â-rle the el-ectroSüaiic charges of th.e tWo
1J

charged ions, D is the dlelectric cons'bant of -r,he Ëo1r.rent, a:rd

q is i,he distance oÍ'sepa.¡'a.tion of the ch¿r.r'ge ce:r.tres" Tf the

sum of bhe ionic raciii exceeds Q¡ then it is assumed that the

ions are cornpleiel]' d-i.ssociaied-" 1Ih.is equ.a.tion should ¡-rrovid-e

a.t leasi a qualiia.tirre estirnate of the possiblliby of J-on pair

f'ormatlon. The sizes of ions do affect ion pair d-issociaiion

consta.nts " ii*or examf.rle ¡ col.ISid-er the dissocia.iiOn contants

for ammoniun picrate ion pairs {14'6 ul47}, The ciissociatlon

conS'r,anl,s for ammonÍum picrate, tri-n-lcutyl anrmonium piCrate

and_ tetra-n-'buiy1 a"mmonium picrate in nltr.obenzene are re-qlreci:-

ívely 1,5 x lo-ii'o !,9 x 10-4 and 2 x Lo-L,

Equ-:;tion 4,60 also l¡rd-ic¿-,bes tkrat the dielectric constant

aîfects ion associa.iion., Thi.s is understa.nÓ-a'bl-e since tho

attra.ctíon between el-ectrostatlc c¡a-rges d-epend.s u-pon ihe

d-ielectrlc consta.¡t of the ned.iun. Jn addition, the solvat-

i:rg power of the eolvent and. the tenÔencles of the lons to be

solrra.tea must be cc.nsid-ered""

tìhe sizes a-nd- charges of the ions åre .oa.riicularly inport-

Ð..rt1., Small l-ons or hlghly oiiai:geo lons are moÊt easily ËolvateÕ*

Increa.sedL solvation of Ùhe indivtdual io:ns (relatlve to the

ìnyr nei.cì nesUfts in a deCreaSe in i;ender'Loy tOV,Iajîd-S ion pa.ir
.|¡ rVÇ!¿:

f orma"Nion"

7-z¡.zje
2-Dh.T
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It is d.lfflcult to d-eterrnine the exact naþure of bhe

lnteraction betv¡eerÌ cirarged ions in an lon pair" The attract-
ion þetween lons may be purely electrostatlc in nature or the

two ions rnay be partlal-l-y covalently bond"ed., For purposes of

conveniencee lt ls often consld,ereû ti:at tv¡o ions Ltave forned

an ion pa.ir if the d.lstance betl'¡een then 1s less than q

(equ-ation 4"60)"

For TFA" q, E r"r"r. I , The cllstance of closest posslble

approach of ,nurf" cenùres of anllinium lons e;nd. trlfluorace-
tate ions ts approxlmabely two 8, Thereforeu ani1lniu¡n tri--
fluoracetate can definltely exlsù as ion palrs " Since 'IFA

molecules are quil,e buIky, it ls assumed- tlnat anl1lnJ-um ions

anÖ trifluoracebate lons form ion pairs only l-f there are no

d"irecLly, intervgnl.qg sol-vent molecules" Tbe fwo lons can be

solvated-, bu-b tlie solvating molecules must not prevent the

close approach of charge cenbreso

(2I Thermod.fn_anic PropçrtL-es of Ion Pai.rs

for the lon palr, Korby the thermo-

ÁFo = -Ë.TIn KO. Lt 
"61

.A¡'o ls normally positlve¡ loe. KD( 1, for ion palrs þetween netal

cations and. various a:rionS ln water and- non-aqueou.S sol-ventS

(f+g)" ¿\Fo ts negative for some 1on pa.lrs beti'¡een singly charged"

AFo for lon pair dissocLatlon can þe calculated from

the Öissoclaflon constant

d.ynamlc equation



L55

lons 1n aqueous solutionÊ,

The sign ofÀSo can be positive or negatlveo DissoctaË-

ion increases the number of free particles a¡rd" would. be ex;oecüed"

to cause aÍL increase in entropy, Holvever, solvatlon of the

1nd"lvid"ual ions wlll lead" to a d-ecrease in freed.om orrrelectro-

sürictlonrt of the solvent artd" a- d"ecrease in entropy. fn
aqueous solutlons the latter effect normally pred"ominates and.

ihe entropy of ton palr dissocla.tion fs negative. fn solvents

l,iith l-ess solvatlng polver, the entropy change nay possibly be

pos itive,
AHo 1s d"e.bernined" by the thermodyna'mic equation

ÄHo =AFo + [Aso" 4"62

l\Ho may be posiLlve or negatlve. If, âs is often the ease,

.Aìîo i.s positlve ano.ÁSo ls negative, thenAHo 1s normally

sna]l, The change in the d-lssociation constant with temperature

Is glven by TL
ô

^H dT.
RT.

¡T,
/dlr(^=lu/T,

4,63

tt ls interesting to noÈe that ifAHo ls nega"tive, then the

ion palr concenËra"tion w111 increase i¡¡lüh increasing tempêx"â*

f u.re,

(3) Effect of ïon Palr For
I(inetjcs

Consld.er a slmple þiiontc reaciion beËween oppositely



r)o

charged. lonsu

¡- @ 
^tt*-ÉL + ÞÕ AH+B l+ 

"61+

rf this is a true b1lo*ic 'tconcerted't reactLon (snz reac|ion

ln physlcal organlc chemlcal notatlon), then the formatlon of

an lon palr must occur as an intermed-iate step ln ihe reactlon

slnce lons nnust come together bef ore they s¿Í! vQàct ø If there

is llttle tenÖency to form ioa palrs and-/or lf the reaetl-on of

ion paf-rs ls very rapid-, then the concentratlon of ion pairs

w1ll be smallu The reactlon w111 then show behaviour typical

of reactions between Lons.

The raie of a bimolecula.r reaction is given by rate =

r t] r_- *lkr [*.J v,¡here l**J ls 'bhe concentration of the activated.

complex" The equiliþrlum constant between the activa"Ùed" com-

plex a.nd. ihe reaotants is given by

[x*J f** Lþ 

"65K=

where the fts à:re the activity coefficients. Therefore,
t I + \ *l

rate = R' l( Lßl tBHl/-I^-) = h. f n-l [ßHl F . þ.66

f" lu{.
It may be shown that 1n d-ilui;e solutions (1Å}9)

+ .f)p- / s¡f

t'zo-z*rr . \
DkT t+t1o'

{,rF =

r¡here

1+"62

f{ = (e Nrrt'
' \los D h'-

rnlm

ro3 D hT ÐL Lt'"68
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t ls ihe charge of the ion in esu, D 1s the d-ielectric ¡cgnstanE

ihe solvent, k is the Boltzmann constanb, t o"t is a.n emplrical

constant v¡hich is sometiines consid"ered to represent fhe d.ist-

amce of closest approach of lons an&þa the ionic strength, is
z

if at=, . Therefore, the apparent ra-te constant k (= rate

/ tA-] [eu+l ) is given by

Therefore, the reaetion rate d-epend"s upon the lonic strengbh"

Equation l+,69 can be used" to calculate the true second- ord.er

rate constants ,of bilonic reactionso

Ion pair formatlon l.¡iIl d.ecrease both the free ion

concenl;rations and. the Lonl-c strength of the so}utlon. There-

fore, equatlon 4o69 wftt no longer" þe obeyed-. Since the reacfLon

musü proceed- via lon palr formailon, iü 1s possible to pred-lot

the lon pair react i.on yabe from the ion palr concentra'b j.on.

The rea.ction of ion palrs should" be a sinple flrst order react-

iol3., In ihe liinlilng case l,¡irere the ions exist almost entirely

es ion pairs, the rate ls given bY

ra.te = k [Bh'r-- -- A-J = k ftotrr BH+] *"'1 L

.r-lr--l{if L¡t-J = LSH*J )" Theoretlcal}y the reaction ral,e should"

'be ild-epenÕenb of ionic sÌ,rength because the :'eactant and the
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ectivÐ.-bed conplex ârre col_lside::ed to be el_ectr.ica]ly neu.'bral"

'rl;'li c i f] n-î 
^nrr-/ìeê 

n-¡'l r¡ ^h annøn¡.-i *.^+i ^vrr¿J .,!: atrlrLV¿r¿r,r.iL,_rvlL âil_d the fea.CtiOn

refe xleJ¡ be ,soiìtel.Jhe.t del,enden-b u.pon ionic streng'bh.

3 " EIGHË.Ii/iE-trliL'AJ,

{a) é4$¿llq__Anå" i-ia.Iganillnes in Tt-A

I'ios| of 'bhe ânlli:n.es used in this s'bud-y \^iere obta-ined_

from Distill-a.tlon F¡'od"ucts Ind-. atld- i¡íere lle,stman tlhite l,a.-irel

B*râd-e" The p-fluoroaniline v¿as Eastman pr.a;ctical gracì-e.

rn-chloroe.r:.i1ir:.e it'as obtained i'rom K a:rd" I{ L¿:.borator.ies ,rttc n

rn-jj'luoroaniline uias oiri;aiired from i.ls.theEo-n, Colene.n e:rd_ l3el1,

i:i-Iod-oa-niline liias obtalned f rom ¿lclrich Chernica.ls. Solicl
a.nil-ines ,.1reT'e uLsecl v¡lthoui; ¡-.,u.rii.ica.cion. Lic¿uid" anit ines were

d,isiil-Ied" u-nder red-uced pressLr.re and sr¡rall constant iemper.arure

fv¿tct,ions were co]lected- for- use in excha.nge siuir-ies" ,.lri-

fluofoa.cetic ¿¿cicì. vras a.n Easi¡aan rihite L¿r-oel grad,e che¡:ical-.

The alíquo.bs of ac1d" used in "oreÞa.ring; ihe solubions were

first tz'eabed, i;ith one or tvro drops of i;rifluoracetic a"nhydrj-d.e

per ai-iquot in order to rerrtove â4.¡r 1',r2.¡"" in bhe acio.. T_F-A i¡uas

not íurti,rer purif ied" C;rclohexane T.rfa.s a. Fisher. S.oectro-

ixnlyzed reaÊent and. ',,¡as u.sed i,'itiroitt purlÍ'ication,
The Ti+li solutions were i:irepa.reiÌ b¡i i,leighing by the method

clescribed in cha;oter 2n The sol-utions contalneo. three mole

r'oer ceili of cyclohexa"ne and, from one to -blrree r-cole ¡:er cent of
su'i:stituterJ aniline" Cyci-olrexa.rLe i/''ias cirosen as ¿m inter.na.l
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referenee because I'b d.ld- no'b vea.cE with TF.A or anillne arrd

þecause it gave alr irrtense Signalr even -vt'hen.Ìlresent ln low

mol-ar concentration . Whenever possible, the asiil-lne concen-

tr¿þl-on vdas a.d.Justed, so that exchange broadening of the acid-

proiion signal occurred- at tenperatures iust above room tempera-

{. rrra

Orlginally, anll-ine coneentrations of from foi-rr to eight

mole per cent were usefl, Ëlowever, the plots of log (a.old-

proton Ilne wld-th) versus (absolute temperabLire)-1 ,'u"* always

curved- in Lhe lov'.r iemperature reglons (0 to 30oC)' fn two

extrerne eases, the slope of the Ilne actu.ally changed sigrr"

It was fou:ad. that L! aniline co:rcentratioiLs of from one Ëo

three mole per cent were used-, the plots for a-Lt but one of the

aniline solutions (p-fluoroanillne) were essentla}ly llnear in

ühe region of slow exchânge'

Solutlons were placed in thlck-waIled. 5 mm OD sample tubes"

The soluùions were d.egassed. anÕ then the Sanp1e tubes were

eyAgliated. and. Sealed"" SpectrA l¡.l-ere mea.sured on a Va.rlan DP-60

spectrometer. Experiments at d"lfferent tempera.tu'res vüere

carrled. out wlth the aid of an NRc-manufacbured temperature

d-errice (105), The spir:ning ¿.lr was hea'beÔ by a nlchrome wire

ireafer" 'Iemperature ssnf,¡s] wâS attained by varlation of the

a1r flovr ra'i;e and, -Oy variation of the pol'ier supplled' to the

heater þy a Varla.c" Temperatures from 10oC to roon temperature

l^iere obtaiyred.'by passing the spin-ning air through a copper coil
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inne::sed ín a.rL lce-sali ni-x.'Lu.re i:refo::e ib passecl tiri.ough 'i;he

teLiloei's-iu.re clevice* ïïI oriler"co obr;a-in Ior.;er. teni;erar!,u.res, it
'ÉIa"Lq neces sary úo use j,)re-coole d nit,rogen € as i;o spin Lh,_= sa:,la01e *

r'he nrtr'ogeil 8aS i-;as cooled- bJ. a dr.y ice-¿.cei;one inixturen

Because the ,crre-cool-ed niirogen i:ia,d- i;o be liea.ted, b)r aFir-r'c_xi¡:na¡e--l-y

BOoC Ð.i'Ld- al-so beca.use it we.s difficurlt to keei: the ni"Lr"ogen ílor,u

rate cons tani, it was irn.oos si-b.l-e ùo nâint¿¡ iïi const¿rni benlrera.-

tu.re i-n tLre ternpera.ture regicn i:eloi,,'10oC, t'herefore, l-ine

wio't,hs cot.ilc. nob ber accura"'i;ely ijleresurecì in tiris region.- The

av(,hamc¡,> -nornNiOnS of O_iOdoa-nil_ine iyi tFlf COUICi nOt ì:e Stuóieil _J.vvvc-Jf gl_.L!!v ¿r¿ ¿:'ja vvu-!v- J!v u L U(4!:_-\- I

l:ecau*ce i:r¿ict i;ro-borr e,icn?.í!Le occr-¡-::r'ed bel-orv l0oCu Oire :teÐ-qìr-T'e*

nent of ihe --l-ine v;i-iiLr of a ¡ü-cir"l-oro¿;"zli1ine sclLltioir i'¡as inade

altit C"C. Si-iLce r,he l.ine i¡idth t:a.-q nee,-::ly constant a.t 't,na,b

'i;eirrpe::p-.iLì.re, i;en¡reraiur'e coniz'ol- ir-a S iloi ve.r;u irupor'ì;a.r-rt n

Tercperafures were mea,su.red l^¡ith a. copper-consta"ntan iher-
mocot-rpl-e atta"cheo io a Yarra,n G-l1 record j-ng poteiriione'ber" The

poieniiometer i¡ras regularly rece"liby'ated to insu.v'e -v'nat iirere

r\ìâ-s no error in the reco::Cer reacj.itfgs, The l;einpe::'atu::e was

usual-Iy cha.ngeC. ìry a.bou-'b tr,uo io tiii:ee oC bet¡,';een ï'u,ns. ,Sol-utio¡s

i^iere a"l1o'¡;ed'bo ecluil-il:i"a.te for at l-ea.s'b tr,ro hou.rs at each

-i;eiûrre1"a tLire beí'ore the s_¡recii-a. i/'iere o'bte.ined - tisua.l-i¡r solu*

t j-ons i^Jere heateo sli¿ht1¡r above the desi::ed ienperi:.ture and.

then aJ_l_or¡ed io cool io iha.i teújlelråture" Ii is esl; j-na.ted 'bha-t

temle:'arLr.re rea.d iirls rrer.e e.cc,.r.ra'be to ',.¡i'bhi.n 0,5oC.

'fhe ar¡ino¡-19 -'-i¡ç-i-91r si¿nals r.{ere ver:J¡ i)rotcl airC very -";ealio
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Therefore, }lne '.,¡id-ths of these signals could- not be measured-"

Hov¡ever, the acid" proton signal v.¡id"ths were eaSlly ineasured."

Beca.use there !{ere Large coneentrations of acid protons ln bhe

solutions stud.led., lov'¡ äF power coulci ìre used., even vrhen the

protons l{ere exchanglng rapid"}y" Therefore, s1gnal saturatlon

was not a problem. 'llhls was quite important because satura-

tion would- have altered- the slgna1 wldth" Êilgnal widths

between one and fifteen crls coul-d" be neasured- acctrra.tely"

The possi-ble error in measu::lng line v¡iö-ths of l-ess than one

c/s r*as quiie large. If 'bhe signal vras broad.er tharr fifteen

c/s o it lrias rjecessarJ' to use high iìF porier a,d- the slgna']

sometimes appeaï'ed- to be partially saturatedo

The resolution rn¡as ca.refully controlled- while acid- proton

signal widths were mea.sured-. Before each pair of lneasurements

of the acld. proton slgnalrthe wid-th of the cyclohexa:re signal

vüas measured- twice (forlvard a¡.d" reverse) l¡y plaelng sideband-s

of the slgnal 5 e/s on both sid.es of itself " The sid-eband"

frequency was measured- uilth a Hewlett-Packarù 52LC electronlc

counter vrhich wa.s accurate to withln 0 "1 e/s " The sv'Ieep rate

vras approximately 10 c/s/minute" The wid-th of the acj-d- proton

sig'na1 vlas then ineasu.red- twi-ce ( forr,"rard- and reverse) . Sid.eband.

frequencies of five to trn¡enty c/É were used. for signals of

crifferent wtdths. The wiclth of tlre eyclohexane signal was tnen

remeasured.. This procedure was repeaied. until ten mea.suremenËs

of the acld. proton line wid.th were obtaiireå" If the resoluËion
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changed ap;creciably v;hite a pair of mea.surenents of the acid.

proton line in¡id.th víere bei-rtg made, those measurernents were

d.iscarded-" Occasionally, the acld" pro'i;on 11ne v.iiath aü room

temperatsys -ùlI&S remeasured at the finish of a series of meas-

urenents at higher i;emperatures, iri order to determlne If

chemical rea.ction or d.ecomposltion had altered. the }lne wld.th"

In af} cases, the tv¡o sei;S of measurements aþ room temperaLure

agreed- v¡lthln e4perimental erroro

Line wia-ths vrere measured. d.lrectly v¡lth a ruler calibr-

ated. in tenths of mllLlmeüers " In eaeh spectru-m the region to

Ior¡i field" of the TFlr protol:. slgnal uras seanned. because there

were rlo peaks in that reglon and" arr accurate rueasurement of

the base 1lne posÍi;lon could- þe obtained." The rrhalf-heightrl

of ûhe peak was then d.ebermlned. and- the i'iid-th of the signal

tùas nieasured- aþ t'na.t point " This was compared to the peak-

to-peak separatlon of the sid"eband,s in ord"er to calculate the

line l,¡id.th in o/s,

A number of s;oecific experiments were carried- out ln

order to deterrni.:ae polnts of interest" The li.ne wid'bh of the

a.cid. proton s1grral of a. solution eontalnlng only two mole per

cent cyclohexa.ne 1n ['F¡r was measured. as a function of tempera-

ture, The r,,¡id.th of the acid proton slgna.l of a simllar solut-

ion rnihich contained. one Orop of water was also rneasured'

['he llne lvlc.th of the acid" proto]1 was a.lso measured" as

a function of aniline oonoentratlon" Five solutlons With
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anlline concentra.tionsf:nrnone to five mole per cent were used"

'Ihe samr:l-es were not d,egassed because it ltas feli tlnat some of

the fl.A mighü evaporate. fhe cyclohexane line wid.th was not

larger tha:r ln other solutions, Therefore, Ùhe slg*nals cari:roË

have been 'broadened. by oxygen in solutloil, These experiments

were carried- out at 5OoC because viscosiüy effects seemed.

unimportanË at, tliis iemperature a:rd" alSo because the one mole

per cent solu.tíon d-id- not exchange appreciably belov¡ this

teinperatLlreo The chemlcal slilfts of the acld. a.nd. phenyl pro-

tons of the a:rl}ine solutions were measured relative to cyclo-

he:;ane at d-ifferenü'üemperatures "

Trlfluoracetic a.nhyd,rlcle was ad"d"ed" to a series of solu.t-

ions of anlline in TFll" The effect of cha:rging anhydriåe

corrcentraiion upoll acld" proton 11ne v¡idihs at room Ûemperature

was lnvestigated.

The UV spectrum of a one mole per oent solution of anillne

ln T¡'À was obtalned., ln ord"er to d.etermi:ae the amount of free

aniline ln solution , For purposes of comparlson, a 2O mole

per cent solution of anlline |n TI¡A $IaS prepared- a.nd- d.lluted"

approxinately 1:100 and" I:1000 ln acetonitrile" 'Ihe spectra

of these two solutions were obüained" A Beekmann DK spectro-

phoùo'.aeter was useo to obbain these speetra.

(B) .l{,irl-d-imglhY}a:rillne in TFA

Tl¡å, and. NrN-d-imethylaniline were Eastman tJhite I¡abel

grade chemicals a:rd" ?iere used. without puriflcation" A ten mole
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loer oent solui;ion of crimeth¡rfa.niline in TÏ¡A was u'sed'' 'Ihe

Saml:}e r'las degassed e.ncJ. seal-ed irr e.n evacuabed. 5 mrn O.l)u

sanpJ-e tu.be 
"

Spectra rrere obta,in.ed- r¡¡ith a Varian DP-óO spectrorneter.

äxperinenis at d-ifferent tem¡.rerattlres were ca.rried- out v¡ibh

the ¿ricl- of the previou.sly nentioneci, temperature d-evlce. Th'e

temperature tvås measu-r"ed" v¡ith an iron-cousian'Ûêl- thermocou;ole

a.tì,ached- to a. i¡iirtnea.polis-i{oneyv,re11 i3roivn recoz'tl-ing potentio-

meter. 'i.he sanple was ¿llJowed to ec¡r-r:li-brate for at leas'u ti"Ío

honrs ai each ieraperaiure 'þefore the slrectrum waS oìotained.

l"b is believed iYt.z-,i i;he tenperatu.j:e TrIa,,s ccnsta:rrt v¡j-tli.in O,ZoC'

The resolt-lfio.n w¿¿s a.d"justect by' obtainlng'ihe besf ÐosS-

ibl-e splitting of 1,he rneì,hyl ooui:Iet of .¡:roionatec. dirne'Úkryl--

aniline. Only ine apparent H+-W-tt{, coup}ing constant v;as

rneasu.r"ed-" Ihe acid proton v'ra.Ê l:ai::íy broail, even at room iem-

perature" -¡lhe ìrroa"cj,ening l,'Ías proì:ably due to the viscos)'ty

of the ,sol-ution, Consequ-entJ.y tlre a.cid proion line ¡'¡¡idth v¡as

not rûeasured" The separa.tion of the methy] doublet hras measured

by placi:ag sicleband^s of the dou-'irlet on "both sicl-es of itself u

approxima.iel-y 20 c,/s awa.y. The sldeba,nd frerlr"rencies were

meaSr.lred. by a. Hewlett^Pac¡arð" 52LC electronlc counter. 'Ihe

doi.l'bleislrercingl"'iasTneasured.tentilresa'ieachùerj;')ere'ture"
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(A) /ririline . and. Haloaniljnel 1n TI'À

The line nldths of T$'A anC" cyclo?rexane pr otons of two

soluNlons of cyclohexane in T!-A are given belol'r in Ta"ole f,*

Concentration (noTe'/")
TÀBLE Ttu

ffiF.a

Temperature- (oc)

24,5 t O.O5
+2.5 $

24,7 rl

l+3,2 n

fnl:r 
^

g8 
"1

97,O

c6l*:'z

L.9

2,L

*:,

0,9

c 6B:,z

o.&4to.o3 o"4Jtg"g3
O "45t0 .0þ O ,46tO "06
o"4Jt6.95 o.44to"o5
0 .47*g " 

65 0 "l*JXg "94

Á,I1 resul-ts are the average of ten to twelve rûeasLrements " The

error limits represent the tsÞÍS devie"tions of the neasureaenfs"

Since Line wid-i;hs are cotlsfant , TZ must be the sâ.me for the

protons of cyclohexarre and- trFA, in the absence of anlLine"

T^ for jooth types of protons appears Lo be independ-eni of tem-
z

perature in the tem¡-reraiure rarlge stud-ied.. iiiater apparently

has lltt1e effect upon the acid.. proton line widfh"

The widths of the acid. proton signals and- acld" profon

exchange rates of various anillne solu-tions are given in Taþle

II. Includ.ed" in'Iabl-e TI are the acict proton line wld-ths of

two of ihe concentrated- solutions (eighÈ mole per cent anlllne

anfl eight mole per cent n-ch]oroaniline tn TFA) ' The results

for these two solutionÊ are reported" 1n ord"er" to shov¡ the

typical behavior of concentrated. solu.ùions. Other results for

+r'^4.11 oLner tables are given at the end- of the Chapter'
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coilcenirÊ"ilei. solLiiicns 2)re tra\i ri-r¡en i:ecanse no u..seful- i::forn-

¿:.tion can -oe obi;ained. i'r'ou these resu.lts,

The line i¡¡id.tlis given in Tai¡leÏT zre cor::ected- lirre

vrid-t-ris obiarined- ô;r the Ll.se of-' ec¡u.at Lon 4"55. Tt l''i¿rr.s ¿:.ssunec-

i;irat bi¡e s¡rsfsþçx¿i¡s liire rrj.dih v3prêsenteci t/fl'IZ. for' ¿cid

^-^r-a'^'" .''r- a'.s. 2.1 i.eaCv oeoll sho'..m that this i.s a. correcNpL'()L,u.L-LÞic -l-1, I.-.* ---- --.-u

a.ssunption íor. TiJÀ a"nd c,rrclotr"*u.tr" in tLre a.bsence of a"nilineo

:jacit va:.lu.e of l-ine i,viCih is i.Lie ar,'era.ge of lrii:e ori;en. neasuT'e-"

:ilellis * qu.oted- er:ror lirnil;s ai'e ihe l?l'lS derriâbio¡rs of the sets

of' line wi.c-úh ¡leasuz"eÌtents " ¿rly ine¿isu:i'eaerri; ilhicir d. j-íf e red f rorä

ihe o'i;he:: n1rre ätea-sLr.reuen-bs of line r¡idih at a gi-ven teinirera.-

ture b]r i.nore 'inàn. iiou.:: tirqes the iji\îS devÍation of those Ìnea-qLlre-

,:::entS haS I¡een dlSca.r.deC* ft r¡aS lle\¡er neceEsa-r'y io d j-Sc¿;rd

fiìor"e f han one ,te âsureinclti,

'|he co::::ected e-cid Ê::oton --1-ine l';iiìth-q of e seyies of

anilii:.e soli;.iions of clifferent co.ncentraiicns are gitren in
,_ilaDl-eTfI" I-i; l.¡a.-c not possib-l-e to obta.in the sa.ne -beiiÌpera"tLlT'e

for each solu.tion. 'irhe exchange rates ltar¡e a.l-l i:een co¡"'rected

to bhe ex1-.ç"'tuU ya7e a,i 5A^zoc :ilrorn l;he neesu.r:ecl a.ctl-ara:-Lon.

eneï'g.J¡ ¡or pyoton excha.nge of aniline in il-lL" 'Ihe rralue of ihe

aciii¡a'bio¡. erlergJ¡ is given il: ühe Ðis cugsi-on of Besu11,S. The

quo'f ed, el'l:cJ' lirniis àre be-.sed on tire uncer-f'a.ltnties in ihe

rrea-;iured l--j-ne l.riilths a.nd L enpera';ure * '.lhe ca-lculateci ccnc€r:.'i;ra-

iions of 'bire sol-r,riioi-¡-s i:r moles /l-ttet are also giv-en' lhey ha-ve

been calcuilatecl Þy ?,ssLr.ning Lhe !ormalçion. of ideal sol-uLions 
"
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The ratio of lml to [ør,itr3*] is the same for concentrabions

in mole fractj.ons and moles/litre" The chentical shifts of

the acld- protons a:rd- phenyl protons of the varlous solutions

are given in,Iabl-e Ïv" The acid-'rrrotons shlft to hlgh field"

wlth lncreasir.r6- ienperature. The shifts seen to be nearly

ind-epend.ent of anll-ine concentration. The phenyl pro'bon

shift is lnd-epenclent of temperature and- arriline ooncentratlol'1"

The corrected- Iine wid-ths of solutions of aniline in

,IFA a;nd- trifluoracetic a¿rhiyd.rid-e are gi.ven ln Table V' The

d.ecrease ln a.cid- proto.n line wio.th appea'rs to be closely

related, to the ratio of arriline !o trifluoracetie anhyðride"

The tiv speeEra are given in Figure 1 (anillne ln TFA)

and- lligu.re Z (aniline and '1-¡'.{ i-n acetonitrlle). There shoul-d"

lce a second.ary peak d-ue to a:rll1ne at x 280 nu and" one d'ue to

anilinium ions at 7251þ mu (150)' 'Ihese r¡alues are those for

the tvro su'ostances in vraüer and- may be sllght1y d-ifferent ln

oiiher solvents. fhe extincÈion coefficienfs are respectively

1' 430 a¡¿ 160. Consequently, the anl-1lne peak should be relat-

ively more intense" Il, can þe seen in lrlgure L þhat there 1s

a large peak ln the region 2f0 ? nu r^rhich partly overlaps

islth the solvent peak, starti:ng a.t ?52 mau ',fhe peAk has a

tttailtt in'bhe region 320-2?0 nu v¡hich may or may not be due fo

anil-ine. In Flgure 2 there is a large peak at approximaiely

285 mu which must be d-ue to free ani]lne' The peak Ôue to

antlinium lons, lf present, is oþscured. þy the fF.å\ peak. fhe
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a;rJ-7.ine peak is qu.rte broa.d and- occurs i.n the Same region as

the rriailrt of the a.nil-iniuu ion in Fi-¿ure 1. Therefore, the

iail proba-niy represents a. peak due to fv'ee aniline which

1:a¡tly orrerlaps i,.¡ith the airiJjnium j-on peak, 'Ihe r¿r'bio
r -'ì - ,'l

L Øtrilrl ¡ ¡gua3+J inust be ver;v- sna.ll io give a specirum of this

f 1r,oe

,Ihe pl-ots of l-ine v¡idth ve:rSu.S temperature-l ârf'e given

i-.r Þ'igu.::es 3 to 1ó"

{ B) iL i't-d ir¡iethyle-,ni-}ine-rj,n 'I,SÀ

Îhe raeasured" inerhyl C.ou'o1et Separ:atioÏls at various tern-

peratLtt'es íìre given j-n 'Iai:ie VJ* ft v'iil-l- 'be shoi''in in F¿rrt 6

that the c,:l-la.pse of the cJoublet wa.s d.ue er-rtirely'to exchange

of arnrnonio proton spinsu 'ltire lj.feiirne of a protona'becl ruole-

ctrle ,¡ittr a. g;i.ven spin conf igurat:-on of the ammonio proton a"nÔ

ihe ¡à-vê oÍl excha.nge of ;oroton sirins a"re also girren. These

l¡âIues have been càLc1;-1a:bed- by using equatiolL S '25 ' Ii was

assu.rred- tnai ihe d-oublet Sepe.ration at 26.Bo1r€¡rvg5ei1ted 'bhe

true value of the H+-Ctl, coupling constant "

Ecl"ua-.Lio.n 3,25 ls accll.ra-te only- if the inver,se of -bhe

'bra.nsverse rela.x¿.i-iovt iine cf .i;he ne'bhyl- protons is sma'l--l- colìl-

par.ecr io the separa.tion. of' the nethyl d.ouÌ:le'su I11 the a'bse:rce

of exchange, ihe i'ieth¡rl proton line vli-cith i'¡aË abou-t o"l+5 c/s"

Th.e rnaximum d,ouble'L sepåra.tio./L vüa'Ê 5'26 c/s' Since the tniniirru'ru

dou.bl-et sey:araLion iuhicn was i-nea.sured wa's 3'65 c/Eo it ie felt

.ina"n lrelry l-itil-e error 1,íÐ.s introcl-u.ced -oy the use of equâ'ition 3^25"
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Even v¡hen ihe doublet sepa.ration l'u'as only 3""5 c/sn the

spectrum corlsisted of tr^¡o distinct peaks ¡,lith a. eentral ninl-

num between them at about tr¡¡o Ùhi-rcls oí the maxirnum peak

height, The t"r,uo peaks Were nea.rly symnetrical anð-'che posi-

iions of the maxii¡a did- not a11peaybo þe altered- by the overlap

of the peaks, Tv¡o peaks coul-d- be observed' when the dou'o1et

Se;carzrtion v,¡aË aS lolv a,s 2"J c/s" However, lvhen i;he Separaf-

ion was l_ess Enan ) c/s overlap of the peaks appearecl to

apprecia.bly deerease ihe oJ¡served 'pea'k separation'

fl.Ìte;olot of log f;; versvs l/f is given in Figure 17'



FIGURE }. Iieproduction of the úV s.¡:ec'6r'4.
Tt¡À and- (,2) a one mole per cent
a:r:illne in 'll¡'.4,

of (1) pure
soluilon of
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J¡fGu:iili 2U ßeprod.uctlon of the UV specl:ra of a tvrenty
mole per cen'ü solution of anillne i-n TFA
cliIuted, tZ) 1:1000 in acetonitrlfe and-

{3) l:}00 ín acetonibrll-e' Line i1)
reprresents 'i;ire ba.se line"
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.F'f GTIP,U 3 "
Floi of log (f,*,'r proion-line r^iidth) versrls
{absolu'be ternperature)-r for a four mole
per cent solution of aniline ln 'l¡'lll" '.llhe

rectangles give ttre u:ncertaintles in tem-
perature and acid- probon Jlne wid-fh"



t7¿

E

<a
q)

a
q,
o
J

q
o

s.10 3"20
( 1 / T'K )x'l o"

3.O O



FTGUEE 4" Floi; of log (TFA proton-Iine i,+id-th) versr'ls
(a.hrsolute temperattrre)-r for a tvlo mole per
cent sol-ution of f -f'luoroaniJlne in TFIL*
The circles represe:at .i;he rneasu.red. TFA proton
line wid-ih-.¡ of iire soluiion conta.ining
unrl-i s i il- led" p -fluoroa..iril ine *
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.r¡I(+rlIiE 5 "
Pl-oi oí log ('fp¿ proi;on- line wld-th) versus
(absolute tem;oeratr"rre)-r for a ti'iree nol-e
per cent sol-t.ltion of p -ohloroaniline in 'Ii+A*
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,/jïJLi-ul:il Q "
Plo'b of' 1og (T1+A proton line '¡idth) versus
(absolute ã"*p*=aiure¡-1 for a tt'v-o mole
per cen1; soluiion of f *ìlromoanil-ine in T'Fl'-"
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!'TGLIRE 7" Plot o'f J-og {'T1ìA oroton-l-ine uiidth) verÊtr-s
{aosolute iem-oerature)-r for a Ùwo mole -per

cent solution of p-ioùoanlline in î¡¡Au
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"frGUBE B* Plot of log (rr+e proton,line rvid-th) versus
(a.tcsolutie ternSreraiure)--t for a tr¡¡o nole per
cent soluiion of m-iocloaniline in 'IF,.A..
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FïCiU*qE 9" Plot of log (TF,A, pz'oton-line ir'iclth) versuÊ
{abso}ute iempera.tu.re)-J for a tr¡¡o rnole
rleir ceni soluriion of m-bromoaniLine in TFA"
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ÏrïGlJ-EE l-0" Plot of log [TI'A proton-1i:le wiclth) r.rersus
iabsolute i;emperature) -r for a three mole
per cent sol-r.lùion of rn-chloroe,::.iline ln
TÌ,.A"
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þ-IGrIri!? 11, Plot of' log (ifFA proton-line wid-th) versu.s
(a,bsolute i;emperature)-r 'ior a o.ne moJ-e per
cenb solution of m-fluoroanilii:"e in T.Fa.
'llhe broken l-lne represents the cal-cul-ated"
TI¡A proton l_ine r,uidùh in the coal-esced
region" It has beer- ca-l-cu.l¿ted by u.se of
equa"t J.on L,t ,56 ( see ùext ) "
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F,ïGUBjl 12" Plo'L of' log ('r'rA proton_line v¡idth) versus
(a'i:solute temperaÙure)--L îor a one mole
per cent sol-ution of o-fJ-uoroa.nillne in
TF-A"
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trIGIIlLE 13, Plot of log (TFA protollli.ne -wi-dthJ versus
(absolui;e tem;oerature)-¿ for a two mol-e
per cent solution of o-chloroan-il-ine in TFA*
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FIGIjRE 14, Plot of J-og (fli'A probon,line r,iiclth) versu.s
(ertrsolute iem^oerature)-r fo:: a one niole
per cent sol-utío¡0" of o-bromoa;niline in TlfA*
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FIGIIRB 15, Plo'b of 1og (TFA proton-line r,rid"th) versrìs
ia.bsoJ-ute temperature)-r for an eight mol-e
irer cent solution of' anil-ine in 'IFlt"
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l+TtíUBE 16, Irloi of' log ('f'FA pro'bon.line ¡:iili;h) versu.É
lnhc¡'l 'ri-a 

.{-^mnaøc-l-rrno\ -I fnp qn ai c:hl nrn'l o\¿bsoluie tempera-'ture)-r for an eight rrlole-
per cent solution of m-chl-oroani]ine in
illFA"
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T¡fGU¡iE 17" Fl-ot of log (calcule"ied ammonio proton spin
excha.nge rate) versus (absolute temperature)-r
-f'ov a 'Len rnol.e per cent soLution of i[ri{-d"imethyl-
anil-ine 1:n TilA" J(H¡C-irr-H+) i* assumed- to be

equatr- to the neaËurãd" spli'bting oÍ' the rirethyl
doublet e.E 26"80Ç" The exchange ra.te ha.s been
ca.Icr-r -ated- f rom equation 3 .25 "
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5, DISCUSSIOi\ Cll ÈLÈSiJI,TS LìOH. Ai'ùIT,Ii,iÊi Ai'fD Ìi:illOAl'lllf i\ËS

{A) ira"ciol"s Àf'fectirrg tlre Sh¿ipep of Plois of }'cid
PJoton Line i''fid-th Versus Temperai.lLre

,,the ploüs of log (A,)) versus !/'I a.re esseniiall¡i linee.r

for all dilu'ue aniline solutions excepÙ 1r-fluoroa.nlline

{il'igure 4). fhe non-l-inearit¡r of Fi-gure 4 i.s corlsiclereC in

Part D"

The linea.riby of the plots sugg:ests that there can only

be one reaciion occur"ring i:r solu'bion v,'Ïtich affects the acici-

r,z.n'hnn I irre r^ridth. sin.ce the .oJ-ois e.T'G linear even for very
IJ.l !,If I rÀrv

lor¡¡ a.cid. proioir e:lcri-a"nge re.'ces, 'Lhe a"sSu-rnption 'Llta'ì; T2 acid.

=rF (v;here Tp acid is T, in j;he e,.-ilsence of exchanlre)
-2. cyclohexane ' ¿

nu,st l:e cor¡ect for dilu-te solutiozls of aniline in Tj'p'"

Tt can be coil.sidered that the a.cid proton exchzrnge reaci-

ions al e caiv8Lyzed by ihe a.d-dition of anil-irres and- tha.t the

slopes of th.e plot,s (l':igures 3 io 14) are proportiona] to ihe

activation energies of the catalyzed exchange reactions'

The l-ine vrid-tils of the aeid- proton signals of one nol'e

per cent solu'bio.ns of anillnes ln TFA (Flgures 11 to 14) reach

maximuu valties and- t?:en d-eci:'ease v¡j-th inç¡gilsing tempera'ture"

Tlre decrea.ses must occLr.lî -v.¡hen 'bìre exchange rates âre ra-si enou-gh-

io coa-l-esce the a.cid. aniì- ammonlo proto¡' signals" The a'cid'

pr.oion excha.nge rate ui:rich cau,ses this cotlapse d-epends upoll

the yeþa-tt-rre 13spçlations of acid a¡-rd ammonio protons a'nc1 upo'r'r- 'fhe

chernical shift beibreen the Ùi'¿o ì;¡rpes of p''rotons in the a'þÊenge
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of exchaïlge (see equatlon 4"561 , Presumaþly iire sane behavlour

v¡ould- be noted- for the other solu.tions if the line width--"tr{ere

measut"eå at higher Nernperatures o

The exchange ratesa'b ]ower temperatures ca¡- be extra-

polated- to hlgher tempera'"tures" 1Àflth these values of exchange

rate, equatlon 4"56 can be used" to calctrl-ate ihe expected line

r^;id-thsat higher benperatures if a value of ((þA - øB) can be

obtained-" flhe resu]ts for such a cal-sulation for m-flLroro-

aniline in tllÎA are sirown ln Flgure 11" It haS been assumed-

tna.t {Þ¿ *ü*) = 2Tr(160 a/s) and- that the animonio trtplet ls

completely coi-lapsed-" The value of 160 c/s 1s aJI average value

of the shifÞ þetween acid and. ammonlo protons obtained from

chapter 2. The erperimentaj excha$ge :rate is greater t?ran bhe

pred"icted- rabe. Thls may or may not be signlflcant since

160 c/s røay not be the correct value of ihe chenical slilft

-þetween acid- and ammonio protons o

k-hat is slgnificant is the difference in slopes of the

lines in the coalesced- and. uncoalesceo- regiolfse If it is

assu¡ned ihat only acld-ammonlo ;oroton exchanges are occurrirrg,

'bhen equations 4,55 aJr;ð- l+.56 can 'oe red"r"rced to

R'4o",,

l+ 
"72TTaÐ = (uau +lcorrecied. r¿ I l Aqìb

and.

Tr A)
correclee

-where ¿\ = PirPBz{¿,ûA- at,)z -

I t. r7')
ryoIJ



l/T z,crc- = k, the rate co¡stant for a-cicl exchan8e€

'i Êq*"/

Ti,lere*

fore, it ca.n be Shoi.ii-l. fror¡l ikre s:imple Àrrhenius equ.atio-rL

-iha.t the plo'bs of logilTA)^---^ versu-s )./T shoul-ci herre 'bhe
corr"

sa.me Sl-opes (uitir opposi'be SiEnS ) in tlre tr'¡o region-S.

The different Êtope rna-y be Ou.e .i;o lncoinplel,e col1Ð,"pge

of the arnmonio briplei;" It 'rna.y ¿.}so be d.ue 'bo adtiibion.al

reacticns üIhicb a.ffect the life'fine of tÌre e.milo:nio protons

j:ut :not of the 3ìcic1 protolls (see þay'c B) " Iiowever, Since

the â,umoll1o proions ?¿T.'ê preseni ii: tnuch srnaller coücentz=ations

tnan-'bhe acid' .¡:roions, it i's unliKel¡r tirat ei-Lher of f hese

e:rpl-a-naciors ca.n accolliLt :1or the na.r'ked- dif'ference in slope"

¿1 nore lrro-irar.ble explana'bion is sLlgAeSi,ed" by 1;he resu']ts ln

Tabl-e IV* The higl:. f ield- shlfts r,uith Nemperaiure of the acicl

-nr-oJ:orrÊ rre ¡e::r] rr ircl eneirden.'b of ãJliline concentration"
lJ! Lruv.L¡p çrL v .LLvv¿t L¿

Tlrere is a. lrigh field shifi of 46 cis of the a.cid ¡:roton in

the J moje per cen'L an.lline sol-u.iiion l'llren iire f eallerefure

is changecl from 2lo to 69oC, lthe acid protons a.i:o arnr¡onio

protons are present i,n a. ratio of 6:l-. 'Iherefore, if ihe

a.cid proton shlf'b is ca.useÕ soi-ely by excha,nge, then (óù^-q)>'*å.8

ZII 1.SZO c/s). Th.j-s epifears nost r.inilkely. i,tosN probabl-J:¡

i;hehighfj-eId-strj.j]ii.epar.t}5rciu.eioad-ecreaseinacid.molecule

hlrdroge:ir boncling r¡ith i:acreasing 'beni-,erat\i.re" This woul-d. al-,so

accou,nt for the increa$ecl sl-oire of ihe l-ivl.e l'ridth plot in the

coalesced regio::." Jf (,o^-"å) a.nd- coi:ÌseqLr.entl-y Â ieque'tiort L',.73)
.!;t¿

ar"e d-ecreasing consta"rrtly, thenTIÀ/ nill- Ð.1.qo cì-ecv'ease Ínore
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rapicily tha.n ',;onl-o be e:'.çecteó,

The crlrved llne plois ol¡tainecj- Í'or tire tlore coircentr'¿ì.ieo,

,solui,ioi:s (Figures 15 anCi 16) ha"ve noi Jret "oeen expla"i::ed''

'llrere ?Lpþe,a.'Ê to be tno possible ex1:la.nations" 'Ihe fírsi; is

È.hrt r,.nmnati-11çf reections Ð"re occu.rrin-g in solu'i;ion, ll-he second
vtLqv vv¡r:l-rv u;rfl

ig cY'it¡".i T.F.;l e,nd- c;rclohexane protons Liave differenÌ; i:elaxa,cion

u -Lltl(' È s

The Í'irst ei'çlzlnation appears unlikely. $ince ihe line

aci;uall¡r reverËeS slope (.iiligur-re 16) a.ny Pìdi,1¡ional i'eaciion

nust ne.ve B.n e-r,ppa¡en'b :*egatirre a-c'civation errergy' 'l'iTe::efore,

i i; is uri}ike1¡' bh.g'-Û sirnu].ta,n,eouS y.e¿aciions a::e occti]:.T.ing 6

ifire conce:rtra-iea. ¿Lnil-ine solu¡ions are qltite v'iscous àt'

1or¡i iemperaÐures" The l-ine r'¡iCil'l of 'bhe c¡rclo-ire:iarle si61na1

r:onei;iiaes ir-rcrea.ges from itS n.orfiÐ"] '¡a-lue of A.4' ç/S to eS

much as 0 .6 c /S " l-loi,vever, -btre incre¿:.Se ii: 1j-n-e r'; idth oll -';Ì:e

a,cio probons cair-rrot ar.ise í'rorn bu1tr'; r''i-scosic¡r ef:ilecis becau-'re

'bhese effects sirou.lci. be tþe ÊÐ.me f or 'rroth Ì,;rpes of .oroboli*q*

ijOiceVer" t àCiiÌ li'rolecilles ¿ind- C¡:clol're:<a-ne lnol ecLr"leS Câ11 COrI-

ceir¡s-cly kia.ve crj-fferen'i; correJ.a'i;ion bimes. I{an}r of 'r;he e'cid'

iirol ecu.l-es ilreiiuitË'bl-¡i e><is I in Écl-r¡¿¿i;ion si:e1l's ts'"r oì-LlLd' the i-oi-rs

e;¿Õ-/or ioi: pair.s -,¡he::,eas 'bi'le c;v.clohe;lane ;:no-l-ecules exist in a

less sol-irated- si;aie' Ëince 3ci-C- irro'Lons a"re :nol; as i'-r'ee

io inove, their. co::r'ela.iion'bj-iles Sholild be 1cn-8lelÎ. PL:esurrnili:J-¡r

botfi so]-r¡artio/:t s.]]C- coy¡el-ation bilrres i¡.creas;e eS [ernperai'nye

dec;rea5e$u 1f ¿¡S e, ¡le-qU-l-t o-'i So.lr¡ai)-on, aCi-cì- pro-bOnS ere ireld
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I

cl-ose to atoms wlih nu-clea.r spins e'nð if Tr.ia( (zrr1)o ¡-',

ihen T, of tire acid protons shoul-cl il-ecrease i';Ith d'ecreasing

ternperatLlre, ,Ihís could. account for the negative slope in

the lor¡¡ temperature region of !-i6ure 16. If 'It broaôenlng

is grea.ter than excha.nge broaÔening at lolrt tempez'atures, then

ihe slope of the plot of log (line v¡id.th) versus f,/T snoufo

be negative,

If the acid- proùon -broad.eniilg a.t ooc is assumed" Ùo be

en.blrely d-ue io T1 eff'ects, thren 'I{x 0"05 seco A ùecrease

in ihe number of ions iir solu.tion or a¿: increase 1n teapera-

.Lure w111 d-ecreaSe the arcount of solvation ano decrease fhe

correlation time of the proi;ol3so Therefore, iir is probable

'bnatT.broa-d-eninglsinsignificantind'il-utea:rilinesoluf-
I

ions at irigher temPeratlLres '

(B) proogÞle .Eea.q-t-ignÞ, l-n Soluüion an4 T]reir Eff ect upon

i;he 9Þserveil Klnef icF

Ithasalready.peenpoinied.ou.bthattheexcha'ngereacb-

lons can þe consi.d-ered- to be catal-yzed- pro'bon exchange

re&ctions" It 1s d-esirable to consid'er the ind-ividual excha'nge

rea.ctionsv,rhlchmaybeoccurrlngrinorclertocorrel-abe

exchaIlË*e rates and thernod-ynamic data içith the nature of reacl'

ions and. reacta.nf Ë 
"

Tnerea.I:eL\num"Þerofreac'Lionsinsolutionsofanl]-lne

in T!-A i^¡hich involve changes in the inagnetic environment of

proi:ons. I11 Éome of the reac'Þions' hydrogen bond-s are made
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or broken" These reaotions can sometlmes be d'etected" by

lrtivirì spectï=oscopy wtrire they cannot be d-etected- by ord-ina'ry

chemical meihods" lìeactions in l^¡hlch ammonio protolls are

irrvolved and. T¡A protons are rrcb involved v¡il} not be detected

by measurement of the acid" proton signal, if there are sep-

arate acld. ano- amruonio ;oroNoII sig.ir.als" 1.he prOba'Ole reactions

occurring ln sol-ution are listed below'

øN Hst* Ê P Nu" + llQ

f ø N$b" * A-

1<ø N H.n- --- rì-
I
(.(ø Nþ{,.---. HA)

+ ( ø rrr HJ--- AJ

fìJ (ÊwH2-.-.Ha)

Ø N{l, + Hfi

.-É: 
r

h"-
R-¿
h3r

=Ë:3

-b¡^=E:ï
âH + ll-

TI

ITI

TV

V

VI

qß

þ.f

A-+ HH +-

øNHJ+H"Np 
Þ6" ØNHr* 

*H.rvø

¿UÀ -BlaqH++A- VIIZnF \-E-_ -) " '^ ' I I

tn ad.d"1t1on, solva'blon reactions of tFA v¡ith lons and' mole-

cules 1n solubion are occurrii:g.

IìeactionVinvolves.bhetransferofprotonsbetween

equlvalents sites a¡rd- vrill not þe detected" by l{i'iR' Reaction

vI does not involve acid protons a,rÕ -v':i}I not be o-etecteå by

fiìeasr¿rements of aciÖ proton ]ine v¡id.ths. llovüever, it lvill-

affect 'bhe line ioid.'Þh of' the ammonio proton signa'l' Each
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iime ei.n aminonio groLlp l-oses a proÚon, the rern¿rining tvro

j¡rotons aTe tralsfogmed- into arnino protoris and" aTe therefore

tn a. new magr.etic envi::onment, Àt the same f ime, Nwo

arnino protonË become a.mmonio protonS. OnIy the proton -t"Jhich

is transferced 1s not rel-axecl by ihe excha'nge reactiort.

Reaction IV and Some of 'bhe solvation reactlons lnvolve

the making arrd- breaking of acid hycirogen bonds. 'Ihese react-

ions exchange protons beiween H-þond"ed- and non-H-bond"ed"

States and- consec¿ueni,ly calrse T, relaxation" rfyd-rogen bond'

excha-rrge reactions are proba.l:Iy nuch faster than ihe otlrer

reacùions in most of the Éol1ltlons studteo., Experlnentally

lt has ireen found 't|ta.i many plo'bs of line vüid'th versus tem-

perature are l-inear for exchange rates aS 1ow as J/mo1-ecu1-e Sec-

ond, ,Ihis inÕicates tha.t the aciÕ proion peaks of d"Ilute

aniline solu.bions are not appreciably broad.ened" by hyd"rogen

bond- exchange reactiottg. I{ov¡ever, lt has been shov¡n (parË a)

that solvatiorr rûay have caused" a.n inerease ln acld- proton

line v¡idths in concentrated- soluiions of aniline in i'].rlA af

low temperatureso

i:ìeaction VII ls a-ïL au.'üo-protofysig reactionu Such

reactions normally have very jhigh ra'te constants in aqu'eous

solutions (f51) "The 
tr't¡e-protçlå¡sis reaciion of Tl:¡' carÉIoþ

have contributecl sigrrif icantly to acid proioB llne v¡id"ths

þecause it sirould- also have broad"ened- the acid proton' signal

of pìrre TFil" This d.1d- not happen"
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ecid. proton exchange occurs aS a, resu}t of reaction

Í (or IITI]I and IV), Therefore, tire acid. proton line wldth

rcill alier as a resul-t of reaetion fu since reaction I is

an ec¿uilibrium reaciion, the overall reactlon rates in both

d-irec-bions must be eqtra.l, The relative val-ues of the over-

aLL rate constar:.ts (kr a.nd- k-1) d-epend. upon the rel-atlve

actlvitles of the four reacting species"

ft is reasonable io assume thaf aniline exists ln

solution almost entirely as a"niliniurn ions" The large excess

of Tlì'A should" alter equilibrium concentratlons in favor of

anilinium ions, Üv spectra (I'igures 1 and' 2) ind-icated' tirat

there lrras ]ittle free aniline present in a one rnole per cenf

soLution of aniline in 'ÎÏ"ir"

Thellner,vid-bhofiireaciq.proionsignallsrêlated"fo
the averàEe lifetirne of a.n acid. rnolecule by equatlon 4'"55'

The rate cor:.s'i;a.nt lo:j^ acid- pro'bon exchange is ec¡ua"L to fhe

inverse of the lifetime" Therefore, the total proton exche:rge

rate (expresseð as ei'bhe:: gain or loss of protons) is

k . I uuf where k.-. = l/ ?,,^. The to'bal proton exchange
^i_i"ri, LrnJ --IlA ' .riliu-

yaie can also be expreËsecr in terms of ì;he raîe of reaction I"

I tHfil =
ïufr

oR
I = kr

t ÌtA

h, [øruHi][Ê-] = h-' føNHzlLHql 4,711

Iølvt+il Ln1 =
[u s:

h.-, IPnttrrl I+"75
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where co,ncelitr?,tio.ns a're expï'esSed- in raoles/litre a.nd- Nhe

k t s Ð.T'e â"ppa.reni rate consta-nts "

Since the ar':.lline concer¡.ira'bion is very små"11-, the

rea.ction characíerized by ihe rate constant kl can jre con-

slc_ered. to be .i;he'tra.te determining" reac:tion for pf'o'bon

exchange, i,€o, 'i;he rate of this reac'bion deterinines the a'cid-

p¡oion line r,iid-tir, If ib v,iere lf,oESii¡l-e 'bo change k1 i":it?lou-t

changì-ng k-l, bhen tire overa.ll- reaction rate Ìíottld clia'nge cof'-

r.aq-¡nzìdirrr,'lv bec¿:-uSe i;l:e co.rrcentra.tion of' a-riil-irrium ionS j-Ë
! UPT/VJ¿g

nea::ly inciepenc-ent of Kuq.rillbrium (.=YL/Lç-L) if iie is not

grossly' ¿'"lj,ereä, on the o rrrje l' Ïrand , f ø r':illel is st::orrgl-y

d"epead-ent upon liu ' If' k-l were a1Ì;ered anÕ k1 were kept

consta.r:.t, fþi{HJ ivou.td- char.ge burt tÌiere woul-cl Ðe litbl-e effec'b

upo.r.r. bhe overal-l proton exckra.irge rate since Ic1 u.oa [ØiuHr{

would. be onlY slightlY changed"

Tire }ifetime of Ttsir pro.bons h¿ts -oeen mea.sured as a

function of anil inlum ion concents'atlon (fanle l-fI). ft was

asslmeO- tlrat all tne aniline loas in the form of anilivrium io:as'

A. series of plots of ftot*r gwy") *Z [*tlversus the ]ife-

tirae of' Tt'a protons have been constr'¿cied.. t'he jrest fit is

obtained f'or n = !,2 (r¡lgure 18) a.Ithough reasona-ole stra.ight

lj-nes can be obiained, for. n = l"O to L"l+' Conceni;ra'bions a're

in. rnoles /Litre"
ca.n -þe expreËseÖ j-n terms of tlne

a.nd- trlfl-uora.ce\ate ions and the
The rate of Teacvion I

a.ctivities of aniliniuin ions



FIGURE 18" Plot of

[ør'iirr5 
r

'IF-A proi;on exchange rate versLls
â4.

JLJUø

úua)
Concentrations ere
Tt is assumed. iha"f
protona"ted* in 'lFAn

expressed ln inoles /J-i.tre"
a-niline is comPletelY
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true second.

('Z"r*J" [*]
ord-er rai-e co:rrstant ko"

r<oþnur+lt *-] . g = uoþ*rurl'"

l-97

* "'(o

irecause þruurnl = h1 " ko should. be inclependent of

a.niline concentration lf no ion pairs are forir:ed in solu-tion"

The experlmenta.l tate constants have bee:o corrected- by the

techniclue d.escriþed- in the theoretlcal discussion (eque'tions

4"6? to l+,69). tat (eqr,Lation t+,69j is often consid-ered- to

represent the distance of cl-osest a;oproach of ions' ff rar

is consic,ere¿ to þe ihe d-istance of closest possible approach

of charge celtr.es W ZR) and. the ôiel-ectric constant of 'I¡'A

a-ç 5ooc is assumed. -ûo 39"5r'bhe:a the correcbed- second ord-er

rate consbant 1s glven bY

,. rz. Fg &"T?log ko = log kI + Tffi'
Theapparen.EanÔcorrected-seeond'ord-errateconstantsare

given in Table -lIf , Both e:"lperimental values of exchange

rate aÏ1d- val-ues estirnated. frorn Figrure 18 ha.ve been uËed'

,Ihe ca:rcuLa.ted ra.te coi:starrts vary slightly as concentration

char¡g-es. since the Debye-Hückel- theory usually gives too

small values of aotlvity coefficients for concentrated' solu-

tions(152)'ttretrueratecol]stantsproba.blyvarybya
}a-rger amou}lt tlran do the corrected- ra,te constants shourn In

Table lII"
Ïfl,heionsformionpairsrthenbheactivitlesofthe
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ions ln sol-uÙion wil-l- -oe recluced-" The free ion concentra'tions

¿ino- "i;he actlvity coefficients cerr be ealculateÔ Lt a value

of the ion pair Ôissocia.tion constant is assuned" a'nci a new

set of rate constant E ca.n- al-so þe ca'lcu.laieÕ' If the molar

d-issociation constant (uncorrected- for ionlc activities) is

equal to oïte, then 'Ûhe nelv corrected. rate constanis of the

one and. Í-ive mole per cent anil-ine solu-tions are riearly equal"

,llhis sugges'i;s Lha.t thre inolar dissocia-tion constant 1s approx-

imately equal io one. l3ecause the Debye-Hückel correction

terrns a-re ¡:roba.bly too la,rg:e, ihe actual r¡olar dissociation

constant is orobably less than oileo

Rea.ctlon 1 can be consid-ered to occur in steps (shov'rrr

in Bea.ctions -lIr11I ærÔ IV), If arr ion pa.ir is considered- to

be e,f1y Iwo oppositely cira.rged ions in close proxirnii}'¡ Lhen

.bhe reactl0n can be coll.sid.ereÔ to consist of forraatl0n of an

ion pair f'ollovred. ìry internal proton tre.nsfer by the ion

pair. Jt is d,ifficult to visualize a:ry true bij-onic concer-

tecl reaction between opposiiel-y cirarged. ions lvhich does nof

lnvolve'bi.re approach of the tl^ro ions as a- first si:epo A

possible second. ord-er non-collcerted reaction v¡i]] -oe considered-

f ¿r.ter,

Theexehangeratecanbee4)ressecrintermsofihecol.r-

centration of ton pairs j.n sotution, ïf Ko= ryJf t /l -l* -'D 
t gNH3.-+-l '

then

[j.{0]à* 
^ 

-= h , t ø N HJltâ1= hr Kof ØrtHî-' n1--\tø ¡q1'nf +"7e



K1l is the aPParerl'b rno

{1) e" C,25 maLa"r so}u

aniline in IJ¡¿1. The

for the 'btoo solufioils

L Ørrruj-. AJ,
IøNHFrìT, 
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a,v

ñt2
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t
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t
r

ci-i s

i'1. Ð11

¿tJÈ

-!'ì l-¡o

loT*

-L+I òlG

100¿-/'/

ion cor:"stan'b n Consider

a 0.50 nolar solution of
+ ^ -l 1 froru':- øi'rrl3JHj "o*il J e'ÍL(

red-' If KD = ]o*1 ' 
t'nert

'f'1 
-l l'3

tgJe I rr n^Fi I u"''
\3JrJ

cia.i;i

tz) ¿

r.
løi\l

oillla:

Øu+t

øNH

r.l
-2If KD = 10 -, the

[ øruuf^ AJ. "{ ø NH.*
4. B0

[ø ruHJ ' R-] r [-l-oïo..Q. ØN{rJlr
Theref'or.e, the plot of a"cj.d proion }j.fe.t:j.me versu.s a,ni]in.

ilrm ion concentraiíon can be e:tpJ.zLined. by ¿r",ssuming titat ih-e

reaction is 'oimolecr-t1a.r a.nd. that 'bi:,e appa'te:at ion pair dis-

sociation constant has a value of a'oout 10-1 to l-0-2" The

true d.issociatioiÌ constant is 'q:r'o"oa.b1¡r srnalle:' tha'n 'rhe

appareïL'b d"rssociation constants 'oecause the ions presu'nia'bly

llave loinrer ¿stirrii;$ coeÍ'ficients iha'n 'i;he ion pair"

j¡.rorn .Lhe coyisideration of' the resr:Its girien ln l]abre fIT,

i1, has been snor:'¡¡- tha't the ion pair C'issocla"tion constant is

i:roba'i:}y]-e"sStn¿noile"Unforiuna'telyiheresu}tsa'reioo
inaccura.!e to justify any o.efinite concli'rsio:rrg ' Lioivevet"' àtL

ioir- pair dJ-ssociation consta.n'b of f'r'on 1 ì;o 10-2 appeaï'-q

reasona.ì:le in vieini of' the resulis oÍ' oiher v'lov'kers' llraen-

ke} iia,s shown t\p.t a.nrlini-urn iriflus¡¿çsNa'be exists parily

as ior:. pa.irs even in water an.d" aqueous acid-s (B) " I',ü is

also know:n i;iia.-b a.inmonium s¿rlÚs have small ion -¡:air iiissoc-
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ia.tion consi;ants (152). 'Ihis is usually a'ibrlicuted to hyd"-

rogen ìrond-ing" Hyd.rogen boncLlng can also occur 'oetiteen

anilinium a"nd. triffuoracetate ions. !'ina-lly, it has been

sl:own in chapter 2 'bhat 'Lhe ring ;oroton shifts of protonated

a.nil-lnes could be ra.tiona.lized- by field effect calculations

based- on the assumption t'haù aniliniu.m trifl-uloraceiate exists

as lon. pairs in TF'A'

Anothertypeofproton.i;ransferteactioncou]ooccurin

soluiioll, ,Ïhe anil-lnlun 10n could 10Se a proton v¡ltich r';oulð-

ihen rea"ct i,ülth a trlflu.ora'cetate iotlo Since there is a

d.efirrite ;,:robability that the proto:n would- recoml¡ine "vlth

ihe aniline molecu]e befor"e if could com'bine with a triflu'or-

acetate lon, the rate of proton transfer would" clepend" upol:L

i,he concentratl0ns of' anÏlli:lrxnions and- triÍ.luoracetate ionso

Presumablyu the a.nilinium ion woul-d. ]ose a ;oroton more easily

if it ltere ad-ja-eeni; to Ð. crifluov'acetaÚe ion because the

proton r,¡ould- be a.ttra.ctecL by the negatlve cha.rge of the anion"

llherefore, the::e would- be a much greater pro.oability of the

reaction occurrlng if ihe op:oositely cira.rged ions existed-

as ion pairs. Tkrerefore, the reaction would" be essentia'}Iy

equlvaleni; to 'LIre bimolecr,ilar reactlon r'¡hich has already been

ûisctrssed-.fheonlypossibleoifferencebetr,¡eenthetwo

reactj.ons ¡¡lourd be in the nature of the actlvated coniplex.

The values of entropy of aetiva'cion obtained- in part C ind'i-

ca-Le t'na"t a pal'il¿al neutral'izai,:.o1]¡- of crr;a"'rle proba"'oly occtlrÊ
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r,,ihen all iolt llei.r fo::ms a,n activa.ted coät3l-exn This sr-lggesis

'bhai ihe ;-:roton is i:a',r''biä.1-l-¡r bo.nd-ed to both ions i¡ the

a.ciivai;ed complexu fherefore, j-t €ippeaï.S irrobe-ble i;irat the

,Lrr.oton t::a.rrsfer reacbion is i:oi ay loni.zai;ion t'ea.ction'

I\ieiboom B-nd cor¡ior.kers hai¡e tlouncì- that a reaction of

ihe iv¡re H-ri,¡i-it * H^0 + rliì--) H''i\ + HoO + bi+i!I{" ¿l'"Bl
-ü¡- - --)- -- --¿ - --J J ¿ )

eontril:u.ied. apprecia.bly io i;he irroton exchange rate of

=l l<r¡-l:-¡.nrì.nes -in acidic Ð-queollÉ Solutions (118-120J " ll Sini]å.r
'r. : .t<¡

r.ea.ction occu¡r'ed 'oetween carboxyJic aciCrs and. j,heir a-nions

j-n mei'l'la:noJ ( 154) , llhe u.ate de1;e::rni nljrg r'j'bep I''raÍi assumed

to'oe a proton iira.::isfe¡: to ii:e solr¡ent. Slrice it is rnost

ui:l-íke1¡r ih¿,t '¡3r4. vli.t1 accept a.n acicjii;lonal- iJro'õo:ß, tliis ti'pe

of reaction. very p::obai:]y ooes ¡-oi occu-r to Ð"11y e'æpl:eciable

exieilt in solt.itions of a-niline in 'IÌih*

Pro'bOn excha-.ng;e realNioir,S C¿',:-'L eJSo ocCUr betv¡een acid-

mol-ecules and- r"ing Ì)f'oio1l,S. Jf h.ag ireen shown tÌ:at excha:'nge

r.eac-bions between treavy v¡a'i;er anö- ¡'ing proi;ons of ,orotoita-ted-

r,lrl[-ciimethylanitines ",.re 
very ,Sfoi'¡. Several hours elapse

bef ore eclutililrrium is established tl-55) "

Sirnil-ar rea.cLions lceiweei:l 'I¡-A a.:nC a-rrilirrium ion ring

protonS 6i1st a.lso .Oe Slov¡, ff :,:iy eippreciable ring proi;O3L ex0han"ge

occli.r,,s ir:- solui;ion, th.en ih.e ri-zrg i:roton signal should be shift-

ed .i;o l-ow fielo (closer io Ùhe iItrA ir::oton signal). it lias been

shov,¡n 'bnai ì;he ring proton shif'Ûs of' ¡^r:iJir:-iuitt Þr"otons j-n

TJ}A dicl not exclrange r.;hen Nhe teilpera.il"lre changed-*



In summarY,

anillnlum ions anÔ

proton transÍ'er is

transfer reaction
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it Eppears tliat ion pa:ir íorna'iion beçween

trifluora.ce'ba-te ions follovled- by interrral

the most probable uiechanism forbhe proton

v¿hich broaclens the acio proton peak.

(c) wa' urlation and. DLsq@ 'DaEa

Theexperimenta}activationerrergiesof'a,cid.protojl

exchange a.re given in Table vlf , TLre activa"tlon energies

have been calculated froin the leasi sqllares plo'i;s of 1og

(corrected. acid proton line '¡idth) versu-s l/',t 'oy using; ihe

Iogarithuric form of ihe srrhenius equabion:

logk=1og L-Ãe/2'3O3 RT l+ 
"Bz

The llne wid-ttrS Ð.re oirectly relabed to ihe acid- proton life-

time and- the rate constan.t for acid- proton excha'nge (equation

4.55) " 'Ihe error linri'bs ?nîe g5 per cent confid-ence limits

whicþ have been calculaied- by stand-ard statistica] method-s

(156). 'Ihere appears to be a general correlation between

positlon of ring substitution and activation energies' fhe

a.c|iva"tlon el.lergy i.s greatest for lla¿'e-substitu'Ûed anilines

and" least for oflho-suirstituted. anl]iÏ}es " There is no Êpec-

iflc correl-ation between types of substituents and' activaiion

energies u although bhe activation energies of the netã.=

sul¡stituted. anil-ines d-o seem io þe crudely related to substit*

''lent electronega.N ivitY.

(l) lrctivation i:lner thalpies of Àe-Þ-lvatlon
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I't is necessaÏ')¡ 'bo c¿iref'-r-lly coTlsioer the rea'ctions which

A,re occurrin.g ir:. Sol-u'bio:n befo¡e one can decj-de rnri'¡'a'i e'"ctivaUion

et:rerEy is a.c1;ualIy being lieasr.li'eci" illite¡:e is a:t ac't'irra'i;ion

energyf'o:r1:rotonira'iílsfer-ir¡rionlrairsatrd-ajraci'ivaiionenergy
for b-ire ovez=al] blior:ic reactior-" lf AHo.-. for ion ira.i-r's is

U

zero, then the re,-tio oí po-pu.lations of ion. ¡:e;irs e'nd" 'ír'ee ions

i¡^ inc-epencient of tenperat'uire a¡d the erperitneni;al value of

Eli is equa,l- to ''che va.lues of .bÌre ac'bir¡ation energ:y for the

overal-l rleacT,ioil a.nd for the ion pair reac'i;ioir-o (see figure

tg) " ÈIowever, if Àlì3 is n.oi zercri¡en the coirce*tratio'ns of

free ion-.¡ an.d. ion pa"irS cltange l'rhen 'l;ne ie¡:npera'tU::e iS cha'irged''

aì

ff Ànfi is posii;ive, then the eoncenfratlon of ion" pair ciec-

reases tül-1eil- ilhe temperaiure is íircrea'sed-' 'lheref ore' the.

a.p-'ia,::ertt rrite of cna.fige of i;he calcLila"ted' r'ate consi;an'b for

theionpairreaciionistoosnialla:lc]ihei¡l'ea"sur"eda'ctiv.ai;ion
ei1ergy i,1 srnall-er iilan'ì;he tru-e activatioÏi eÏÌergy for proì;on Lr.ans-

f,er b¡r iorr ;oairs, On the o'bher hancr, if Af-ifl is negative,

'bkreir.'bnei;leasureciactivaiionenergyisia'rgertita'ninea-cii-

vatione.Élerg}¡oj-'.uh'eover¿-"llre¿;ci;io.n.oec¿:-u.-qethecoricentrationoÍ'

f r-,ee iorrs de"ci'e¿:,sog as t n e 'c eili:eratui'e itlcreaËes . f f ¿¿nil-ir:iium

1;rj.fluor¿,ceÇa.te exists in sr-.]-ut1on al.nost en'birely as ion pa"irs

{î(D<f ), iiren Eirythe ¿rctiv::rtion erlergy fo¡' the rea"ction of ion

sal! exlsts ¿r-l.ntost entir-el¡r e's io:ns, iherr iiAX

energy íor the complete i:iionic re'¿''c'biottu

,^^ i.-a T¡, +Lô
iltiJ-!-Lro År u'¿v

the actit¡ation
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Uhe d-ifference 1n aotlvatlon energies is ec¿ua'1 toAHf,'

The enthalpies of iì-issociation of ion pairs between rlniva]-

ent ions are us¡i-a,lly l-ess tu:an J kcal,/mole (148) ' Therefore,

the experirnental value of E¡ probe,.bly d-oes not o-iffer rnuch

from the aotiva'Lion energy of eiiher reactiono irþHfil(

Z Eca3./mole, then E^ w111 r-rsually Ð-gree, rniithin the estimaied

exÍ-rerimentaf error, v,iith ìroth va.l-ues of activation energieso

from
-oy

trntha.lples of activation at Z5oC have þeen obtained

Eo va-t_ues. The tr,¡o therrnoayna.mic variables Ð.Ye related-

E&=AH +RT

Values of enthalpies of acti.vai;:-on

4" B3

are given in Table VII'

(2) ii'r-e.-e- En-eråieç o!- Act iva,! {¡,n

Accord.ing to the theory oi' asþivated- complexes (15'7) I

-A F "/RT
h -È = t'f ET .- I+ 

"81+'-ttoif* ) T -
rrhere 5, the transmission coeffioiento is the p::obability

that the acbivated- complex forned- betlseen reactants v¡ill

d"ecompose l;o form proaucts rather Ùhan reactants " I is

norrnally eclual tO oneo The specif'j-c rate consvant must þe

expressed- in terms of activities of reaci;ants'

,Iheorles for i,he calcu}a.tion of free energies of acti-

'¡ation for rea.c'çions oi' ions in dlluie sol-utions irave been

developed. in cletail (149). The apparent raEe consian'bs for

ionic reactiops can 'oe correoted by use of the Debye-dückeL

-.+
'1'



II]GTJRE 19" LlypotheLical- p-'ì-ot of relative enthalpies
oþ- :-ons, J-on þairs, act-ivated. complex ald-
free moiecules f'or-a solution of avril-fnium
irifluoracetate in 'L¡'t¡.. It 1s assu-med- that
'bhe ions p,.nd. ion ;oairs have equi:'l enthaLpS-es.
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corrociion i;e-r,m (equraLion ¿* ,6g) " 'rhe -ír'ee e¡-erglr of acti-

r¡¿ifion oí a.n ion-ie re¿güon is eclual i;o tl:'e free energy ciralge

i,¡hiich occìLrs t"¡hen i;he ir¡o ions a're brougÌ:rt iogei;her' ¡rlr-rs the

fi'ee eïÌergy ''^rhich i's reqr-lired' to activaì;e ti'Le ion pe'ir*

The free eilerg}¡ of a'criv¿rtion for a' reac'bion of 1on

palr=s cl_oe,s noi incluid-e the free energy change r'¡hich occLr-rF

.,qhen ihe ion pair is f ormed " Ir.r oråer to calcurle-te the free

en.ergy of activa-tlo¡. of 'bhe ion ireiir, ii j.s .necessar'y tc lrnor^¡

the aclivii;¡r coefficient of the ion pa'ii:' 'jlhe simpl-est pllo-

cedurei-qIoassllmetlrat.';tieionlcairisa'ireu.t.r.a].groirp

unafÍ'ecbecl 'o¡i th.e ionic sti:eriEt?i of ihe solr-i'-bio-i/r' This is

obr¡iously only Ð11 appro";imation' Iilo-wevei'' slnce tne ion pair-

and- ihe ¿.c.i;ir¡ated- coropiex D-re i:oth i:ol-ar: in character, i-his

a,ssu.in,c!ion shou]o: no.ü in.broctuce d'::a,stic errors" Even if .ì;lre

activiiycoefficientscj.iffer.b,ya,factoroftwotherevtill

onl"lrbea,rrerrorofappr.oxinale}yO.4kcaL/rnoleintlrec¿l"lcu-

1a"ted f.ree energies (see ec¿ua'oion þ.84) " 'rhe eï'ror 'qhould- be

appr"oxlna"te}ytheS3,LleÍ]orNheciifferentsu-bsiitute0-ani}ines+
a'nÕ- siroltl-c: ther:efor.e not al|er |}re re}ative values of Ar+"

irourd-iffer'en.bsetsofra*,,econsia,n.lshave]:eencalcu-

lated fOy 'b1rc excbange reacrions betlveen sr'ibstifuted- s'nil-ines

a,nd fF'¿ at z5oC, ?}rey are given irr 'I.a,j:le VIII' 'Ihe fj.rst

set are the corrected secoir-d. or.cle:: r.a.ie cojl'Ëi3,31ts for i;ire

biionicreaction,â$sulringtha.tnoionpalr$exrstin-so]-u.tion'
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Ttre apparenb seconÖ ord-er rate colls'Lants have þeen ea]-

cu-lated by irrserting values of L:ne acid- proton lifetimes af

z5oc into equra.tion t+,1J, The values of' acid. proton lifetimes

at ZSIC ¡ave j¡een obtained- f'rom Figures 3 to I¿f. 1Í' the

exchalge ra¡e ha¿ not been measured" ai; 25oC, then the plot

of li1e r,",lid"th vergug temperaiìlre we5 extrapolateCr t'o 25oC'

In the case of p-fluoroa:riline, the straight Line porNlon

of ¡he graph iuas exbrapola-ted to Z5oç" The estimated exchange

rate of p-fluoroanil-ine probably is too irigh. Except pos-

siìciyinthecaseofp-fluoroani}ine,itisbe}ieveôvaaþ

the estimated" exchange rates are aocu'ra"te 'bo r"'iiihin 20 per

cerrt'Tlrlsa.llovisfora5percenterrorinooncentra"tion

a:rcj- a 10 per cent error in t-leasuring excha:rge ra"te' lriost of

the exchange rates are probably accurate io within 10 per cent'

Theapparentra.tecorrstantshavebeencorrecteÔlryeqlr'aiion

4,69 . fi v¡as assumed that ta.t = 28" ,Ihe correction facior

2 -86 f4 - The co rre ct ed ranue consta.nt s are giveniliaS ffi_ 
o !¡¿v

in colunn ont!- Since ihe De'bye-lluckel iheory gives only

approxiniâie estirnates of the mea,n erctivity coefficlents of

concentra.ted salt solublons, ihese rate constants Inay poS-

sibly be incorrect iry a's nuch as a factor of tvro'

,Iheca}cula'tedrateeoÏ]Stail'tsfortherea"ctionsofion

pairsa,regivenincolumn2'ThesehavebeencalculateÔþy

lnserting the values of' acid- proton 1líetirnes at 25oC' into

equation t+,'lB" It was assumed. tha'b the aniline sa'lts existed-
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in sol-ution entirely a.s ion pairs alnd 5¡¡aþ the ion pairs had-

tire seme activlby coeff icien|s as 'Eine activaied' complexesa

Tlre f irst tv+o SetS of rate coirstants are ihe rate cor:'s'ba'nts

fo:: th"e tv¡o llniting sltua,tions i"th.ich can exist in solutiort'

In ad,ôition, ihe concen|ratlons of the ion pairs ¿ìnd" free

ions have been ca.lculaÙed, assuming ari ion pair d,issocia"tlon

constani of one, r¡,jhen KD = 1, the allparen'b rate cOnStantS

of the overall l'eaction and- the ion pa.ir reactlon are'bþe

_ f '- t -1 r .=
sÐ.me ireca-use Løi\H?*l LA- \ = Løt'ilizo o o .ldJ "

fire rale con-

stants of the ion pa.ir Eeactlons irave been calcu}ated for ihe

ïlevü co:ûeen'brations of ion pairS" Ïhey a.re given in column 3'

Thre ionic sirengths of the soluüions have been ca'lcu-

l-a.tec1. It nas assumed LhaN iire ion pairs ð'id not contrijrute

to the lonic strer¡gth. Tkre coffected- rate consiants of the

overa]} rea.ction have '¡reen calculateö., using equa'tion li"?5"

fhey are given 1n column 4. Silce the experimental evld-ence

SirggeË1s ibet 1(U ( 1, the true ion pair rea.ctlon ra.le con-

stants probably lie bet'¡¡een the two sets of calculâ'ted ra"be

colfsLantS. îhe overall- reaction raie conSi;alnts are presum-

ably equal to or larger than the Calcu.]¿ibecl ::a'te constants

lis'bed" in column ri'*

Equation 4.84 inaY 1:e wri'bten as

+
Ä¡'

+
Äp

= 2.303 nT ( log
,ì ì- C É,Of,5U LJ v'

= L.365 {l?"79

KT3 + logry - log (1<¡3.¡s)) ! 4.85

1oe 5 - log( krate )) trca'L/rnol-e . t+ 
'86
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It caïl- be seen from i:he form of ecluation 4"8ó tflab'btie cal-

ou.ra,î;ecr ve.Ir-res of a F*rt" ::erativery l::rsens i'bive ì;o sina"ll

cha.nges in ra"te cousta"nf s *

Ilree energies of ¿6¡llraliion iiave -ceen ca'lcuIaied' by

insertingcalculatec.::ateconsfar¡.tsintoeciuabion4''8ó"The

resulis ar.e given ir.r Ta"bie I".'i" It t/tas ¿"Ssuioeú t}:^a,c the

tra,nsnisSiol.].coefficientwasequr.a.}ioone'Thlsassumption
j.scory-eci;ifeveryionpairv;lricirbeconesactiva,|ed'iiecom-

posesinboacidilolecu]-esanö.a'nilinei¡olecu}es"'l]his

deco:nposicionisi,eteciedby}!l{Rspectroscopygevelliftlle

nolecuf es insta'nf aneouslY L:eact*to reforn ions u

'f

Alihough bhe rralues of a¡' pred,ic'becl Í'ron the d'if ferent

seis of rar'e consiants a.re soine'vqh'at oif'ferent, they all erppear

tobed-efiyrite].yrela'bedtothety;oesofsubsiituentsa'ndÍ

çLreir position$" 'Ïhe free energies of activa'tlon of p-halc-

enilines iïlcrea,se f'om p-iodoa:riline to p-fluoroaniline'

Ihefreeenergiesofm-lod-o-,broroo-andch].oroarrilirres|¿re

approxim ete:ry equ-af l':hile the free energy of rn-fluoroaniline

islower"Thefreeenerg¡'ofo-'oromoanil-ineislowertlna'n
eithero-cll.loro-orfluoroa:liline"Theseresu]-iscarr.ce
accounted-Í'orìryreasona..olecorir.oinat'lonsofind-uc.tiveand.

rnesoinerlceffeci;s.Thef.reeenergies?.reingenerallov¡est

foror!þq,-substl'buted-anilinesand.hiS5hestforpara.-sulrstituted.

anilines ¿.nf,- alwalr' IesS thanA-b-*fo' anil-ine' This i-s rea'oll-

aþlyexplalneðbyassumin¿l.bhabfreeenergiesofactiva.T'ion
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,a.ye }a.r.gel¡i d.eterminec- 'r:y ind-uctii¿e eÍ'Í'ecis. The -Í'ree ener-

8.,ies of aÆ-ho-- a,nd- LÈIQ.-suÌ:stii;i,rted. ai]i]-ines L.fe ilr.obaloly

also aÍ'fecteC 1:y i:iesoineric inte::a.ctions ojl suljlstitrients '¡¡ith

tire phenyl yings* ,.1-,he free e:cr.er8j-es o:í actii¡ation of 'tl,}e o-l.Þ-hg*

s¡-ll:sbiiuiecj. ¿.nilines nåy also be decreased b;v s'i;eric repu-J-sion

of '¿ile eLlnrilonio P::o''üo:ns "

'i'ne ovel:al1 pa'i;ier:r-1 of free energies of accirlÊ;''bion carr

j:e e,,r-i:Ia-inee 
'bj¡ assu:nirrg iila'i; tire inciuctive effeci; of iialogens

ínc¡:eaiEes in the orcjer j-cC.ine ( broni-:ne( chlorj-ile( f'luo::ine and-

iltai r,þe trleso¡¡eric ef'fec-b incre¿iSes in brie S3'll'e orde::. '-fhe

ì:rai-ogens ¡ii-biicy.ai,,t electro:l.Ls j-ncuctivel¡i anc r-io::la"te eleci;:':ons

aeso.mer:icz,1I;i" ;þry oer¡i a.'ii.o:nr-: f roni biiis l-ìÊ'ttern- åre srna''}i

enough to be ,.-,.þírtcu-'ter1 to ei'|Jher ex¡re'rii:ire;rLal- el:Ï'ol"É olî

!:ns¡.ccuir.¿rte cor'::e cti on fa.CioyS u fit t-'r-o Ca Se iS it 'leceS'Sâ::¡r

ioaË,sLr.rnea:ne-r'Torof¡ii'eaie;'.Ûlra'nO"3kca1,z'r--rol-ei'nor"óieruofit
-f

-ì;he r¡¿:,1-ues of A-il- i¡-to tire 1-'osiulated pai'be::ir, iif'bhoLlgh'i;lrere

j.s ?to ¡6Ð1 j ustif ica.tion f or ci.oing so ¡ it is .bem;otirrg; to

assLtrne itiaì, 1;he rersull,;s i:n. colurnn 2 are ühe nost a'ccu-'¡:a'be

"oecaur$e ihey f ii; ihe a"þor¡e-i:oi-¡i';lated pa'btej'r'l.is better i;ltan the

o'Lirer resLtlìlLt. +
The o1¡erall- eonsistency of tire calcu.la.teci Á,..{ valueÉ and-

'ì,heir coruÊle'Ûion '¡itlr ind'ucti-r¡e anci roesorneric properties of

the h'alo¿;ens, sugges-'cs iha't 'ç1n'e t'-'ssu$Ìltions i'vhicl: ijiere 'mËr'c'e

in calcuLe.t,:;rtg i;l¡ese vallleË ¡,r;ere noi o-rasti-c'a] JJ¡ inaccu-rabe'
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TheÍ'reeenergiesofactlvaiiorrofthereacüionsofion
pa'irsarelcresu'inabl.ygreabertiianthevaluesinco}umn3and-

lessthanorequalto.bhevaltiesinco].u-uirr2"Íhefree

energies of ac'bivation of ihe overal-l reactions are presumably

equal to or less tha.n tire free energies given in colurm l*"

(3)

Entropiesoíacbivationarerela'tedÌ;oentha,}piesarrd"

free energies of' ¿ictivaiion by

^s+ 
= (Á H+- aF+) l, + "87

+
The cal-c'uilated- values ofA,Ëî for tlre ion pair reactions a're

givenineolu¡mslanö-2ofla.bl-eX"Theseva}uesre}oresent

the ¡:robaþle upper anö- ]-ov¡er limiÙs of entropies of activat-

ionfortheionpalrreactions.TheerroÏ.limitsared.eter-

inined l:y Ùhe estimated u¡rcertainties in the va'Iues of entha'lpies

of acLivation'

íngenera,la,rri}ineand.thei:ara-substltu.bedani].ineshave

the largesì; entropies of aci-1va'tion a'nd' the g'@-sr-rbstituteÒ

anilin.es have the lol¡est entropies of ae'i;ivatlorl" t'he

ino-ivid-ua}va}uesofentropyaretooinaccuratetoa}loi¡¡a,ny

interpre,bation of ihe r.elaiive effects of halogens u.pon entro-

pies,

Therearetv¡opossibleexp}a:rationswhlchca.naccou-nf

f,or Þhe j-ncrease 1n enbropy lvhioh occurs t¡hen' an a;rlilin'ium
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trlfluo::acetate 1on pair 'íorms a.Y- à'c'Úiva.'bed conpl-ex" The 1on

pa.ix is probably solvated-. Th.e op;oosite cirarges of the ion

pa.ir are i:a::tia.I]y neuttralized ì:y :i'orrue.tio.n of an actir¡a'bed"

coinplex a:ril- sol-vation d..ecreases" Irt addiiionu the charges

on the ion pair forur ?,'T\ effec'i;ive d.ipole" PresuilaÌ:ly, ,j.rFÄ

.molec¡-,.les in tkre r,"icinib]¡ oÍÌ ciipole, tend- io be a.lig.ned

in i-bs íielo* llor'na.tion of an a.ctivatect corirlrlex decreases

.i;îre d.i.pole 'iiel-d- by pariial cYørge rreutralizatlon' Iherefore,

cliso::de:r in i;he solvent inolecu,IeË Su.rrounding a'n ion pair is

inc::easecl- r',rhen it fo:"ins arL activated complex" Tlrese 't''xo

effecis must -be rlore i.tnËorian'i; l;han 'i;ire inoreageiL ionic oröer

r,,ihich occ.l-rs i,¡h.en an ion pair forms an e.ci,iva.t'ecl compiex"

gäa-sulrs.bitu-.bionofanilineshor,l-lc:havelibt]-eeÍ.fect

u.ponÀl:* vãllles, The su.l:stitue::t S.roups w1'11- be ioo far

rernovec, Í'r=om the rea.ction centre 'i;o have a:ay sierie or el-ec-

tro,staticeffeetuponthesolva,tlonofthereactioncenfre.

rilso, the extent of solvafion of bhe su-bstituent group should

not be ¿i]-ierect very murch' l¡]¡ fo;.n:a'Ni-on of an ¿çiitrated- com-

plex, As the substitUen-t ig i¡o¡¡eo. closer' ';o i;þe rea'ction

cen'bre, 'i;here i-q an increaSed- proOabili'b)¡ i;l-r'a-t i;-ne rsubstil;*

u-ent i,'¡iIl afí'ect ''che rea"ciion cerLtre andr vice-\rersau Iil

o-haloa.nil-i:niu¡o trifluora.cetaNe ion pairs, the r]eg:a'tive sut-Þ-

stiiuent fjroup ca:n sf ericzrl.ly ancl elec'brosi;atical1y inhi-oif

solva.i:ion of ine arnnonio group, sirnila"rly, it shourl-d be nore

d-iíf ícul-i; i o solvate 'Liie suÌ:t=ii1'uel1i; " ThereÍior"e, 'uii.e ion ilair
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i,íilI be l-ess complei;ely sol-vaied. a¡rd- there wil-l- be a Slnaller

increase in eniropy upon for¡:ration of tlie actlvated- com-Plex.

It is cluite :ûossiirle ninat ihe qrtþq substituent is inore

extensively solvated- in the activatecl coraplex tha:e in the

ion pair beca.use i;he positive charge of tire ammonio grou-p

is snaller atñ- it is easier for the positive en'l-s of T¡'A mol-e-

cules to å.pproaoh ihe substituent. There is also a decrease

in eniropy 1,,lhen the activated" complex is formed because the

tr,io ions ale 'rtiealtt together" The negative eniropy of a"cti-

va.tion of o-haloe.nil.lnium irifluoracetate ion pairs must be

due to these tt'¡o factorsu

In summary, .bhe d-ecrease in entropy of activa.tion llihich

occurs vu=hen a substituent is moved closer to the reaction

centre cata De explain.ed- by assuming ihat inere is a decrease

in sol-vation of i,he subsbi-tuent and- the rea.ction; centre d'ue

to steric anð electrostatic effects.
t

CaLcul,a"ted values of A. S ' for the overall reactiors ha've

not been given, sinee they d-o not J¡ield- any fu'rther informa'-
*

tion. In general, ihey ã:re Lerger thaJl the val-ues of as' for

i:h-e ion pair. rea.ction a.nr1 show the same overaLL trend.s '

(D) f,qoireþle Errodrs...in. I'ieasufeqre$ts of Linq iti'.o-t-hF ?nd,
Cafõilation of -Exchange lÌates

Because accurate values of ion pair dissociation con-

stants of the va.rious anil-inium salts aE d-ifferenb temperatures



å,.re not known, there is some lrncertalnÙy in the calculated-

valu-es of excharrg:e rates a.nd- j:r ihe ca.Icul-a.ieo .Lhernodynamic

da.ta" Al-son the ã,pplied. correction factors for ionic activi-

ties aye only approxima.te, Since the calcule.ted free energies

can he rela'bed- d-irectly to substituent effects, the ion pair

d-issoci¿:.tion consiants of al-] the anilinlum saltS are orob-

a.bly approxima.tely equ-a}, lio!,iever, it is inpossible 'bo d-ecid"e

from the avaifable Õata which of the calculated- values of the

ther.mod.ynanic variableS a.re correct. The probable ranges

i,\'ithj-n which the values lie have þeen ind-icated,

'Uncertainties 1n the saiaple temperature represen'ced ine

maln potential source of experiniental error in the measulrement

of l-ine v¡iO.ih.s, Jlt is believed" t:rrat measu-reo ternperatllres

were a.ccu.raie to v;iihil1 O.5oC, Pa.r'b of the uncertainty in

temperature neasLlrement roias ciue 'bo the poor reproôucibility

of' temperature rea.d.itlgs -Oy the Varian G-11 temperature record-er"

The irilnnea.polis-Honeywell Brou¡n record-ing potentioraeNer wh-ich

vüas used. to rneasu-re temperature durlng ihe investiga"tion of

the excha::.ge reactions of profona.ted i'[riri-d"imethyJ.ani]1ne gave

rnuch more consisùent read.ings. For this reason ít is believed'

Àl^^l +1^^ J-^'--¡vLro.ú r,Lrt; r,uurpet'âbu.I"e AeaSUfementS in tna| inVesti¿:atiOn hrer.e

aecurate 'ûo w ithin 0.zoC.

$ample iempera.tures rea.ched. equiiibrlum very slotuly"

,I.iris was Shoit-n by alierria'uely increaslng and decreasing iem-

peraüu-res for? e series of :aeasurementÊ* A d-ifferent line
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r,;id-bh l";as oþtainecl" f'or a sa.mple when it i/'ias'nea'i;ed- to a

given.Úernperaiu'rethanv¡heniiwascooleðto.bheSametem-

peraÛu-re'rf'tlreganp}ewasaIloi,.¡ecltoequ'illbrateforaL

least tv¡o hours .oefore each set c¡f rceasurenents, i,iren tne

measu.red. line r,,;id_ths vüere equar, i,;iùhin eqlerinenta]- error"

,Ihe Ùtrermocouple junction in the i"iEC tempera-ture 1;robe

'wasloca.Led.inihere.turningairsi5reamatadistanceof

four inches from 'bhe sample. Jf i;he Sample tempera'tu're

dif,fered- grea'bI¡r from room 'bempera.ttJ.'fe, then there roay have

been a. signif ica.nt iemperal,ure gracrient within 'i;he appa-raiius"

îf 'i;h,e samp}e tera;oera'tL¡.¡g lÀJâS a'bove Ï.oorn tempera,ture, ihen

the ine¿isured ternpera,trrre r]]ay irave lreen lov¡er t,T7âjrl lÚne sa'mp}e

temperatu.regliherepossiole,anllineconcentraLioirr,vas

adjusüed. so 'l;ha.i 'bhe sample excha'nged' a"t a meÐ'-qurable refe

ina.Nemperatureran-geclosetoÏ'oon1iemperatures'Itwas
felt that tiris i,.íould- dss¡çase the possibility of errors in

t ernPerature ilieasuremellil o

Thereproba.o}ylliereEoineimpuritiespresentln-bhe

compourrd.s LrseÕ ''co prepare i;he sol-utioÏ's. only floi: the solut-

1on coniaining p-fluoroaniline was tirere a'ny evid'ence bhaÌ;

excha-nge lta.s occurrlng between TFA and- inpurities" The pl-ot

of acid, proton rine wiõ-th versLr.s tempera"Ni-rre (i;'igure 4) is

nea,rly ]-inear. in ih.e htgh .bempera'ture regiott" If the stralght

Iine j-s extrapolated- to lor^ler temperatureË (d'otted- line)'then

clevialions froin e,'l,oected" þehavior can 'Lre plotteo e'gainst
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l/T (.rigure 2a) ' T}re aõ-clii;iorral exchange rate inci.eases

'Liren decreases r,viih increasing temperatu're" This is exactly

the behaviour o]1e i'rould- expec'u for exchange betl"¡een acid'

a.-nd en impu,rity" Distillation a.ppe.rentl¡r concer:Ltrated the

impu.rity since there i¡iere larger derriaiions from expected-

behaviour in the solution contalning red.is'l,i11ed- p-fluoro-

anil-ine. Idhatever the impurity tr4¡as, 1i; mu'st h-ave ì:een

present in appreciable qua.ntiiies (.310 per cent of the total-

a..nil-ine conce:rriiration) since it -irroad-ened the acld proion

peak by as rnuch as 0o6 c/s (T'igure ?A)' Sin.ce the excha:rge

took -olace in the vicinity of room iem,oerature, the impurify

hîas quite proba.-oLy sone otlier sujrs'bituteil aniline"

1i has j:een reported by Pater'so:: inat exchange occur.red'

-þe.üween eqlreou.s solu.bions of a-Icoh.ols and protons frorn gla"ss

samp]-etulres(}31-133)'Thiscarmothavebeenaserious
problern in tilis study loecause aÏÌy exchange beti¡¡een TLlii a::d"

-bhe glasssample tubes shou.-l-d have j¡roadened- 'bhe acid- proton

sigrral of the pul.e TFÂ soluiion' Tl:is did' not happen (fa¡Ie I)'

.Ïheaosenceofa,nyotherevld.enceofprotonexchange

betr¡een T,SA a¡d iropuri'i;ies is und-erstand-ablee even ihough Sorne

impuritles may have been p-r"esent" Impuritj-es i'rr'111 a,pprec-

ia-irlyaffectacid.pr.otonlinewid.tl:son'lyIf'theyfu.}fllf

the folloi,ting ihiree cond'itions :

or be aþIe(l) 'ilhey must conialn exche'ngeable protonË

to accePö 'oroto1LË"
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"

Plot of 1og (adciibional asid protojt ]ine
¡¡id.th) versus iai:soluLe teiraperaiure ) -1for a one rnol-e per cet:"t soLublon of
g -fluoroaniline in 'I'ï¡'4" fhe e,ddibional

acid. proton line r,.¡id,bh i.las -oeen deterrnined.
by extrapolatlng tog (acid. proton. 1ine
wid.th) in the high iernperaturre resion to
ùhe l-ow tempera-ture regtlon" The ad.oitionaL
line v'iidih due to the impurity has been
d,etermi-ned- from thls plot (n3.gu_re &)"



'-tl

-ç.
.+-J

'rR

t
(J
f

-s
I

L.,,
o

3"25
(1 /T" K)x103

(o

o
I

3.35



2IB

{z) Ihey must 'be present ln sigzrif icani amou.nfs*

(3) They rnuSt exCha.nge r,,¡ith ac1d a.c ëÍ\ intermed-late

raie a'b the same temperatu,re at v'¡hich ihe protopated aniline

exchanges wiiih Tt¡e or else ihey nust cata"lyze tLre ani]lniurn

ion exchalLge rea.ction. These ihree points can be d"ealt v¡ith

in order" t'irstly, any hnpurity ichich does not exchange

proions v,¡ith Ti¡A l,siII have no effect upon tkre acid proton llne

r¡id-th sj-nce it w111 not alterbire proton lifetimeu ËieconÔ}y,

the maximuni liidtlt of the acid ,oroton signal d-epencl.s Llpon trhe

concer:trai;ion of the suirsiarlce r'çiih i"¡hich it exchanges' Iror

example¡ 3 mole per cenÙ solutions of' subst,ltuieo anilines

broad-ened the acld. proto]1 signal 'by a.s ¡nuch as 15 c/s whlle

bire rnaximum line wid-th. of acici protog signals in I mol-e per

cent solutions of subs-bituted- a:rilines i'+as aþout 6 c/s'

If there is only a very lov¡ concenÙratlon of impurity in

solution, 'bhen its rel-ative excha-Ïl8e rate i¡¡ill "oe so much

greater than tlta' of the aeid tna,'o the two sigÏ.als vrill

coa.lesce before i;he acid proton signal i s appreciably broa'd"-

elred., Thirdly, there r,qill normally be little i:road'ening of

.bhe acid proton signal if bhe exchange îale of the rea'ction

þetween lhe irnpurity and-'IFA is ei'bher very sl-ow or Very fast

in the regíon of ii:teres-b" Hol'¡ever, this is not necessarlly

i;rue if' bi-re impurity catalyses ihe exchange reaction -þeiween

aniliniu;n ions and- 'brifluoracetate íonso ¡'ot' exa'mple, co]l-

siqer the eÍ.fegi; of t,¡ater in solu.Lionu It ne-Ð 
-been sholvn



2L9

t1nt wa'ber ha.s littl.e effeci Llpoi.I Ùhe acid. proton line i^rid'bh

(lable I), ['lris 'uro-oably irrclica,tes Ùiiab watet is ralrioly

excha.nging ¡;rotons wlth Tl'fi" It is conceivable ihat unpro-

tonated- ,fia.t,er molecul-eS could- accepi protons from anilinium

ions and- d.ona.te them io Nrifluoraceta.te ions' Such a trans-

fer woulcr lntroc-uce Eì. pro'üon with a. d-iffereat Larmor preces-

sion frequency into the sys'uem of acid. and- water molecules

end. cause a broad"ening of the coalesced- e.cid"-i'¡ater peak'

,lhere aTe t-tree reasoils wh¡r it is consld-ered. unllkely t]nat

caÞalyË1s teacl¡ions of this type occurred in the solu-tions

s.i;ud-ied-. -r'irstly, it nas been shov¡n that the exchange react-

lon beilteen a.mtnonium ions a:tdt r'¡ater ha'S an activation energy

of LZ*Z k-cal/mole (tZ3¡ " Since anilirre 1s a ùIeaker ì:a'se,

the correspond-ing excha.nge reaction betir'reen aniliniun ions

and water should, have a loiuer activaiion en"ergyo The experi-

mental- activation energy of proton 'bransfer of ihe solutloÍL

of aniline in 'ITIA ivas 23 "B }<cal/rnole" SeconÕ}y t a:rLy iria'ber

in i;he TFA nas presumåìbly almost completely protonateci'

consequently, the concentrai;1on of free r¡¡a'ter aoleoules which

coul-d- exchange v¡i'bh a:ril-inlurn ions mLlgt iTa-r¡e }¡een smal}"

lfhirdly, if 'bhe rneasuired- exchai:.ge reactions had' been ca'ÚaLyzed

Ì;y, v,r'ater or other inpuz'ities, 'trhen bhere should- ]í!ave ireen no

correlation þeiv'¡eeïL exchange raÙe and- structure because the

exchange rate v,rould. ira.ve d-epend-eô upol'L the catal-yst collcen-

bratiortu
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Swarts shol',¡ed tila'L ihe reaction between anil-ine anÔ

T-¡1r to form i,rlfluoracetanilioe occu-rred- after the reactants

had, jreen liea'Led- for 8 hours ab lzQoÇ in a- sealeû iuþe (l-58)"

Iherefore, it is u-nlii<ely that al}y a.ppreciable reaction

]:et-rveen anlline a.nd. ft'I'A occurred, a.t ttre l,em,oeratu'res r-rsed" 1n

thls stu.d¡r. Hovüever, ì,he d.ecrease in acid proton" line width

r'¡hich was observed. l'lhen triflr.roroa'ceblc af,lhyctrirle i¡iaÊ a"doed-

to solutions of anil-ine in'IFA- vras ¡:robably Oue Ùo formation

of' triÍ'l-uoraceta-nilld-e" This Ïriotr'Id erçlain the observed re-

l-ationsirlp -oe'Lioeen the corice;ntraÙion ratio of aniline anÕ

trifluoracetic anliyclriae ar:d. 1,he aciö.. proton line i'vid-th' Less

tLla.n0"0lgmoftrir,luora.ceticanhydr,jder¡iâSad"d-ed"LoeacLl

sarirpleofiL.FÀwhichvu'asused'toprepa.TeÐ.so].uri;ion:f,or.exchar'rg_e

stuclies" It r,';as aÕded- to ihe ¿icid severa'l nin'utes before the

acld v,:as a.ct.ded. to the a.niline. ft possibly reac'bed v'tith a'ny

wai;er in i;he acid before tiie acid r,vas ad-ded to "uhe anl}ine"

Because of 'bhe tirne interval a:rd- þecause on}y a Very small

amou.ni of anhycLrloe was aocred, it is consid"ered- t'¡-nlikel-y

Lhe.t an'y a.ppreciable reaction occurred bettueen the a'nhvdrid"e

ancl a.nilíiae o

6, Drscus$IoN ol; i'iESULifs iroR
iL, iu-DIÏ'r-u l'HYJ,¡ur ILf lrE

Ïn ttre investigation of the exeha-r.rge reactions of ring-

substiiubecl a-rrilines, iiTe e.c¿ct proton lif etlrnes ilere ÍìeaËured
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and 'ûire raie consiants for aniliniurn pro'bon exchange i';ere

calcll}ated. ,-ioro.'ever, 'bhe lif'eiir¡e of ,croiona.ted- lr rid-ointeih¡r]-

anil-ine was rnea.sured d-irec.L1y" Jt i^raS coil.sid-ered. possible

ihat adciiiional reaciions i,¡hich d.id not a.:ffect the acicl

proton llfetime wou.ld be nteasurecr, For exatnþle¡ the

rea.ction

Øm(cHrJz u H+(cHj)zNØ --+ ØN(cHr)ru+ + (ci-{j}rttg 4. BB

v¡ould. not affec'b the acid- iiroion l-ine l'+id"th v¡hile i'b v'¡ould-

câ.u.Se collapse of tire t,iethyl proton d.oublet" I{oi,rever, t}re

calculated iiiermod-yna.nic da.ta. are qr-ii'be con.sistent i'¡i'bh bhose

calcula-teo- in segtion 5" Therefoi'e, it iS \rery p'r'obaìcle

'Eha.t tfre Sâme 'i;yLle of rea"ctÍon was meaÊu-red, in lroth sets of

experitnents,

The d-erived" therrnodynamic d,ata a.re given in Ta.blesVfÏ

to X , The lifetinre oí protonated. lJrlri-clilrethylaniline mole-

cules a.t 25oÇ wa.s o.btained by extra"polation of th-e plot of

rì i mel--h.r¡'l zrri I i niun ion lif etime versus tenperature (Figure 17 ) 'Ll ¿ rl:v v ¡¡J +g!.lJ* ! *-

Collarrse of 'bhe inethyl d-ou.blet was assumed to occu-r only as

a resuli of ¡'e¿ictions in v,'itich ainnonio protonS 'u\rere repla'Ced-

b¡r protons I'rilich- Ìlad spins oir-posi'Le to'bhose of tite criginal

lrroto:nç* 'l-he protOrr exohåi'1.åe r¿ìte '/íaS aSsunred, 'bO be tt¡ice

å'LË Large aS -bire calcnlr¡-teC spii:. excha;rg.e r¿',i,e" 'IiieSe ¿lSSL1IÛP-

tlons aee cLisclissed- beloi'ti"

fi' il, v;eï'Ê trossible fc3 pTobon excþalge 'i;o occur ltiüh'ourb
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ch¿ì-iìge oí i-rroto:r spins (r'lrthoui 'Il r"elaxa-'i;ion), then the

o,bserveo, spliù'bin¿, of ihe s-¡:lir-s-cin cl.or-ibl-e'i; of p::otol:a-tecl

Iirl.ì-C.iinethylaniliire r,¡ou.Id. be a"Iterecl i:y excha,-rrge only if fhe

soluiion con'Eaineci a11 e,ppreciabl-e amou.nt of free tdri{-CitrteÙhyI-

e.nl]jne" This can be siiolvn in i;he fol-]ov¿ing nal:rer* Con-

Sicrer. a SolLì.tion. co¿taini:ag ooth pro'"r,onaied ancl unprr:'Lonated

ïri¡iit'-dirnethylaniline i,¡ibh rel-e'bir¡e popula'bions Pn and' P B

{P, + P.- = l) o ¿iSsl.lme tÌra.t e-rr.y ion iuhich l-os", " 
proton mliÊt

ã*D

]ater. acclu-ire a pro,6oi1 i'¡li;h j;he Så.me spin' This assurnption

effectively cìir¡id-es Nhe cLimethylarnil.ir.Liun ions into fl'ro groups

i;liose rihiclr altta¡rg '(!a.\re a.n amrnonio F,rotort i,;1th- Spin ¡ 5 ar'nd

those v'¡hich alr^re.ys have an ¿l.anonio proton vli'bh spin * ä' 'Ihe

expec'bed rnethyl pro'bon i\i'tB spec.i;run is shov'::t in h.igure 2L"

),

Ð0, F- uu,,Du,
Figqre el-_: 'Iheoreticel liethyl Proton Spectrum

of Protcnated" IfrlrT-d-inethylanillne

V,, is the resoilÐ.nce frequency of the meÙhyl pro'i;ons coupleÕ
Jål

to amrnonio protons in one spln. state and Ð¿, is the resona.nce

frequency of tlte meth.yl protons eoupled to anrilonio -rrrotons

i¡, the oiher spin state, In the unproi;oi:.a.tec mol-ecule Ene

iv+o Nypes of methyl protons wil-l resonabe at iire Same fre-

qu-eiLcy" Sup;oose dimethylanilinium ions are rapict-ly losing

and. ga.ining proi;ons of the same spiil. since olLe is observing
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ma'b'ber what i¡rPes ofl lons ar

¡¡ith th.e d.inethYlaniliniurn

ion.s. Tlre -b'No pe'ii:s r¡f' methyl pro''uon s igneLis {}t1, B1 anõ' !t2z

BZ) coli-apse together and only tv'ro coalescecl ilea'ks renain'

The resonåïIce fr.equencies of the tr"io .oeaks are >,=(Pnln,*Pqru)/[fa,*f*)

ana'D¡(Pq.,l4 t"Ð/tf^¡fu¡u The poptr-lations of the amrnonio i-rro-

to:ns l]l the tv;o spin states a:rè verlr nearly ec¡ue'l" Therefore,

ñiPo; ?alz and P6,= Fç 7e/?- "
Because )U, )8..,

(Ð,. - D") = Po()r, YnJ. ¿, RqI av /

Ti i{r \l-d-irnet}r.yle.niline is ¿.}lrlos'b complei;ely protona'teo the:n

ihe l¡e¿su-rect ¡:eak selragation ()l-)Z) of tj::.e coal-escecl pea'ks

is alnosf ec¡ri-a.l to 'che cou;rrling; constant l))' :)" ) " Ii* for' *t} ¿\Z' -

irr.otonated irir1f-díme'bhyla,.nil-lne in water is srua.l-l-er t!øn 10-t(lsq)'

Even if K4 for lririt-ciinethylaniline vlere as 1arge as I0-2,

a l0 rnole i-rer ceni, solu''r;lon l'¿ou-]d be a.Þ¡lroxitnately 99'9 tter

cei:-t proÙona1;ed- and- tire observed- coupling constanü r¡soul-d- be

alte::eil. ìry only O"J- per cent aS a resuli of exchafl&a" Ti'rev'e-

fore, it is f'eli tnat the collapse of tlre olrserved. H+-iv-cu,

coupling; constant was due only to exchange of' amntonio pl'oton

spins Ðeca.u8e chemical exchange viitholit charge of proton spins

pr.oì:ably d,ecreased ihe obser'ved. cor.lpling coí1st'ant by less

-bkran O, 01 c/s,

collapse of aL proion s;oin-spin cioui:let is norme'Ily cau"sed

¡y Tt rela:<ation of th.e pro'uon which is resporlsil¡Ie f'or the

splitl,irl,g" flhe T1 relaxe'tion may be d-ue to any norma'I s1:in-
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l¿lt'i;ice relELxation nechanisru oy ii; 'r:ta.¡r be d-ue to replaicernent

of ih.e protorr b¡r a.nother protoil. lihicïl is in tlie opposite spin

sta-te to ine fj.::st proton, ft ha-s been shown !n Chapie.r 3

'bhal the H+-N--CH3 coupling co:ns'bants of bvio protonateC' ben-

zylarnines were coi:.Êtallt over a temlre::aiure ràTLEe of a.bout

l_OOoC" Th.e T, rela.xation iines of 'bÏre ammonio protons in the

tuio cornpound-S rnust ha.ve lOeen constalt ov€r tha"t temperature

lrå.lr1ge" Since the a.minoni.o pi:otoir.s of tLre d-imethyla'i:-i1lniurn

ion and of tÌte pr.otona'bed ite:rzyl elntines i"iel'e 1n essentially

tkre Saine type of rna.gr:-etic er-vj-r'onraent,s, ib iS believecl tha't

o:nly exchange conli:ibuteÔ bo ihe iemperati,rre*clependeir-t

6-ssl'sâse in the spin-la.ttice rela.ra.tion i;jine of tlre a'mmoni-o pro-

ions of i'i¡ i'J-<1-ineile)¡la"niliniunn lons'

1f ihe F;,ve'ra.ge l-1fetime of unproi;onated i'i¡i(i-d-irnc-i;h¡r1-

anil-i:ne molecu.lepq lda-q ]-ong cornÐared- i;o the avevÐ'ge life'binte

cf Øil(CHj) Zeøø*l{il hyC,rog-ell bor:d.s, then the proi;oi-i. excha.nge

xa,ie ¡rust harre been twlce as la.rg;e as the spin excharr6*e rate.

If tÌrj.s cond.i"i;ion i¡¡ere not f'ulfilIed, then the d-iinethylaniline

inolecule r¡ould often ï'ega.in the sa.ue proton l';h'ich it ira'd' lost'

,¡rnor-af'or.c. le-qs iiran balf Of the ;OfOiOnS i,'¡hiCh Wei:e acidecl tO
J. !lvr v

úimeùhylaniline molecules i,',rould' ìrar¡e -trad o'iffereni; spi:rs

-vrllã.Tr the protolr.S t;l:lich were los'b" It Ìla"s beer:l shovtn ic'tizL

p-,miyre-waiel. hydrogen bond-s hate Jifel;irnes of açÌ:roximately

]0*10 second-s (160), [herefore, it Ís proba.ble tira't the coT]--

d-itio:r lv'irich ir¿Ls been assumed- was fulf illed', Eince the aci'd--
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- i r¡eir

hyd.rogen bo:ro.s pro'CIa-b1y ha'ir

It 1¡¡âpq a-SSLr.lilec'1. i;'nai i¡ itaO.

If Kû is not eo.u-iLl "r,o ze-ro,

ìry
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Yer--v s nort l-if etii"leÍ: *

.¿. r¡alu-e betl'leen zeto and

bhen the ra'te consta"irt is

rì 
-lh= [ï"r. t 4!9!ù, H|l

l+,go

Tþ *(cFÐ#
, Lg ¡v(cH.l 

"H 

*- 
-

ll.he rate consta-nts ii;ere cal-cr-tl¿ited 'íor. the two r'¿'l-ues of
-l- f

KD" Val-l¡.es of [F+ a.nd A S lrrere calcula'NeO- fr-'om the ra'te co]l-

str-;.*is " lilhe ca.lculabed cor:.cent::a--bion of lri,iri-c inei;h¿vlanilinium++
'briill-uora.ce'bate i¡as !'32 iaoles/litre. Values oÍ'À ¡' and' l\S

f or tne or¡era-J-l- r-.ea.cLion were not calc¡.r.Lated- beca'use ji 1¿'1âs

felù itrat eny calcul-a,ted actj-r'ii:y coefficient for a' verJr

concentraietl sol-ution wou-l-il. proì:a"oJ-y i:i;'rre l¡een grossly i:ra'ccu-

rate* ,l.lte act j-r¡¿.Licn energy !'íes ca.lculatei from the slo1re of

ihe least scÌLlares ploi shorr¡n in I-'igure 1?" Only the la-qi six

poin,os ,y{ere u"sed in the lea.st Êqueres ca}cu.lationn llþs riuoteo-

err:or l-irnii is 'bhe 95 pet: eent conf ir1ence 1j-nii f or tire cal-

culated va.lue of a.ctivation ener.g-y"

Tlie actii¡ribion energ)i of prcton transfer by proto:nated'

lrirl,Í-d-iflethyia.niline is mu.ch l-oiner thran t't:e ectivai;ion e:ne:rgy

of proton iransfer' -D¡r 
,orotona.ÙeC- a.nilineu Si-nce iif rtd-d'lmetii-v1-

a.¡i-lir:.e iË a s'l,r'onge¡: base Eha':rt an'iline one mighi na-'Lvel-y

expec!iisconjugateacictolraveah.ighereneT'gyofa"ctiva-

iion of pr,oton t:ra:nsf e:: i,na.n l h,e co:njuga"re acid of ¿:"ni'J'i'ne'

,l-,hi-s j-s noÌ; neceSS¿rry , hov,:evel'o ithe Il rI'i-d-inetlrylanil- j-niu'n

i-on ha's a liLrge:: Í.::ee erj.erg}¡ of actl-tta.l.ion ihan ttrle aLlil-iniu¡tl
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iorrrEr.S i,toul-d, ìre e:;pecteå" FJov¡etrer, ii ha-S a" lriu.ch sma'Jler

entrropy of ¿rctivation" Probably Erle truo rnethyl Sroups steric-

all¡r hir¡.d-er soLvâtion of the ion pair' 'Iltere -will then be

very littl-e chemge in1;he exbent of solvation r"¡herr the a'cti-

va.teÕ complex is formed- azrd- consequently ihe entropy of the

soluiion vEil-] only be slightly changed'"

7, SUTiII'iA.RY AI{D COiüCLUSIOI\S

(1) The sarile rea.ction is measured lthen one measures the

l-iÍ'etine of acid protons Ð.s when one rìeasu.res Nhe life-

time of ammonlo Protons.

(2) îhe reactloll. is proþably a bilonic reaetion be'i'v¡een

anilinium ions a.nd tri.fluoracetate ions, The ii'¡o ions

form an ion pe.ir. The a.nilinium ion Nhen transÍ-ers a

proton 'i;o the trifluoroa'cetaþe iol'1"

(3) 'Ihere is a. d.efinite correlation between values of free

energy of activation and the nature of tire substltuenfs

jronded- to anili.ne, .A.lkylation of the ammonlo group
r

increases ¿\¡li Halogen substi'bution generally decreases

+
aF , The d"ecrease is greatesi for ortho-Éubstitution

-r
and" l-east for Ðara-su-ostiiui;iolr. The values ofÁF for

haloanillnes can be related to .i;he inàuotive a:rd" nesomerlc

effect.c of the ha.logeylÊ" The results ind-ica'be tkra-t iroth

the ind-uctive a-nÕ the nesomeric effects a.Ye smallest for
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^^ñLLf

ioil.ine end la.rgesi for flu.orine ¿¡'na Ùh¿'ii the irlCuctir¡e

ef i'ect is La:r'ger than ¡ire neÊomel'ic eÍ'fecì; 
"

ilire st-ze oÍ- the entrolr¡r of actrva-tion o-epends la-rgel¡r

uponiheposiiionofthesu.irstituent.'Ihee-ntropyof

activa.iio:n iS l-argesi f'or" ani-l-ine a.no- Þarâ--Su.ilsiituteÔ

anil-ines ¿¡.nd. leas',c íor qs'tlo- anct i't-substituted" anilirleso

'Ihe size .:i' .bi:.e enbro,c¡r of activation is apparently

rieterrninecl oy iite extent of sterlc an.ì. electrostatiC

hind,ra.nce of sclr¡a1,ion oí bhe ions :¡-nd ion pairs *
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Ci{APTHR 5

BECOIVÌI',jEND;{T]O]TS }îOR ITUTÜTTü BESEARCÏ{

(1) It has been sh.ornr. in Chapter 2 tna.t there appears

to 'oe a d-eflniie rela.tionship between substituent effects and-

amino proton sir.iftS" rl.ccurate rneasuretnents of the amino p3'o-

ton shifts of a. large number of mono- and- di-subsbiùu.ted.

anillnes in c¡rsfshexane or some other inert sol-veni might

provtd.e much interesting information a.bout substibuent effects"

Tr ¡¡rnrrrd ha narticularlJ interesting to measure the anino pro-
:v vrv4!L1. vv y(

ì;on strifts of oEi;hq-substituied- anll-ines in ord"er to d.etermine

the rnagniturd.es of dispersirre and-/or a.¡lisotropic effecfs" ff

ihe equipment 'becomes ava.ila.b}e, iü l,;ould" also be useful bo

mea,sure the i,il4 chernical- sl'lif'ts of o{Þ4g-sul¡sti'bu.tecL a'nilines*

{,2) The rlng 1:roton slrectra of the hydrofluorid-e,

hyd-rochlorid.e, hyclro-nromid-e, anÖ hyd"roloÕld-e salts of pyrioine

a:rd- ani1ine should. be rneasured- lrt cliffereni polar solr¡ents at

d,ifferent concentraiionç" The ri-:ng proton specinlmwil-] not be

appreciably all;ered by exchairge if tnere is only a small- coif-

ce::.tration of unpro'boi:ated base in soluiion (see Chapters 3 and" l!)"

lf the ring proton shifts of the hydrohallde sal-ts of the

tw-o bases in water are extraçolateå to lnfinii;e ctilu'tion, tiren

'bhese shifts shoulÕ- be the true ring proì:on shlfts ln the

aÌ:senc.e of any effect d-r-ie to the field of 'bhe altioi1u Thls cÐ'ÍL

þe checked" by compa.ring the exbrapolated. shifts of' the d-ifferent



2+L

Saf'bs " Tnese ring p::oton shifts can .oe cornpa.r:ed io those

obte-irred'f::oilti,.í.o.ca1cu]-¿l-bionsa.ndi'ie]-d.effec'bca-lcul.la.ticns.

The pyrj-ciiniun sal-ts i,¡ill- probably provide nore inforrnai;ion

.bl:an -uhe aniliniutl sal.ts because the p¡'ridinium ion riirg pro-

toir. shifts are }a.rger"

If 1;iiere a:e a:ry cievia.tions from these linif irg: shifts in

a.notirer. sol-r¡en'b of louer dieleciric consta'ni, ihey ca'n be

a.itribubeci to'bhe effect of |he Í',nion upon the ring 1-rroton

spectr.a ano- to tÌ:e o if f erent reaci;ioir f ielo effect of the SoJ-

veni {a-ssu.'nirLg ihzit specific solven'L effects do not alte:: ihe

ring proton sirif'bs) " îhe efíeci; of i:,he couir.ter ion can be

esi iinai;ed oy f ielo ef f eci ca.lcu"l-e.i i'onÊi 
"

If no exchang;e iS occurr:irrg, ine sh1ft of ine trlrotorr(s)

oond-eCi to ihe niirog:en shor.¡.ld- pr"orride a d-ef inil'e indicaì'ion of

'bhe extent of iop pår.ir i'orrnarioil" 'Ihe expected' effect of' the

counier ior: can 'oe ce,l-cula.ted-'

fhis siuri-y v,roüld- firstly provid-e a.ccurate values of

¿;.ni.Liniurn ion an.c. pyrid,inium ion shlftÊ in 'LLre a.b,senc'e of

cou-lter ion effectS. Secondly, it i'¡or-tIC provid'e Ô-a'ra ¡'vhich

can be userj-i,o iest the accLirâc}¡ of iielcl effect ca]-cl'l.lationso

1 lJ'

i j ) If an i,i'* ¿ecou;oling appa.ratns Decones availa.i:l-e the

shifts of the o'bber i-)rolona.ted benzy]aliines cor"iló| þe siucl'ied'

It woul<i, be pa-rticlila.r"JJ¡ in.teresti-ng to stud¡r the annonio

proton spectra of ilrotona.tec. D(-)-i'irøF dii,-re'Lhy1p1':eneth¡rl-amine



2+,2.

and othei: similar compounÕs. 'Ihis compound v¡ould give an

r+L3X spectruu vlith ihe A and- B protons bonded to the nitrogene

Therefo-r^e_ n valUe Of J,., ,.- ,, COurId- be obtained.-.H-.i.r-lI

(4) 1,he excharrge retes of solutions of other substltuted-

anil-ines cou.I¿ þe ¡neasured. at Z5oC, These exchanEe rates could-
t

i:e usecr to caloLrlate val-ues of An' ' f or the excirange teactionÊ '
Exchange ra'i;es coul-d. be meesured" ltith minimum experimental

d.ifficulty 'pecauÊe !t would- no! be necessary to i.lse the tempera-

ture probe, lioïi;ever, only those p::otonated anili-nes lvhich irave

measu.rable exchange rates at 25oc cou"]d -ue investigated- by ihis
,-^{.l^n)l
Il! tt L/ I l.\J \.l- ô

(5) Hind-ered rota.tion of benzyl-amines could. be stud-ied.

in some other strong-ï1o11-aqu.eolr.s acid. such as ehlorosul;oironic

acid , This a.c io îveezes a"c -80oC and- þoils at 15BoC"

'-L.herefore, the i\}iR spectra of protonateo benz;rfa'¡¡ines coutld'

be invest rga'ted- over a much larger t?,:fi$C of temperatLlres.

trf& spin d-ecoupllng corrld- also be used" so that the arnmonio pro-

Lon s1:ectra could- be i::'vestigated-'
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