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Tiekling and decoupl-ing (triple resonanee) teehr:-ii;ies si1*r¡

that, the orthe" meia end para ring proton eoupl-in¿ eonstents (rfirrt
m,_ÐJ,, ,, and .lf, ,. ?espeetivelyi have the same sign 9.:t 3-brelino-J*ehlcrotoluene
UUHHllgrr 116r¡

aird are positive si-nee .tlo* t* positive" Deeorrplå*g experiments alsc

sher+ that, the rnethyl proton eoupling to tire ri:rg protcns in the or+rho

ar:d pera posítion to the methSà gro'ùp (ti,ar^ ntO tËnar") Íu negative
rr e v¿r3 

)
r¡rhile that to the meta position (t'ü"anr) is positive, The sig::s of

the long-rângê eoupiings and Jfi,il sre in ageeement with f,þa O'-n elr-

change meehentsm ¿nd the theoreti-eaL basis develaped. T:y i'feCoruteJ-3-"

Stud.ies of other pelysu'bstituted tcluenas show that, substi+-uents her;e

aLm*st e negligible effeet on the rnagxåàudes of the leng-¡s¡1ge cæup}àirg

es¡lstants" They are al.so solvent ind.ependent' An exception ie

Z*lnydre:ry -3r5-dinitrotoluene fos' r,¡hieh the observed eoupll*g JlirCi¡,
-¿

1s -0"86+0.02 eps" The J.arge raagntrtude of this coupllng mey be at-

tributed ts an i::erease in the mCIbil-e b*nC order of the ontho C-C bond

j.ndr:ced by e quinoid rescnanee strueti¡Fe, Th6 J:, ,, c+i:pling eÐns*uants
r1o.fl

ecrreLate røíth the eLeetronegativities of the heleroata¡ns substittrted

ortho tç ene of the eoupling protons vrhile the Jm ' -11

H"H *od JiroT{ 1¡ãt¿ües

show no trends r,¡ith gubstituent effeets. A eoryelaticn is obeer-r,"ed

betareen the nretþl proton shifts snd the sum of the i{e*eî¡etå sigme

çoïrs¿antç fot t!t* ring substituents"

ft:e såde-ehein subs+-itutod tolueneo 3r4-diehlorobonøylchloride,

is stucìied" The megnitudas cr .iT r,-!î .-ì arrd .if; r!Ìi. rr-r cìçeres.se by about
ïn"tr2t" * 

rr'-..2.*

t,2 eps from the eôvresponding Jl ^r, erd. Jr¡ ¡¡¡ vatrues" Se:¡erai ree*
rrøvrr? r¡Éw¿r3

sens for this are ôåseussed,



A proton rnagnetic resonanee study is eayried out on the

ìntramol-eeular hydrogen bond and the intermol-eeular proton exchange

reactions in berr¿ene soluti-ons of JrJ-dichlorosalicylaldehyde" The

resulis indicate that the exchange prreess is bimoleeulan raith res-

peet to the solute moleeules" The rnagnltude of the seeond order pro-
la

ton exehange rate eonstant is 16,8+4.8 liters mole-' sêc"-r The

magnitudes of the aetivation parametèrs are listed in Table 3-xt[rr"
The aetlvation energies may be explained by the energies required to

break the intramolecula¡ hydrogen bond and to twist the phenolie (and

perhaps the aldehydic) group out of the plane of the ri-ng, The exaet

nature of the transítion state and henee the proton transfer mec!¡anism

is not knor'¡n exeept that it, must involve the fornration of a stereo-

speeific di¡ner between two solute moleeules" The eoneentration and

temperature effeets on the ring proton, aldeh¡rclie and phenolic proton

shifts indleate the presenee of a r¡eak intereetion betr,¡een the solute

ancl solvent moleeules. Therefore the proton exchange reaction ís thought

to bo solvent-assisted. This is the first extensive study of a proton

exehange reaetlon between moleeules in rr¡l:ich the exehangeable protons

are intramolecularl-y hydrogen-bonded,

vl-
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Chapter I

ÏNTROÐIJCÎIO¡J



I

This thesi s is coneerned with the appllcation af proton mâg-

netie resenanee teehniques to the study of two naln areas of ihteresto

namely:

f.. long-¡s¡gs eouplirag eenstants a$d

2, protoyr exchange reae'',ions and i.ntnamoleeular hyårogon

bonds"

For this rsãson the thesis is subdivÍded lnto tvro sectÌ.ons, saeh in-

dependent of the other and troated as a thesis 1n itsel,f, The biblio-

graphy is at the end of *eeh ehapter.,

Chapter 2 is eoncer:red wi"th th€ study of the slgns and nag-

nitudes of the long-p¿¡ge eoupling eonstants ln r"ing-subst,ltuted. toluenes,

and one sj.de*ehain-substttuted toluene. This çection also eontaS-ns a

shcrt lntrodaet,ion to the tbeory of the nueleen rnagnetie resoTrâlr€e ex-

perirnent" Chapter ] deseribes the si,ud.y of tlte åntrameJ-ecular hydrergen

bend., øf pnoton exehange reaetio¡tss &nd of the agçoeiated aet,ivation

panarneters i:r 3u5*díehlorosalieytreldehyde in benøenE solutlon" A mose

e:rtensive i:rtroductLon to eaeh topie i-s found in the separate^ seetions.



Chapter II

Á. sg.upI 0F LONG-RANGE PROTON-PR0TCIN

COUPTING CONSTANTS IN POLYSUBSTTTI]TED TOLIÍENES
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ÏNTRODUClION



The object of this researeh r.ras to study the signs and nag-

nitudes of long-range eoupling constants ln poLysubst,ituted toluenesn

their dependenee on substLtuents and solvent-sr and to eompare thi-s

data with existing ti:.ecretieal caleulatlons,

Thls ehapter is subdivl-ded into ssveral parts. In the

Introduetion the nuclear nagnetic rêsonencê (nnm,r") phenomenon is

lntrodueed. and tr,¡o of the pareme f,ers obtained. from âtl rlolrloFo spec-

trun, nanrely the ehemieal- i;hfft ancl. eoupling constant, ane diseussed.

A discuesion of faetors affeetíng llne rridths, relæcatlsn tfunes and

exehange proeesses ís reserved for the next ehapter. A long-rapgs

eoupling constant is then in-Lroduced and a revie¡r of the oxisting

Literature on those eouplings iir benuyllc sysåuems as well âs on t.hoír

theoretieal interpretatíon follows, This seetion i-s conclud.ed vrlth

a descriptlon of the determlnatíon of absolute signs of eoupling eon-

stants in aromatlc systens and the nuclear magnetic double resoÐanee

technlque of obtainlng relatlve signs of coupling eonstants"

The rest of the ehapter deals wi.th the long+'sv¡ge coupling

constants of polysubstituted toluenes in the no:rnal nannere i-.e"e

Nature of the Probleni, Experlneental Þlethods and Results, followed. by

a Discusslon and Suurmary l"¡ith Conclusionso Several other exçeriment,s

r,¡hich I had hoped to earry out are described. in the section entitled

Recommendaoulons for Future Researeh" This chaptor concludes r"lith a

Eibliography,
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THEORETTCAL DISCUSSTON

-



A. Îffi I\TUCLEÀR MAGNEîIC RESONANCE EXPÐRTMENT

The theorly of nuclear mågnetie resonânee (nnrnor') spee-

troscopy has been developed 1n detail in several nonographs (1 - 8).

Heneeo only a bríef review wi.LL be presented ln this ehapter"

l{any nuelei possess magnette moments assoeiated. ralth an ln-

trinsic angular mo¡nentum, These magnetie moments ean lnteraet with

both lntrinsic and externally applied magnetic fields in the pr€sence

of which they experlenee a torque and tend to line up in the direction

of the fi-eld" The raagnetie moments thus behave as srnall- bar magnets

or the so-called nuelear magnetsn If an oscillating magnetic fleld

i-n the radiofrequeney ragion 1s applÍed to a garnp}e contai-ning nuelear

magnetie noments, an absorptlon of €nergy ean be deteeted' Thusu the

nuclear magnetic moment 1s usod as a probe in a study of the loeal

magnetic effects within a moleeule' Thls ls knor,rn as the nuelear magnetie

resonanee experlment.

In ord.er for a nucleus to possess a megn€tic moment, it rnust

possêss the property of spln whieh results from a eireulation of mass

about e given axis, The spinn or spln angular momentutn vector i-s

designated by the s¡nmboI ! and is measured. in r.¡¡:its of Å- . *I, known

as the nuelear spin quantum nr:mber, is the maxi¡rum measurable eonponent

of the angrrlar momentua in any gÍven direetiono For all nuc1el i'rith

odd mass nunber, the value of the spin I ís an odd integral multiple

of +" For nuelei $rith e\ren måss nr:mbers the spin is zero for ar¡ even

atorni-c nmber and i:rtegrel for odd atomic nunbers. This study ls eon-

cerned solely r+ith protons whi"ch have a spin of f.
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The círeulatlon of mass has an assocíated cireuÌation of

charge givi-ng rise to the nuclear magnetie moment, f trhlch is pro-

portlonal to the nagnltude and direction of spln:

2-]- ,,4= ,*Å t = eNÊNI

rorhere Y* is the nuclear magnetogyrlc ratic ., gN the nuclear g factor

and p* the nuclear magneton. The nuelear magngton is defined in terrns

of the proton nass Þ1Or

2-2 FN=
+

e./n,
ã{cp

and is nr¡rerically equal to 5'O5 x LO'fu

constant dlvlded by'2 n ¡¡hlle e and c are respeetively the charge of

the proton and the veloclty of llght. NucLei are thus dlstinguished

from eaeh other by different values of spin and magnetog¡n'ie ratios"

fn field-free space the orientations of the splnnÍng nuclel-

r.rl3.l be randora but the spln angular momentun voetor must st1l1 be sueh

that lts components in anf'given dlrectlon can only take up one of a

set of discrete valuos trhich are *I, (I -1), ooo-(I-1)-I' The energies

of these 2I + 1 orientations are degenerate. For a proton ¡rith I = å,

the nuel-ear spin quantrrn nr:mber \ *ay have the values +å and -å" The

application of a steady external magnetie field $ defines the re-

ference direetion and llfts the degeneracy of the two energy levelsu

The extornal field exerts a torque L on the magnetie moment veetor and

thus tends to align it paral.lel to the field

2'-3

the energy of i¡rteraetion

4-
erg/gauss. ,4, is Planckrs

x H.
-o

is represented in te¡rns of the Ha¡niltonian

uL'

2J+ Z. = +/&.\



The direction of $ (axls of quantizatlon) is norrna1-ly ehosen as the

negative Z díroction" The I{aniltonian for the lnteractíon thon

beeomes

z-5 ZÕ = + rrnÊt, ao = +e*fi*r"H

ç¡here T-" is the nuclear spin quantum number eorrespondlng to the al--

lor'¡ed. component of the nuelear spi.n in tire ¿. direetlon. It is also

desÍgnated as rnq, The separation between adjaeent nuclear energ]¡

-4Ievel.s l-s

2-6
JL

AA = r*zkilo = gNÞNHo"

The units of energy are 1n ergs wben IIo ls i.:a gauss.

Transitione betro¡een these tsro nucLear spin ]-eveIs are in-

duced by the appllcation of an osclllating eloetromagnetie field of

frequency ))- satisfyfng ttre equation

2-7 As =t/rV = r*,frno = ENFNH."

C1assically the :nagnettc moment vectorr&. processes about

as a result of the torque L exerted by Ho" The angu-1ar frequeney of

preeession úf ts

Of - THo = znìr

resonance equetion for the nuel-ear magnetlc resonance phe-

lf = YNH' = 8itþmHoT

Htu

2*B

I{enceo the

nomenon is

2-9

2n

So far in the diseussi-sn lt has been assumeC that the nuclei

are bare and ix free spaee - an ideel situati-on' Ilo+lever, the nalnoro

exporixrent ís caruied out on nuclei in moleeu.les in whlch case ths

resonance magnetie field and. the external nagnetic field Ho are not



the same, the resonanee rrregnetic field must be replaeed by an effeetive

nragnetic field Hloc.l whieh varies according to the ehenical environ-

ment of the proton, This change in the resonanee field betl¡een a

bare proton and a proton 1n a molecule (assrxrlng a eonstant frequency )Í

arises from the extranuclear eLectrons r"rhieh when placed ln a magnetlc

fieLd also u¡dergo a precession. This preeessLon has associated with

it a magnetic field whi.ch eauses a srnall shift, in the r¡a1ue of the

external field required for resonance" This differenee in the re-

sonanee fields is known as the screening effeet or the ttehemieal shlftlt

and nri1-l bo discussed bríefly ln the next sectlonn

'ïhe n.mor. spectra of molecules possessi.lag, several nucleí

rrith magnetie moments are also complleated by the interactlon of these

noments w'ith each other. This effect is also eharacteristic of the

molecrrlar envlronment of the nue1el and Ls lmown as the eleetron-

coupled nuelear spin-spín l¡rteraction. It is dlscussed in Section C

of this chapter,

Tï¡o other effects influence tlotrlof,o spectra. The fLrst occurs

for some nuclel r+lth spins of one or mor€ slnce they possess an eleetric

quadrupole moment, An electric quadrupoLe moment arises from the non-

spherieal distribution of eleetric charge denslty at the nueleus.

V¿rious compl-lcations arise in the nonrcre spectra when the nuclei are

prosent in a moleculeo In the presenee of an electrie field gradíent

these quadrupole ¡nourents undergo preeession whieh displaces the nuclear

nagnetic leveIs" This provides ân effielent, relaxation meehanism lead-

ing to a broadening of the resonanee ltnesu Thís effect w'iLL not be

considered firther slnee Í.n proton nagnetic resonance st'udies it does



not erisêo ÎÌre widths of n.m"r' absorption lines ars also affectecl

by the lifetllres of the spín states which i-n turn are governed by the

relaxation ti¡nes of the various nuelei" I'folecular naotions sueh as

hlrrdered rotations and nuclear exchange reaetions al-so govern the

line rsldths. These phenomena ¡1111 be eonsidered ln Chapter IIL



B. Îiü CIÐ¡4ICÀL SHrt¡p

1 u General*Inl3.qIlstion

the resonanee fregueney of a partieular nueleus varles de-

pending on its environment in a molecul.e and dlffers fron that of a

free nueleus. the actuel nagnetic field Hlocrl at the nueleus is

}-LO Hloea1 = Ho (1 - 6')
r

where O is the shlelding constant of the nucleus under eonsideration"

It is a positive quantity r¡hich arises from the magnetlc field produced

at a nuoleus by the precession of the ne5-ghbouring eleetrons about the

magnetie field d.irection Ho" This r¡rduced field opposes Ho and is

proporti-onal to lt. Thus the resonanee frequency of a particrrler

nuel-eus wiIL rrarSr from one environnent to anothero The Harnlltonian

for the interactlon betr^¡een the nuelear magnetic moment and the external

field (Zeernan energy) beeomes

2-Lt Æ" = l*.frry Hr-oeal = YorfrI.rnoe- 6)"
Since it is more convenient to express all energlos in eyeles per

seeond rather than ergs, the above equatÍon becomes (dtvidtng by h)

z-t2 zo = /* rz Ho (r- S).
2. rT

/, aoa sereening eon-

(i) (1 - Ql,

For a set of nucleÍ wlth rnagnetog¡rric ratios

stants O, equation (2 - LZ) beeomes
1_

?-L3 Y,. Íz

where /, arp"tds only on the

protons'

Z'= no >.m,L
nuclear s¡recies and is the same for all



From these equations it is seen that, a rosonanee for a par-

tieular nueleus r+ilI appear at a hígher field (at const,ant frequrncy [ )

than that of a bare nueleus due to the screenlng effect. this screening

effect 1s the Itehemical shifttt"

It, ls seldon necessary to knonr the absolute field strength of

a nuclear resonence sÍ-gnal with great precision and most n.m,rô measure-

ments ere concerned only r+ith the diffsrence in the fleld s'crongths of

si-gnals, usualJy in frequeney rrnitso N"MoRn speetra are thus ealibrated

rrith respect to some reforencee the most eormon of whfeh in proton

nagnetie resonå.nee spectroseopy today is tetramethylsilane (f¡$)"

The position of a peak is often speeifled in terms of its
che¡nieal shift, fron that, of a reference by a dimensionless quant,íty
("
,l - expressed in units of parts per unillion (ppra),L/ rs

2^II+
(-v

^\ = H -H(-/rs s r"-r-
r

where H" and H, are the resonant fields of the sarnple and referenee

respectíve1yo The chemical shift is also expressed ín tersns of the

shielding constants of ùhe sa^np1e 6-^ ana the referur.*u 6* *"Sr(
z-L5 ò*u = Ho (1 - Ç"t Ho (r - 6r)w

=bb rs
,_ Çr

z q - 6;, since Ç.. 1.

There is a change in the sign eonvention in going from de-

finitions Q - f+) b (2 - L5) sinee a largest shielding constant implies
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that the resonarlee for that particular nueleus wiJl occr.lr at highest

field." However, no problems arise because of this sinee all authors

state the referenee and the shlft in parts per atllion or in frequeney

units r.rith res¡:eet to it"

The above defínitions and, diseussion are found in at1 the

standard references mentioned previously.

2. Ori&Lns of tþe Chemica] Shift

ALI theoreti-eal attempts so far have been eoncerned wlth the

u:ethematieal formulation of Ç o thr shielding constant, Follow:ing a

reeent nrethod (9 ), 6- ean be written as

2-16 6= q + e**aru*

l¡'here O ,- is the contributlon to the screening eonstant arlslng fromtÎ

an lsolated gaseous molecule and I *^^*.,-. i.s the contríbution arisingmeol_tMl

fron solvent effeets on the particular nucleus r+hon in solutÍon. Buck-

ingha.ur, Schaefer and Schneider (10) first systenatlzed the different

eontributions to the shiel-di-ng constant arlsing from rnedÍum effeets,

and write

2-I7 Ç*e¿t,:n = ço + q + s*
è+ bE + bH

where 6-ou Ç", Ç*, Ç, and 6-* .". the res¡æctÍve contrlbutlons

to Ð .-^,.-_- arising from the bulk diamagnetle susceptibiJity of themedl_ïn

solventu the anisotropy in the susceptlbility of the solvent, the

r¡an der ì-laals interactions betÏ¡een soluto and solvent moleculeso the

reaetion field of the solvent (i-urportant for polar soluto molecuJ.es

and loo¡.¡r¡ as the ltpolar effectt') end the contríbutj.on due to complex
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r
formation. The effoc-t,s of O ne*íwn on

sentially held constant, by the proper ehoiee of

referenceso extrapoLatlon of shifts to infinite

be mini¡Ézed or es-

solvenis, internal

di-l-ution and other

contributions (3u 12) namel-y:

2-rB flo = 6ooo +

r,¡here û oou is the dianagnetie

olectrons on the same ato¡n as the

the eontribut,lon t,o fro arising

Þ"+

experlmental devices" The various eontributions to fr**dÍ'* ht"

been discussed previously (11) and wiLL therefore not bo discussed

further.

The shielding eonstant fr * "un 
be qritten as a sum of four

õGc 2
G#B

frou o Ç,*inu
seroening fron the circulation of

nuoLeus tn question; 6 **P i"

from parainagnetS.e currents on the

same atomt Ç, ls the eontribut'ion fro¡n the B substltuent aniso-

tropy a.nd. is the eonbined effect of the diamagnetie and paramagnetie

curnents on other atorns whll.e % , *ioU is the eontribution t,o ÇG

arising from el-eetronic eurrents flor,rlng around elosed ri-ngs of atoms,

or rlng curuents, These four contributíons rr¡il1 be discussed separatelyn

(a) À!¡niie shiel-dins g,nåta$t

The shielding eonstant term frO*U r,¡as first evaluatod by

I,a:nb (13). Ha eonsidered the sJnplest system, nameLy a free aton r¿ith

no resr:.I-tant orbital or spin anguLar moment&" Placi:rg the atom in a

riragnotic field. produees a d.ianagnetie eireuLati-on of eleetrons about the

¡:ueleus r,rhieh i:: turn prodrrees a rnagnetic field opposing the applied ex-

ternal- field, The nueleus thus oxperiences a reduced field and the effeet
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is 1*,rger for trarger diamagnetic cuments. Larnbrs forrnrrla rnay bo

written as 7
Z-'g O,.,.., 

ñef J L

where e and m are respectively the eharge and mass of the electronn

c is the veloeity of Iight,, and p (r) is the eleetron density at a
L

distance r from the nucleus.

(b) Par_amagrrrqLlg CrtI¡gnts

htren a nueleus is no longer free but forms part of e moLecule

the eleetrons are no longer eonpletely free to precess about the dj-rectlon

"f lt. I'tlo problerns arise; first the seeondary lnduced field seen by

the nueleus is not necessarily para1lel to Iø and seeond; a tem

addÍtional to the Lamb term arises for the theoretical oxpresslon for

the shieldfurg eonstantn

Ramsey (1&) has derir¡od an expr€ssion for the magnetle fleld at

a nucleus resultlng from the applícatlon of an external magnetic field

to a polyatomie moleeu-le which has no resultant eLeetron orbital or

spín angular momenta in the absenee of the exbernal fiel-d", A si:nple

but less exaet f,orsr of Ramseyrs equation 1n terms of the sereenlng

constant is (1)

z-zo 4,, = *2 f *' o u' p ¿T + *24r?11, ñJ *:rr* L ffiE <'l7i "-i #t-"1à
r.rhere A, g is the mean exei.tatlon €nerg¡r used in the approxlmation tt¡

Ramseyts equation ínstead. of the sum over h, fat" al1 sxci-tatlon energíes

En - Eo. Tbe above expression involves onl.y the ground-state r,¡ar¡e funetions"
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The sh-ield.ing constant is Çr, , Å- ," Planekts constant-/raiuiaua

by 2Tl, ), is the angular momentun operator about the Z-axis, and
àø

the other eonstants were deftned previouêly for Larnbrs equa.tion.

The first te:rar is si-uri-Iar to the La¡rb forrnula for atoms and

beeomes identieal lrith lt v¡hen everaged over all directions. It ls

Iaror,m as the rtdlamagnetlctt shíeldlng term, The integrals are taken

over all the electrons in the moleeul.e so that this terrn corresponds

to the shleldlng arlsing from a simple clrcular diarnagnêtic circulation

of the eleetrons about the nucleus of interest" The seeond te:m, lononn

as the rr¡:aranagneticrt shielding tern, effect,ively eorrects for the

hindranco to this free electroni-c rotation and arises from the lack of

spherieal syrwnetry in the molecule.

the La:nb t""rn Q*d is easler to esti¡ate theoretíca}ly sinco

it depends onLy on the electron distnlbution in thegr"ound state" The

paranagnetlc term or Ç*t t" the original Ransey equation requi-res the

detailed lmow3-edge of the energios as ¡¡eLL as the weve funetions of the

gronnd and excited statos. These are seldom lcno[^mo Even v¡hen Ramseyls

sinplified equatÍ.on (2 - 20) is used where the integrals are only over

the ground state r+ave functÍon6 a good nethod for obtai¡ring the ap-

propriate ô n is not avai-lable unless it, is estimated experlnenta$r"

f,\¡rtherrnore the seeond te¡sn is difflcult, to evaluate reliably

sinee it depends on the second derlvative of the r¡ave fwretions" Con-

sequently it is very sensitive to ersors in this derivatlve as Ramsey (1ll)

lllustrates witb an examplo froan the litsrature (15). i,Iick (l-5) found

that by taklng tr¡o some'r^Íhat different l,¡ave fi¡nctions ín his eaLculations
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of the rotational magnetie moment of Ë, he could obtai¡r results for

a tersn analogous to the Ramsey peramÊ.gnetle term which dlffered fron

eaeh other by more than a factor of eight"

The tr.¡o terms in Ramseyrs equation (Z - 20) ere often of

cornparable nagnitudes but of opposlte sign. Henee thts equation has

been msinly applíed to snall rnolecules* fn proton nagnetic r€sonance

the diamagnetie term is predornlnant vrhereas fluorlne ehemieal shifts

are largely dominated by the paramagraørtíc teun. Ðue to the problens

arising from the use of Rarnseyrs equation in dealÍng rrith larger systems,

the contribution to the total slilelding must be subdi-vided into local

eontributlonso This is diseussed in the next two sectlons"

(c) The Nefuthbgu" Antsgtgoev ËÍfgqL

Further l¡ork on the evaluation of the oontrlbutions to 6-

r,xas earried out by Saika and Slichter (16)" After conpleting a study

of fluorlne resonance shlfts, they found it eonvenlent to subdivide the

shlelding eonstant Ínto three ter:nso The fírst two terns ¡sere found to

be equlvalent to the diamagnetlc and paranagnetic terms diseussed by

Ramsey. The third term lras the combj¡red effect of the diarnagnetic and

parâ$trtgnetic eurrents arlsing from other atorns on a partieular nueleuso

this effect is largest if the electrons on e near neighbour atom have

a large and anisotropic magnetic suseeptibility" Thls term corresponds

*Z
G/a

t o, in equation (2 - fB), It is partleul.arly important for

molecr:-les like acetylene with an anisotropic tríp1e bonrl and for the

\¡nfrogen hali-dos,

I'fagnetie anisotropy origlnates from t]re eírculati.on of electrons



on rreighbouïing atorns. These circulations ars indueeci by the applied

field and rna¡' bs elther diamagontie or pararnagneti-e. They may arise

on ihe neighbouring atom or the bond joining the neighbouríng atom to

the nucleus i-n question.

The mathematical ¿r,rêat¡nent has been developed by t4eConnell (17)

and Pople (18)" The cuy:rents on the neighbouríng atom (X) are re-

plaeed by point magnetie dipoles at the eentre of the atom and the

effeet that this dipol-e has on the nueleus i-n questi-on is then in-

vestigated" This effect would be averaged to øeliô ovÊr^ a]1. orienta-

t,íons of the moleeu]-e with respeet to the field 1f the nagnltudes of

the induced currents rorere inclependent of orien',,ation. Hovrerrero if

the electrons orì the neighbouring atom have a loeal anisot,ropy in the

magnetie susceptibility the eomponent of the seeondary fietr-d at a

neighbourirrg nucleus r^¡ilI not be averaged. Lo zera"

Henee å. secondary field is produeed at the nucleirs due to

these distant euryents and rri1l contribute to the measured chenical

shift. For a diatoraie molecule H-X r¡ith eylindrlcal synmetry the

contribution A o to the shielding of the proton d.ue to the neigh-

bouring anisotropy effeet i-s

z-zL A o = 1U_/ +_ (1-3 co"z +) ø

ô
3n)

This equation r.ras fiz'st derived by Ì,icconnell (17). R is the separation

betr,¡qci: prcton 11 and the point dlpole on Xo + is the angle betr.¡een the

R,,'ector and the anisotropy axisu /tl nnt /¡a::e the magnetie sus-

eeptibí"r-itles parall-el to and perpendicular to the bond



axis' they are negatlve r+hen r¡e are dealing wlth diarnagnetic eurrents

and positir¡e t'¡hen pararugnotie currents are involved, The anl-sotropy

in the rnagnetic susceptibilíty t, A/.
I"Ícconnel-l1 s derir¡ation nakes sevoral assumptions; namely,

that the group r+hich is studied is distant enough fro¡n the proton in
question' that the rnoment induced by the applied field may be represented

by a point dipole and that the second.ary fierd at the proton may be

caleu-Lated on this basisn Eqr:ation (2 * 2L) rnay be extended to calcrrl-

ate the effect of several groups in one molecule on a trnrticular nucleus.

Pople has studied the dÍamagnetic anísotropy of the triple
bond 1n acetylene" A large paranagnetie crrrent in the carbon atoms

of t'he trlple bond is induced when the field is perpendicurar to the

molecul-ar axls but this effeet is øero røhen tåe field lies along the

bond axis , ttence/tl - /t is large and negative and si¡ree cos g 
=

Cos O 1s positiver A Ç ts approxÍrnately + I0 pprn. Thls inereased

shlelding Í.s large enough to displace the aeetylene resonanee signal

from r^¡here one r'¡ould expect it on the basis of acidity (low fierd of
etl¡yIene) to its observed. position near ethane.

An excel-lent review has recently appeared whieh correlates

alJ- the data and glves a good dlscussion of the diamagnetic anisotropy

of el-ectron groups (19),

(d) Ring Current åf{egL

Electronic euments vrill flo¡¡ around elosed rings of atoms

rrith the best example befng the rrring currentsr arising fron the pre_
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eessíon of the 'l eleetrons around. the directlon of an extornarly

appl-ied magnetle fieLd in arornatle systems. This approach was first
suggested by PauLÍ-r:g (20). 0n this model it is possibtre to compare

the shieldi:rg constant betr'reen an aromatic and an ethyì.enie proton,

l{hen a magnetic field ís applfed perpendteu}ar Èo the pJ.ane

of the benzene rlng the lndueed magnetic monent is diarnagnetic. There is
no free eloctron euryent if the magnetic field lies in the pla.ne

of the ring. Pople (21) has made a sf:nple estJrnate of, the nragnítude

of tha secondal5r rnagnetic field at the bonaene protons due to the in-
ducod ryragnetic moment at the centre of the ring. 0n this basi-s ho has

ealculated, the difference jrr the shift between bonzene and ethylene

profons to be -L,75 ppm as eompared to the experfmental value of -l-.lp
PFsl' The indueed nagnetie moment has a deshieldixg effect on the ring

protons since the nragnetie lines of f1tx at the protons are paramågnetie.

T'íusher (22' 23) has challenged the whole idea of e, ring euæent

model. Horte\rer, margr authors st1I1 argue that the ri¡g cr:ruent modeL

ís of great practieal use" Gaidis and 'tfest (2&) have shmrn that, thls

model aecounts for the sbsorved bigh-fíe]d proton shlft,s above the plane

and isrside the ring of an aronatlc system, pople and unteh (25) har¡e

applied t'his ¡rodel to conjugated monocyelic polyenes and predieted para-

magnetic círculations fqr nrole.cules r+ith 471 7l electrons and diamagnet,ie

cirerü-ations for 47L + 2 systens. their predåetions appeer to be 1n

reasonable agreement u"ièìr the observed proton shift,s in the relevant

moleeulesu The nrxnber of experinrental deserlptions in ter.ns of ttring

er¡rrentstr in the NÌ,fr, literaturç is ver5r l"arge {24, 25 and referoneËs
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therein) "

The theorry and ealeulatLon of the chemical shift has re-

cently been revier,red and discussed (23, 26) in ful1 detail"
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c " u{F. EtB_cåRpN:cçgÏtllp _ splg-spIN cOgpLJN_G coi{sT,4_NI

A nucleus in a moleeule experiences a eontribution to the

rnagnetie fieLd arising fnor¿ the magnetie rnoments of neighbowing nueLeiu

This lnter¿etion lrrani-fests itself as a byoadening of the resonance U-ne

in soLid.s and as h¡¡perfine strueture in liquids and gasêso The forrner

is due to direet dipoLe*dipole inter¿etion and l,rill not be eonsldered

further' The hyporflne structure in liquids and gases arises frorn, and

is known as the eleetvon-coupled spin-spin interaction. studies of

these spin-spin interaeti-óns ave very 5mporfant in nueLear magnetÍ_e

resonance speetra sinee they strongly depend on the eLectronie environ*

ments of the eoupled nuelei (27),

This enerÐr of interaction is equal to hJ6I(i). L( j)

rEhere h is Planckrs eonstant and rr.j i" the coupling eonstant (in cps)

bettieen nuelei i and j havlng nuclear spins f(i) an¿ J(j) i"espeetively"

Hence the total Flamiltonian for a rnoleeule in the llquid state in the

fleld H- nay be obtained by ineluding the spin-spin interaetion tey.yn-o
in equation (2 - Il) r,¡hich nor+ beeomes

z-zz f,o = Ho'. = 
^ 

ui Yi rz (i) (I-ot)

The summations ere Éver atrI- the nuclei ånd rZ (i)
of the spin I oy the nuclear spin quantum nrrnber,

The theory sf nuclear spin-spin eoupllng

revier,¡ed by Ba::field and Grant (?7) " Their eevi erø

nre.inly follo-irsd in this discussíon"

z
l<
the

has recent3-y been

¿rÈiel-e rs11] be

.Lð

. ris (1), r (J),

Z eorrtponent
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Field independent splittings of th€ nom"r" s¡reetra r^rere

firsf diseovered by Gutol^rsþ and Ï.ieCall (28) and by Hahn and Max¡reLL

(29)" Gutowsþ et ar (10) suggested that the orbitaL motlons of the

eleetrons n:Ly so shield the direct ínteraction betrseen nuelei that
the locaL flelds rnlght not be arreraged to øero when sveraged, over all
ori-entations by the rapid tunrbllng motions ln IÍquids. Thls inter.actlon

botl¡een nueloar spins and the orblta1 nrotlons of the eleetrons was

sho'*rn (31) hosrever to be snaller by an orrler of magnitude than the

observed coupllng eonstants. Another nechanisrn proposed by Rarnsey

and Purcerl ß2) âssìrûss that nuclear spins j¡rteract through the

magnetie polarization of the spi.:as of the nearby eleetrons. Thls

theorSr, developod i.n more detail by Ramsey (3r) is mueh more success-

ful and fonns the physieal basis on which theoretical studies of spin-

spin couplL:eg oonstants are based.,

Ranrseyrs (31) theory took lnto aeeor¡nt a1-1 possible i¡eter-

actions bet¡reen nuclear spins in a molecule and shoraed that the i¡*
direet coupLing, r"rhich oceurs by a polarizatÍon of the electronie en-

vi¡onment, nay occur by three mechanims¡

a) one nuclear magnetic moment lnduees orbltal eloetronfe eurrents

rçhich in turn produce nragnetlc fields at the síte of a seeond nucleuso

b) the dipole i¡teraction between the inagnetle moment of one nucleus

and the eleetron spin produe€s an eleetron spin polarization so that
there are nonvanishÍng magnetic fields actÍng on other nuclei"

e) there is a coupling involvi¡g the Fomri- contact interactlon betr¡een

nuelear momonts and electron spi.rcs in s_orbltals,
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Sinee protens have only a sÍngle..3.*e:Lectrop,meehanÏ-srri -e

eonstitutes the rnost ixportant eontrlbution to the totaL coupling

raeehanisrn"

QualÍtati-vely, the Fenni eontact eoupllng mechanism may be

dlscussed as fol-]ows. It is ÞraÞosed that the spin-spin i¡rteraetions

are transmltted via the bond3-ng electrons bet'oreon the nuclei, and not

through spaeo. Consider tv¡o nuelei A and B joi.:red by a pair of bondlng

electrons. To a first appnoxi-nration, it is very likely that one eleetron

r'rilJ. be assoeiated with one nueleus .[ and the other electron r.rith

nucleus Bo EnergetÍcatrly the most stable state is the one i¡ r+hich the

electron spln is opposed to that of its on':',t nueleuso Bu.t the Pauli

pri-neiplo states that the trnro eleetron spins must also be paired (iru.

antiparal-lel)" Ëence the most stable state r.riIl be the one jsr r+hieh

nucleus Á.-electron a-eloctron b-nueleus B spins altornate. Pneferentially

nuclear splns A and B ü:i11 tend to be antiparallel (paired), Thus the

bonding electrons are responsible for letting one nueleus krow the spín

state of a neighbouring nueleus. This 1s the Fer¡ni eontact potential

or interaeti-on, For an s-eleetron there is a probabilíty of the eLea-

tron being found right at the nucleus and the eontaet i^nteraction is

¡rroportional t,o the electron density at the nueleus, For this reason

it is so inrportant for proton-proton eouplj¡rg. The eal-cul-ation of the

Fer¡ri eontaet interaction ís actually a rel¿tivistic problem since the

potontial energy of the system beco¡nes very large rahen the eleetron is

near the nucleus"

Ranseyrs approach to the spln-spin couplixrg theory was devetro¡:ed



22

using quåntum-meehanieal perturbration theory. I{e showed that the

I{arriltonian for electrons movlng Í.n a field of nuclei ruhieh have

magnetic moments is (33)

z-zi ;)¿ = Z, * /, n Zy

enêrgy and magnetie lnteraetlons betçreen eleetronÍc orbltal

motlons and nuclear moments (coupling mechanisrn a)

V - electrostatic potential €ner5¡

t", - electron orbit¿I-orbital i:rteractlons

Ææ - electron orbital-spi.n interactions

these four quantitles are not j:rvolved with the nueS.ear spin

ilr" - electron spin-spin fnteracti-ons.

veetor ï.-.
-N

- electron msss

- electron charge

N - nagnetogyric ratio of nucleus N

- Planckrs eonstant dlvided by Zfi

- rreloeity of light

- nuclêar spin vector

e

Y

-ü

ç

år
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f t-nr

,fe

= + - åü tÌhere :rO desi8nates tho eoor"rli-nates of the krth eleetron

and g* the coordinates of the nrth eleetron"

* gives the magnetic dipolar interactíons betrseen electrons in

r¡orr - s orbitals and nuclear mourents (coupling raechanisnr b),

- Bohr magneton = e þ,
âae

- eLectron spín vector .eÐ1-

t/ " - reÞreseÐts the Fe:sri contact i¡rteraetion betr¡een €leetron spinsøU )

i¡r s - orbits and nucloar spi.:es (coupling nechanism e)"

The Dirac deLta function E ,",.'., has the properties
în ^¿ f+Å* .-
I ò (x) dx = 1; I r G) à (x-a) dx - r(a).J-* J_

Its presence in the term Í:nplies that, ths interaction depends on the

probabil-ity of the el-ectrons bei-ng at the nucleusn îhis tewn was in-

trodueed by Fernl to explaín the hyperfine struetu:re in atoni-e spectra.

The total Harni1tonian for a rnoleeuLe is derírred by llameka (Jlt,)

and r"riIl not be eonsidered further"

For protons the Fermi contact term ( / r) makes the largest

contníbution to the total- Haniltonian sinee it eorresponds to the elee-

trons bef:rg closest to the nuclei, The lnteraction of the nuelear

magnetic moment,s ¡.rlth the el.ectron orbitel motion (trterra) and the

elsetron-dipole (ilrter:n) are usuaS-1¡r neglected (31, 35)" The pre-

sence of the large Fermi contaet term 1s also evidenee agalnst a eoup-

15-ng mechanisn r,¡hieh would oecur between nuelear spins through spac€

rather than through the eleetronie strueture of the lnterv',enlng bonds"

Bxporimental evidence indicates that the magnltude of the coupling

constant betr,ron tr,¡o nuelei attenuates r¡'ith an inereasirig nunber of
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bonds separating these two nuelei and an attenuation factor sf ten

for each additi-onal lntervening saturated bond has been suggested by

I'lcConne1l (36) 
"

The coupling eonstant J*, between nuc1el N and Nt may be

ealculated fi:om the total Ha¡riJ-tonlan" A rigourous evaluåtion of J¡Jpr

requires the navo functlons for the eleetronlc ground state ar¡d aIL the

exeited stateso These are seldom Ìcrornrn. An approxi¡mation Í-s usually

made j¡r rçhich the sr¡¡T of (E* - Eo)o r,rhere E* fs the onergy of the ntth

excited state and EO is the ground state enêrgy, Ís replaced by an

average exei-tation energy á, E (average enerry approximation), The

contaet contribution J*r, (3) to the total coupling eonstant J**r is
fou¡:d to be (1, 31)

2-24 ,o* r(') =

kt4
* ($rrûr'\t /* /*, I x
3t¡ \ 3 / - 

vr's -'' 
^aE

i ã (s,ou) å (r¡s,¡ år. ."g, lo)
This evaluation requires only a knor+ledge of the r^¡ave funetlons for the

electronic ground state. The k and j refer to sr¡mratlons orrer eleetronso

This approaeh also has dlfficulties" The e\¡åLuetion of a E

is near"lv a.s di"ffi-cult as the er¡aluation of the coupllng eonstant 1t-

sel-f* Dr¡e t-o *ha ,E.vsv¿ge energy approximation, ealculatlons of spln-

spln couplLne constents must have elements of enpirlcism (Z?)"

In equation 2.,* ?l+ lt is seen that J*, ls proportional to

the produet of the magnetogrrie ratlos )/,u X*,. This gives a simple

relation between the spín eoupling constants invoLving varlous isotopes

of the same nuelear spins. .A slÍght departure fron strict proportionality
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night be extræcted in ttnro molecules differing ísotopieally due to dif-
feront amplitudes of zero-poånt vlbration and to different eleetronie

radueed nasses, but these are very s¡tal1 (37)"

The above theory rras first applied ùo the eoupling in the

h¡nlrogen moleculeo In praetiee the spin coupling eonstant eannot be

obserr¡ed directly sivrce both prot,ons are equivalent. Howeveru from a

study of IÐ where the obsen¡ed coupling ls l+3,7 cps and the l<nsvrtedge of
(r/ Yo = 6.fl4, the proton-proton coupling can bo ealeulated to bø

2lB cps (Z?), Ramsey (þ) ealculated the contact tem for HÐ and found.

the.t it eontributed about &0 eps to the total coupling constanto The

dipolar contributlon ¡"ras about 3 cps {oA2 tut^) r¡hi1e the orbital tencrs

t"/rl ¡rere less than 0,J c¡rs" ïlenceE the eontact ternr is the d.ominant

ollÊ¿ The various thesnetieal- esti-nates of the H, coupling havo been re-

vier,¡ed (2f) and wiLL not be eonsiderêd further"

The theory has nolr been applled to eoupS"ing constants bot'ween

pnotons in moleeules where there is no diree! bond, Ramseyts equetlons

also serve as a startlng polnt for these eaLcuLatlonsu These i¡lvolve

both ths valence bond and the nslocular orbltbal wave functlons in the

calcul,ation of the tewr

( " l? ? J ,**, J (e¡*r,) ï. erl o)
j.n equation ( 2 - il+)n ReasonabLe values of Á E must also be obtaiy¡ed.

The latter problem is d.iffieul.t and l-s often avoided by eonparlng sets

of coup]-i-ng constants fon groups of cornpounds r.rithin t¡hich A E is ox-

pectod to be constanto Then variations i-rr the coupling eonstents are at-

tributed to ninor changes in the ground.-state total el-eetronic ',l&vs fmctisn"



26

I'fcConnell (38) forroiulated the molecular orbital treatment

withi¡r the fraü.ework of Ramseyrs perturbation resrr].ts" The wave

fu¡rct,ion is eEpressed as a product of moleeular orbltal and spin funo-

tions of the electrons. Configuratlon interactíono Í.€" the rrmixing

intr of exeited eleetronic eonfigr:ratlons of the eomect s¡nrunetry, loas

not i¡cluded and hence loads to the result that the eoupling constant

should alr,¡ays be positÍ-ve, This eonclusion is contrary to experiuental

results slnce coupllng constants of both sígns are measured (21).

Recently PopLe and SantrXr (lp) have developed the molecul-ar

orbital method t¡Íthout invoking the ar¡erage energ'y approxi:nation, They

use both ground and excited state rçave functions" The contact eontri-

bution to the spi.n-spin eoupling constant betr¡een nuelei N and Nt is

given i¡: ter^ns of the atomi-c orbitals taking part in the bonding pro-

cess (since moleer:J.ar orbitals ere expressed as a llnear eombi¡¿tion

of atomic orbitals) and. the nutual atom-atom-polarj.zability assoeiated

with atms N and Nt (J+0)" Usi.ng Pop1e and Santryts theornr the ealcrllated

coupJJlng eonstant can have either sign"

The Pople and Santry theory ean explai-:n the effeet of eleetro-

negåtir¡e substituents on geß H-H coupling constants (41). It has re-

cently been applied r,rith rooderate suecess to di¡eetly bond.ed C13 - u

rnd. c13 - cL3 coupling constants (42) and aLL the c13 - H and c13 -
1â

C*/ eouplf.:rg constants i¡ ethaneo eth¡rlone and acetylene (ll3), In the

latter påper a posítíve Jg6* (HrH) f.s calculated for ethane r¡hereas

experi.urentally it j-s negatírre, Besides this, positive r¡alues for

¡(cl3 - C - H) over two bonds were calculated. for ethane and ethylene
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r.¡hereas experi-rnentall3' ¿¡t*r" are also negatlve n Henee Pople and

Santry (43) clai-m tirat their approaeh tends to ovsr-emphasÍ-ze the

posi-tive eontributions to the spln-spin eoupling even though moleeular

orbital theory ma¡r also lead to negative coupli:rg constants" Ii{ore

detail-ed aalcuLations on these molecul.es r.¡ore eamied out by Fahey

et al. (44), Both of these groups of r,roykers (43u &/l) poi:rt out that

their calculations do not j-nelude eontrfbutions to the eouplÍ:rg from

the 7f-electro¡rs in molecrrles like ethylene and, acetylene due to the

neglect of the Ç- îIi"teraction, This is a failure of the molocular

orbital theory. SemÍeurrpirical methods for esti¡rating iT-eleetron

coupling have been deve-l.oped by FfeConnell (16) and Karplus (l+Ð.

Ramseyts theory becønes rûore successfuL when the ground state

r,'rave funetion is eonstrueted using r¡alence bond methods" this approach

was first reported by Karplus et aI (35, 45, t 6), îhe ground state

electroníc r\¡'ave fi.mctio¡r % is represented. as a linear susl of the

contributíng valence bond structures (a eanonical set); ioe . ( = V ', /,
I

where each E is a comblnatÍon of 2n singi-y occupied orbitals togethertL

¡uith a spin function for the electroxrso The systers contains 2n electrons,

n is the number of bonds and the ci are coefficionts detemrined by mini-

mÍzing the enerry" This approach has been sueeessful ln several pre-

rríetions (35) 
"

One reason for the suecess of the valenee bond approach r.riIl

be discussed" AssumS:rg that the Fermi contaet torm is responsible for

most of the eouplingu equation (2 * 2)+) can be applled. For example

consider the coupllng betr+een tr,ro protons in the h¡nlrogen molecule,



The I * *"" equar to Y E sur,urins over 1 \ t" equirralent to

rnultiplying the lntegral by 2 siace there are trro possibÍ-lities:

(a) electron 1 is associated with nueleus I,l and electron 2 vrith

nueleus Nf and (b) electron 1i.s assoeiated with nueleus lilt and

eleetron 2 l'¡ith nueleus I'Jo Horn¡ever these eleetrons are i¡distinguish-

ab1e, Consequently equation (2 - 24) 1s nritten es:

z-25 JHH, = * (&-Tþf I n' *= (P" \ã c:r"t ã (rr*,¡ eilsrl%).3h \ 3l
The total electronie spin å *y be r¡nritten as:

2-26 S. = åf + å2.

The expectatíon value for a singlet state is

z-z? (åt) = (srz> . ( *r'> + ,(ur. 'Ð = o.

Henee

z-zl (u, : Ð, = b l(t') (q') - (u,')l "

But

z-?e (ur)= (*') = s (5 + 1).

For eleetrons S$. n r,"u (å1 Ð = 4/t+. rn equation (2 - 25)

% tt a firneti-on of the position and spín coordi:cates, Substituting

the results obtalned i¡r equation (2 - Zg) int,o (2 - ZÐ:

?-30 rro{, =;, (Wf l*'(Àl årr*l 5 (åz',,lÀ)

r¡here the I is the ground state fr¡:rction of posltion eoord.inates. In

t'he ebove equation the lntegral is the value of the rvar¡e firnctlonl,rhen

olectron I is associated r,rith nucleus II and eLectron 2 with nueleus Ht o

a situation in rEhieh the wave functlon is nicely deserlbed by valenee

bond theory slnce this theoÌT¡ overcorrelates the electronse Another
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adrrantage of this approach is that it offers the possibiJ.ity of pre-

dicting the si.gns of the spÍ:r-spi.rn coupllng constants" Depending on

rEhether there er€ an odd or err e\r€n number of bonds separating the

coupled nuelei 1n a seturated chain sf carbon atoms, the coupllng

eonstant is predicted to bo positlve or negative. .å, positive eoupli.ng

eonsta¡rt 1s one in t"rhÍch the tr¿o coupling nucloi favor an antípareIlel

arrang€mont of their nuolear spinsn Â negatlrre coupling constant is

obserr¡ed whon the nuelear spins are coupled in a parallel arrangement.

this prediction is highly sluaplifÍed and onI.y applies to the

ease ¡¡here the coupl1ng meehanisn betr"¡een nuelei is dominated b5r intra-
atonic eleetronic lìund lnteraetions whlah may be descríbed in terras of

tho Dirac r¡ector model- (2?) " I,Jhen electrons enter degenerate energy

leve]-s" available orbitaLs aro singly oceupled; unttl each orbitaL ls

so occupied- no eleetron pairing oecurse For a si:rgle non degenerate

orbital, only two electrons trilJ- oecupy it lrtth antÍparalle} spins, on

this basis the atonic orbit¿ls for a mol-ecule nay be drarun up, the elec-

trons then occupy these orbitals aeeording to ÏIundrs ruLe and the spln

states of the oleetrons associated rç1th the protons under eonsideration

are thus determi¡red. Slnce the contaet, meclranlsrn is so important for

protonso the proton spin states trill be opposlte to those of thelr neigh-

bouring ls eleetrons, Tn this manner, protons couplod over an even nr:mber

of bonds are predicted to harro negative oouplf:rg eonstants whjLe those

eoupled ovsr an r¡dd nr¡nrber of bonds should have posítÍrre couplSng eonstants.

i"'Ihen a proton-proton coupling 1s transmitted via a Hund exchange

interaetion between the eloctronsn or¡11 the bonding electrons take part,,
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îhis ls a very si:nplified approaeh, There are other paths in a mole-

cule and other oleetrons by which protons nay eouple r,¡hich are negleeted

by the simple Hund exchange interactíon. The r¡alenee bond. treatment

incorporates all possible electronie p+ths whieh may lead to a trans-
mission of a eoupling between protons. Hovrever, for coupling over

thres bonds or more the Ëund exchange interaetion pred,ominates and

hence signs of these eoupling const¿nt,s nay be predicted, For examplen

s 5imFle l{und exchange interaetlon via the bondlng eleetrons eontributes

to a positive eoupling constant betr,reen vicinal (3-bond) protons which

should be independent of the orlentations of the c-H bond.s, hperi_
urentally, vicínel proton couplíng constants are positive yet their
rnagnitudes are a funetion of the ciiåedral orientations of the c_H

bonds' This artses due to contributions from other electroníc paths

besides the bondi¡ng ereetron path (gun¿ exchange) r.rhieh nay transmit

the coupling. For example, the spin state of one proton will d.ete::ni¡e

the spin of the neíghbouring Is electron via the contact interaetion.

The spin of thts ls electron Íray polarize the eleetron in a hybrid

orbital on the carbon atom to whieh it is not bondesl. This interaction
may then proeeed via the remaining bonding electrons to the ls eloetron

situated on the second proton. tho contact interaction wiLl then deter-
nine the spin state of the saeond proton and. thus the coupling path is
cornplete, (when the eoupllng ls transnitted vla the Hund exehange

i.:rteraetion, the spin of the fj-rst ls eleetron wiLL polarize the eleetron

in a hybrid orbítaI on the eanbon eton to nhlch it iq þonded,)

lhere ar€ rnany of these possible electronic paths by whieh the



?l

coupling between ttuo protons mey be tyansrûitted" Their magnitr)des may

be 3"arge or srnall. They niay roake a posi-t,ive Õr e negati"¡e eontríbutien

t,o the total coupling and henee nay augment or doersase the eontribution

to the eoupling eonstant transmitted vía the Hund exehange interaetian"

All of these possibtre eleetronie bonding paths are ineorporated i¡to the

valenee bond. treatment ¡,'rhich predicts the ehange of vieinal coupling

constants with dihednal angle (3j)"

A,n example where the vatrenee bond theory has been unsuccessful

is the predietion of the anguJe.r depende4ee of geminal eoupli-:ng censtants

{z-bænd) by Gutowsþu Kax;olus arui G:rant (42), Their t}reoretieal t,reat-

ment prediets that the eoupl-ing eorrsÈent J (gern) deereases from J2 eos

!,o zerø eps for H-C-H e.ngLes from l00o to 1256" For angLes greater

Lhan LZJ9, j (gem) is preriieted to be nega't,i.rre, These results pred.ict,

a positÍve "¿alue for J (gem) i:1 methane ühieh actuarly has a rfalue of

*L?'4 cps, Alsoo subsequent exper"imental- data have establlshed the op-

posite trend for hydroearbons and in molecules r,,rith substituents thero

ís l-ittle eorrelation r¡ith bond angle. These results are diseussed by

Po¡:le and Bothner*Bts {41) and their moleeular orbltal approaeh gives a

satisfact,orXr interpretation of geminal- eoupling eonstan'r,s"

Karplus (35) used the rralence bond approach suecessfull5r i6

caleulaÈe the proto¡*proton, proton-fiuorine and fluorine-fl"uorine

coupll.ng eonstants in etlienic and etiqrlenie moleeules. The valenee

bor:d theaey has also been apprfed in caleulatlng t,he n-eleetron eorr-

tyibution to the tot,a1 coupling eonstant, in unsatuyaterå moleeuåes s,nd

this will be diseussed in the next seetion*
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Tho arternative nethcc to perLurbation is the use of the

veT'íation principle in calculating couplÍ.ng eonstants 'r+híeh has baen em-

ployed by several- r.¡orkers (4B, 4g). The prlneipal advaniage clai:ned

for this approaeh ls that it avoids the average en€rgy approxirnati-on

yet the eorputation of the energy A E in these eqrtations is still also

vary difficult (27)" Honee the r¡eriational approaeh is not used, very

often in the ealculation of eoupling constantsu
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rl eoupling eonstant across four or more bonds is knor¡¡n as

lqng-g=gæ.n The theories of couplir:g constants betr,¡een nucLei separated

by two bonds (geminal couplÍ.:ng) and three bonds (vieinal coupu-ng)

have been revier¡ed and discussed before (27, 35r bL, It,|;,J+?, SO, ]jL).

¿s u'e11, the theories of long-ya¡ge proton-proton eoupling constants

have been revier.red brlefly (2f) and the experimental results have been

cornpiled (52)" these eoupllng eonstants have only beeome available

with t'he great resolution nolr obtainabre by n"rn.r" techniquesn

2, tüon:,Aronr;a_t,ic__llyd.rgcarbonjt"

Eleetron-coupled proton-proton spin-spin Ínteractions through

four 6--uon¿" have been observed. i¡r a nu¡aber of molecules (sz, 53).

Honer,rcr, no detailed theoretlcaL predi.ctions of their rnagnitude have

beon rnad.e. Karplus (45) esti-nrates that, the e -erectron eontribution

to this eouplÍng is of the ordor of 0"J eps r.rhereas most of the experi-

nrental varues líe i¡ the range 0,J to l"J cps (5j) " sinee these eoupllng

consta¡rts are strongþ stereospeeífie i:r saturated hydrocarbons and sorne-

tjmes appear i-rr those confosnations of unsaturated hydnocarbons for t¡hich

the JT -eloetron ealcuLations predict a zero contribution to the coup-

ling constant fvorn the fT -electrons, there must be a signifieant long-

range coupling moehanlsrû involvlng 6--eteetrons (Zf).

Barfield and Grant (2f) obtai-rr an expression for the 6 -eleetron
contribution to long-range eoupling constalats betueen protons separated
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by four 9 -boncl.s" They fínd" a strong angrrlar dependence of the

coupling constant in ¡+hi.ch the maxl¡lluiï r¡atrue arises fronr the straight-

est zíg-øag path of an alL trans confor:natíon.

Long-range coupling eonstants bet!Þen protons i¡r unsaturated

hydrocarborxs are also rvell- }arcnm (52, 53, and arne mueh more eomnono

Karprus (1t,5, 54) for¡nd that these coupling eonstants r,rero much larger

thaa could be obtaj-ned by the e -eleetron mechanism and arise from e

contnibutlon from the fl -eleetrons (JJ). Ife has applied. the valence

bond approach to caleulate the fi -eLeetron eontributlon to long-¡"¿¡gs

coupli-ng constants J*r ( fÏ) rrhich ís expressed. as (45)

z-3L Jïffi, ( 1r) = z.r x t0-15 { .o f rl *H, (r)

This seroi-empirical relat'ionship r,¡as obtai¡rod in terms of experi.;rirentally

determined b¡rperfi:re constants from eleetron spin r€sonance speotra and

tripret state energiesu as lrâs done by r'feconnell (j6, i,6), The

quantities aF (T) and ar¡r (t) are the proton h¡çerfi-ne constants in cps

and aTl (r) is the exeitation eners/ for the Jf -electron in ev" The

quantity a* (T) is a measure of the extent to whfch the spi-ns of the

hydrogen nucLeus and an unpaired eleetron in a earbon 2p J|-orbital are

eoupled together in the radieal fragment T, Karlplus lists hyperfine

eonstants for several radieal fragrnents" sinee the singlet-triplet
tragsj.*åEn is forbidd.eno reþtlvely little is lsrør.m about the l[ -elec-
tron tniplet state energies iyr sinple organic mol-eeules" I{owever, using

values from theore*r,ical eale'¿Latíons for A7Tß) for ethylenic and. aeoty-

l-enic compounds as 'oreH. as experirriental ao (T) valueso Karplus calcufated
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JîlH, (fl') for a variot¡l of eompounds" The agreement betrseen experi-

mental eouplíng eonstants and those calculat,ed (ï,rith a small eorrection

for a 6.--Uor,¿ eontribution) is very good. The ñ-eleetrons domlnate

the eoupling Ln these systems. The success of equat,ion (Z * 31) in
conJunction ¡¡-íth experimental values of eleetron spi-:n rosonânce hyper-

fj-ne eonstants is a strong argument for the use of emplrÍeal values of

integrals based on experimental magnet,ie rosonance dabe (27).

One feature of long-rânge coupling constants in unsaturatbd

h¡rdrocarbons is that the inagnitude of the coupling is not strongly de-

creased as ths nur¿ber of bonds betvieen the two coupling protons i¡lcreases,

This is eonsi.stent with the rnechanism proposed by Karprus (4J) which

pnodíets that replacing a prot,on by a methyl group should only ehange

the sign but not the magnitude of the above eoupling constant. This

aríses because of the relative magnitudes and signs of the h¡rperfi4e

l-nteraetion constant a, (T) for the radleal fragments n-ð o c and

cH3 -ð = c for exampleo when the rlrethyl group is freely rotating the

values of a, (f) for these radi,cals have si:nilar magnitudes but opposito

signs.

fn

prediets the

(a)

honroallyltc (H - C - C = C - C - H)

similar magnitude unlike the gE and

(b) T'he magnÍtude of the

depend on the angle nade by the bond

sunmery the theoretical valence bond treatment (45, 54)

folloraing (52),

Cisoid and transoid allylic (H - C = S - C - H) and

eoupling constants should be of

olefins,_tæns coupling eonstants in

I-ong-pa¡¡ge coupli.ng eonstants should

joining the proton t,o the sp3
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hþrid.ized earbon st,orn and the plane of the multiple bond,

(c) Coupli'rg eons.batris for prot,ons sepârated by an odd

:runber of bonds shouLd be pos5-tive and for Þrotons separated by an

even nunber of bonds negati",re 1n signo

(d) Replaeement of = C-H by = C-CH, should alter the sigtr

but not the rnagnitude of the i¡rter-proton coupling å,eros*c the j::ter-

vening TT-system.

All these predictions have been verifled experimentally (52) 
"

3" Aromat,ie ËJydroearbons

The couplÌ.ng eonstatlts in substítuted benzenes have the fot-
lorring values:

J (ortho) ó to 9 eps; J (rneta) = I to J eps and

to 1 eps,J (para)

.Ail- of theqe coupling ronstants har¡e a posLtive sígn ( j0),

se"¡eral generaLizati-ons have been made regarding the sub-

stituent effeet on the magnltudes of the ortho and meta coupling eon-

stånts' The para eouplings do not shor,i any pronouleed trends (50)"

The ortho and meta prot,on eoupling constants are not usually

consÍdered as long-range eoupli-ngs, llornrevern the meehanism for the

eoupllng betrn¡een the rlng protons 'nrj-ll be briefly discussed since it
a]-so applies to the long-range eoupling meehanism betr+een a sid.e-ehain

¿nd a ring protou to be coirsidered in the next sectiono

The rnegnitudes of the ri:rg pz.oton-ring proton eoupling constants

are dete:xnined by both the o *bond end n *bond eouplíng meehanism (j6),
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The eoupllng J¡¡¡r nåy be wrltten as (36):

2*32 JIüIo Ë JHHI (o) + JHH' (n)

¡rhere J*o (o) 1s the eontnlbutton to the toteL eouplSng arisf.ng

from the sp1n-spin lnteraetlon proeeedtng vla the o -electrons.

ThLs quantlty ls verSr rapldly attenuated r,rlth an lnereaslng nuriber of

bonds by as mueh as e faetor of 10 for eaeh edditLonaL s.nter:rrenf.ng

bond betrreen the eoupl"ed protons" The seeond eontribution J¡¡¡o (n)

to the totaL eoupl-5-ng ls that, due to the n -ef.eetnon eoupllng meeh-

gnisn.

A quaX"f-tative pf.eture of tbi.s neehanlsn ralLL be brf.efly

gÍ.ven (36) " Proton-proton eoupl3.ng eonstants are d.oninated by the

(nucl-ear spSn) - (electron spf.n) - (e]-eetnon spf.n) - (nuelear spln)

eouptring meeheni-sm, The (oleetron sp1n) - (electron spfn) l"i.nk Ls a

strong eleetrostetle LnteraetÍon betrseen eleetrms and 1s of the Dlree

spin exehenge t¡rpe, The (nuel.eer spin) * (eJ.eetron spln) lnteraeti.on

ås the Fernl esntaet Lr¡teraetlon' Thls df-scusslon ls the sene as 1n

the velenee bond approaeh end ls gLven here to shwr hors l.ü ls rnodlfled

ts the ease where the eoup3.lng ney be transmi.tted vla the o - TT elee-

tron tnteraetlon"

hlhen only o *bonds are i.nvolved the eoupllng mechenLsm ls

eesy to foLLow" By a magnetS-e eoup3.Lng pnoton H polarlzes the spin

of the eLeetron ln e hydrogen-llko ls onbLtaL eentered sn H" thts

po3-erf-zed spfuu thnough exehange eoupl5-ngu polarlzes the sp5.n of the

eLeetron in a earbor, 
"p2 

orbS-tal- used. to fo¡mr tbe aronêtie C-H bond"
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1h5-s poS.arLzatlon meehanf-sr proeeeds a3.ong the o -,bond electroæs

end eventr:eÏLy produees an eLeetron spln poLarf.zatio¡r at sone ot&er

electron centered on proton He ¡¡hi.eh then nagnet,S-eal1y eouples taLth

H0, tlhen dealf.ng wlth eerbon hybrid orblte1s Hr¡nd0s rr¡Ie muEt, be

aceounted for. when the n -eLeetrons take pårt ín the eouprf.ng

mechenl.sm the ooupLlng peth msy proceed es follows. Proton II egeln by

e magnetic eoupllng pol,arf.zes the spln of the hydrogen Ls eLeetron

nhLeh 1n tuwr coupl-es wLth the spz e*rbon electron" Then through

f.ntra-etomle exehenge eoupllng the polarf.zed spin in the spz bond

eouples ¡d.th the n -oLeetron spins end thi.E n *eleetron sp5_n

poJ-erlzat,i.on ls dlstrLbuted over the ersmatS-c rfng systenr" ThLs n

-electron sp5.n polarl-zetl-on then eoupS.es baok Lnto the o -eLeetron

system and eventualfy produees cn el-eetron sp5.n polar5.øetion at some

other pnoton He, The nagnetLe lnterectlon between this eLectron

sp5-n and pnoton Ht eonpletes the ooupling path fron H to H0" Thfs

n *el,ectron contributlon 1s sn¡n1l (n, Z eps) but not Eo strongly at-

tenueted sLnee 5.t requtres the contrlbutlon of o - TT ef.eetron con-

flguratlon Lnteractton to the moleeuJ,ar grorrnd-state wer¡e fi¡netlon

end thls eontrlbutlon ls smalL.

McConneLL has used the noLeeuLer orbital (36) ena the valence

¡ond (56) approaeh to oalculete the n - eLectron contrlbutlon to the

totel- coupJ.lng eonstant 1n aronetle systems" Ee wes abLe to eeleuLete

the n *electron contributLon dlreetly from the data obtained from the

j.sot'ropf.e spLlttings due to ermatte protons 1n the eleetnon spi.n re-

sonanee speetra of aronatie n -electron radlcals" S5.nee the observed



3q

lsotropie hyperflne splf.ttS.ngs l-n these radieal,s arlse from e eontaet

interactj.on due to a o * n eonfiguratlon j.nteraetj-on, they give a

dlreet moesur€ of the unpaf-red spin densLtLes at the o *protons" But

proton-proton coupllng el"so requires that, the n -Eleetron have e flnj.te
spf'n density (s - chenacten) at the protono thereforeo the n -eleetron
cont'ribution to proton-proton eoupllng eonstants nay be eaLculated fron

aronatle proton hyperflne splttttngs (36), The o -el.eetron esntrlbutLons

should be si:nlLar to those found for vLci.nal ar¡d other non-eronetf.e pro-

ton eoupLlngs which oeeur vie the o -el,eetronso

McConnelLss (36) treatnent is as fol-J.o¡s.s, Expenfrnental

evidenee sho,rs that

2*33 *rq = Øs e *

whero a, 1s the Ìr¡rperff.ne spltttf.ng due to proton N, (¡, is the un*

peired electron donslty at cerbon aÈom N bonded to proton N end
/?\ ra
YCt ls a conster¡t (i,n gauss)" Henee ÇgH eorr€sponds to an effeetLve

isotropie hyperftne coupLlng eonstent arlslng fron the lntereetj.on be-

tween â TT -6]sst'ron i.n a earbon etmie orbltal- and the adjacent o -pr.o-

ton. From moleeurer orbltal eaLcuLettons the eontrtbutlon of the n

-eleetrons to the eoupJ-f.ng betr,seen protons N and N s ls (SZ) 
"

2-74 JNN, (n) = þ'Qro'r*u'

where P*, is the nobLLe bond ozder betr¡een the carbon atwrs bonded to

the h¡nlrogen atoms, a E is an everege excitatton energy t,o trlplet
states and ß r" the Bohr uugaeton" Q rn is deternined experimentally

I

and 1s found to depend on the ehange (58) anA Ìr¡ùrldtzetlon of Èhe ear-

bon ator 159, 60) and Ls approxjmately equaL to -Zl+ gauss (6L, 6z)"

h^E
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For proton*prot,on coupllng eonstants l-n aLternant eronatl-e nol-ecules

thts relationship predf-et,s zero eoupS-ing of protons aëtached to eerbon

atoms separated by en even nrmber of earbon-eanbon bonds"

MeconnelLcs (56) vaLenee bond approaeh gave more ree,sonebLe

eo¡rtr but,lons of n -eleetrons than hLs moloer¡-Ler orbLtaS. approaeh, The

cal-euLated n *eLeetron eontrlbutlons to the total eoupS.ing eonstants l"n

benzene usj.ng thls appnoech are +O"l+?e -0.2L and +O,ZJ (cps) for the

orthou ¡neta and para prots¡-pnoton eoupl.f.ng eonstants respeetlvely"

these results Lndteate that sfnee the eer.eur-eted varues of

JIüI, (n) ror the ortho and neta proton eoupLf.ng constent,s are mueh

smaLLer than the obsewed veLues, the main eoupli.ng meehenlsn tn bsth

ceses 3.s vla the o -eLectrons" the n -bond meehenlsm domtnates the

para eouplf.ng sj.nee the eeleul-eted value of +0,2J eps egrees wj.th the

negnltudes and sLgn obtaLned for the para eoupLlng Ln nany substltuted

toLuones es dete¡mined in thf.s study"

The nagnitude and posf.tÍ.ve sign of the nete couplS.ng eonstant

and enal-ogous L;l couplÍngs âeross heteroeye.ic aromaùie ri.ngs stiLl"

remsln as an enomaLy (63) " In the vast, maJorlty of ñorr!-arorÌtatie noLe*

eules proton*proton eoupS-lng eonstants aeross thl-s number of bonds are

negative f-n agreemont, wtth the usr¡eL Dlrae veetor nodel (]iB, &),
Mcconnell shon^red that the n *eLeetron eontrLbutj-on to this eoupl,i.ng is
also negatS.w (56)' Henee there Ls sone spoeulatron that the rnet,e

eoupllng naeehanLsm mey f-nvolvo a dS.neet overle¡r between the snalL 
"pA 

oo-

bl-taLs of the trao meta earbon etons eeross the rlng (6ù, Then the

effeetlve eoupll.ng wouLd be aeross three bonds. Thi.s meehanl-sm has
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been suggested to expla1n four o -,bond eoupllng constents in saturated

systens which ean adopt e trtelf_-to-taiLrr eonfS.guratíon (65 and re_

ferenees theneln)" BarfLef"d (65) hes studied the angu]-ar dependence

of four-bond coupllng eonstants ustng the vaLenee bond epproaehu HE

eppJ-led hls treetment to narqr satureted and r¡rsetr¡rated systems and

est{nated the o -,bond eontnlbutLon to the nete eoupl_Lng eonstant to be

*L"0J eps.

MeConnel[ (36' 56) has a].so eonsj.dened the n -eLeetrorr €@n-

tributLon to the total eoupllng 5.n naphthaLene wher€ he for¡nd that the

para and S.onger-range proton-proton eoupS.f.ng constents ere also dom-

Lnat'ed by t'he n -eLeetron meehanf-s¡n end tho o -eLeetron eomtrlbution

ls negLS.glbLe.

(c) fntroductLon

coupJ.f.ng bet¡oeen protons in benzyrie methyl and nethy3.ene

groups and ring protons has been only sLightly tnvestfgated (52),

Hofflnan (55) attrlbuted sueh eoupLlng fn mesf-tylene to bgpereonJugetf.on

between the n -olectron orbLteLs of the unsetr¡nated moleeule end the

pseudo n -orblteLs of the rnethyl groupo seheefer end sehneider (66)

obserrrsd e broadenlng of the resonenees of ring protons ertho to a

rnetþl group 1n substituted benzenes whl.ch vras eseríbed to a smaLl-

coupltng bet¡¡een the metbyl end orbho r!.ng protons, Thls coupJ,ing ean

be eLfuilnated by a s$nple dor¡bre resonanee exporlnent es is d.one ln

thLs study.

I+"
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.{nethen Snterpretation had been advensed to expS-aln t}re

mrlt,ip}fef.ty of the metlryl r@soasnee i.n a rel"eted system, The pro-

ton nagnetl-e resonenee sp,ectnmr of 2n 2s - df:nethyldLphenyS.ethen wes

studLed (62) an¿ the doubLet, wh5.eh was obtaf.ned for the metþL re-

son&nce ¡ses saj-d to erlse frøm nestnLeted rotetf.o¡r about the C-0 bond,

ThLs hes si.nce, been df.spnoved (68n 69) en¿ the hSrperfLne stnretr¡re

obsewed for the netþL resone;re€ was shorør to erlse frwr long-renge

ooupLLng to the nå.ng"

The slgns and magnitudes ef the 3-ong.nange eoupllng eonstants

betr¡een rl.ng protons and nethyS- protons i.n substituted toluones ere 1n

quenitàtive agreement wåth a theory based. on o - n intenaetLons (36a

45u 55n 56, 7a*?2), Meconr¡e11 (16, 56) and Karplus (I+5), usi.ng the

lr5¡porf5.ne spJ"f.tt,5.ng due to ansnatLe protons 1n eLeetron spfur rosonene@

expenSnent,s, obte5.ned an estl¡nate of the o - 1T eLeetron i.ntereeti.on ar¡d

thus of the n -eLeetro¡r eontr{butLon to the spin-spln eoupLing eonstenÈ.
)ihls eontributl.on ls eLso given by equatian (2 * 74),

When the CU-H bond f-s repleeed by C'-CZ-H, rshere C, ls sp2 end

C, is 
"p3 

lryU*taizedn one of tUe Çro terms in equatton (2 - 33) end

{2 - 9ú 1s replaeed by Çra, whose veLue Ls about *2J gauss for e fneeþ

rotetlng metbyL group (5?u ?0" 7%76)o Consequently when a nrethyl group

i-s subst,ltuted fon a pnoton on the banzene ring the magn5-tude of the

pnoton couplfng constant detennined by tho o - TT eleetnon moeher¡im

shouLd remaLn approxÍmately the sarneo OnJ-y the s5.gn of th5.s eoupL3-ng

should ehange, Thl-s was dLseussed previously for non-aromatle unsat*

urated systems and i-s besed on the data that eLeetron s¡r1n resonanee
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sp€etre r€vtse1 eoup1f.ngs due to the rnetþl group ín eønpounds sueb as

metþl"*substttuted semf.qulnones wLth nagnltr:des nearly equål to those

obserr¡ed for eronetle protons (ZÐ. These results lndLeate a nlee way

of testLng end detemnining whether a part,lcular couplíng eonstant be-

t¡¡een two protons 1s domlnated by the o -n eleetnon meehanLsm* The

proeedure ts to substitute a metþL group for one of the coupL1.ng hy-

drogens end then to eompere the megnf.tudes of the two eoupl!-ng eonstents

QÐ. Eoffrren and Groncri.tz (zù present a ntee d,iseussion on the

meehanim of eouplLng lnvolvlng o - n Lntereetlons.

The appJ.leeti.on of MeCowrerl'tss eqr.latl_on (Z - gt+) to nethyl-

subst,i.tuted benzenes predS.ct,s a negetS.ve sf.gn of the eoupli.ng eonstant

bet'¡veen the naethyJ- pnotons and the rf.ng protons j.n the ox"tho and pere

poslt,f-ons" ThLs epproaeh hmever pnedlet,s ê uero eoupLlng t,o the mete

rlng proton. The more refined vaLenee bond treet¡nent (56) Ases predlet

e posf.tÍve slgn for thls eoupllng,

lolhen the valenee bond eaLcuLetion 1s eer:r"led. out the equat,i.on

for the n -eleetron eontrfbutl-on to the total- eouplf.ng 5.s very sln1lar

to equatíon (2 * y+) exeept thet 1t eontalns e term ¡¡hleh deserlbes

the eorreletLon bet¡reen the n -el-eetron splns on the t¡ro earbon atons

N and N8 dlreetly bonded to the hydrogen nuelei If end Hr,

Meconne]-lss approeen (i6" 56) nas been shorvn to be eorreet.

Aerivos (20) stu¿ted mesltylene and observed the nethyl-ortho and

nethyl-pera coupJ.lng eonstent,s, îhe magnltndes of these eouptrlng eon-

stent's were predíeted sati.sfaetorlly by hls ealcuLatÍ.ons whLeh also

predf.eted thet these eoupLlngs shouJd have negetlve sj.gns" The sLgns
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of uethyl-ri¡g proton eoupLing eonstants r¡ere also predicted by

Hoffhen and Gronorltz (ZÐ, In 2*hydroxy-þJ=dlbromotoluene the

long-range eoupllng eonstents from the methy} protons to the ortho and

pana r3-ng protons vrere shot¡n conel.usLvely to be negatlve using doqble

r€sôneneo teehnlques (?2). In thls study we sho¡¡ using one disub_

stltuted toluene that, the rnethyl-nete rlng proton eouplLng eonstent

Ls posltf-ve and conflrur tÌ¡e negatlve sign of the rnethyl. eouplS-ng to
t'he ortho and pera rlng posttlons" lhese slgns heve reoently been eon-

fLnned f.n e study of fluorotoruene derfvatives by B].eens, Den¡rruk and

sehe,efer (??) 
"

severel other exporlmenter resur.ts are of i¡terestu cohe¡¡

and Melauefr:-en (?t) j.n Z-cerbomethory-þ6dinetþLbenzofuran found a

netlryl*ortho rtng proton eoupLång esnstant or I o,Z+ å 0,10 | eps and

rnetþL-meta coupling eonstant or f oô? ! 0.I0f eps, the slgns were ¡rot

detemri.ned" De¡'rar and Fahey (5?) stuAied the J-ong-¡:s¡1ge couplång 5.n

aeenaphthene and obsenred rong-range ortho end para rtng prot,on eouplf-ng

to the nrothyrene protons but no eoupling fron the neta protons" Ap-

plylng e eorreetLon faetor to equatlon (2 - y) to eceount fsr thet
faet thet the metþlene group f.s kept, in a rf-gld eyexle stnrcture end

not freeLy rotatlng the megnltudes of the obseryed eoupLing eonstant,s

were predleted uslng thfs eqr:etLon" The more sophl_stS.eated vaLenee

bond approaeh (56) was not used slnee 1t, predlets e neasureahle eoupI5.ng

constant to the meta posÍtton (52)"

The applleabl}åty of equatlons (Z ^ 3Ð and (2 * N) and thej.r

applf.catlon to = C-H and = C-CH1 fragments has been fwèher strrdled by
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MeConnel-l and Chesnut (ZB)" They dLseussed tr¡dlneet, pnoton h¡ryer-

fine lnteraotlons tn TT -eleetnon radieels Ln temrs of a h¡pothetfeal
a

C-H fragment l¡hLeh holds one unpeS.rêd n -eleetron and tvro o -CH bendlng

eLeetrons' Mo1eeuler orbLtaL and valenee bond theorf.es ¡rleLd al¡rost

identlcal resuLts for the unpaf.red eLectron densLty at the proton due

to exchånge eoup}ing between the n -eleetron amd o -e1eetrons. The un*

paired eleetnon spln densf-ty at, the proton tends to be antÍ.perelle].

to the averege spln of the o *electron which leads to a negatf.rre pro-

ton h¡perfine eonstant' They then extended the theo4r of the Lndl-reet

proton hyperffure lnterectlon ån the cH fragnrent to the ease of poly-

atornLe n -eLeetron radLcaX systens sueh as aromatlo radLcals and eqr:e-

t'1on (2 * 3Ð was derived unden these generar eonditLons. rt, røes

four¡d t,o be va}[d for these systenrs essuning thet, the o * TT exehange

interaeti-on een be treeted as a ffrst-order p,er{,urbation ln n -eLeetron

systems end that aLL effeetive o - n exelted states heve approxirneteþ

the sar¿e exeltetlon €Dorglo these r¡ere for¡nd to be good approxLrnatLons

1n genoral, for pol¡¡etoraf.e rr -eX€etron radtea]_so

In srrmrrary Me0onnellts moleeulen srblteL (36) en¿ val-enee bond.

(56) approeeh prediet e negative long-range eoupJ.fng eonstent, for e

eoupLlng path separated by an even nu¡rber of bonds and posíttne eoupling

eonstant for a peth wlth en odd nrmben of bonds. Stnee e* for a rnettryL

proton i.s reLeted to the sptn densttv € * on the erornetLe earbon atørr

by the fomnuLa of the sarm t¡rpe es for a proton dtreetly atteet¡ed to this
eerbon at,mr (equatlon 2 * 3ùp the neehenLs¡m of the tryperfrne Lnter-

aetion tn both eases rn¡st be the sane (?4)" ?he tryperflne eonstant, Q
for fragment E - C = ís -21 geuss end for CHr-C= 1t j.s * 2J gauss.
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(b) Faetors affeetf.ng equat5.on (Z * Z4 and its applíeatlon

to the eal-er¡letLo¡a of 1ong-s¿¡1gs eoup1sng eonstants j.n

substl_tuted toluenes.

1" Hobi.le bond onder betvreen the earbon etqas bsnded to the nethyl

group and the pnoton"

Equatlon Q - *) predlets that, 3.ong-F&,n86 eoupl-1ng eonstar¡ts

(whteh are due rnainly to the o - rr eleetron mechanisn) :.n a given noLe*

cr:Ls wlLL be proportlonal to the sqwme of the bond orde* pf*r: In

faet the nagnltudes of ]-ong-renge ring proton-netþ3. proton eoup].ing

constant,s have been 5.nt'er'preted 1n temrrs of the doubLe bsnd ehareeter

(moblLe bond order) bebreen the earbon atoms bonded to the methyl group

end the proton (52) " Rotter¡donf and StemheLl (29) n*oe meesr¡red the

nethy3. pnoton-r3:lg proton eoup3.lng eonstant,s j.n the three Lsonenl_e

tetreehLonotoluenes as ¡velI as ín severel netþx eromatf.e eonpounds

where bond Loealtzati.on f-s expeeted t,s o€crjlso thelr resr¡lt,s {ndi-cate

that, the magnftude of Joroao3 eppsars to be releted to the bonc orden i.n

these eornpounds as wel"L as f.n ftve-nrembered heteroeyeS.åe eon¡rounds"

In thelr dlseusslon they asstm,eø however, thet the measured Jo--- - H9CH3

in 3o&n5"6 -tetrachloroùoLuene (0"63 + 0,02 eps) represents an ídeal-

or &n rrnprturbed systenr and postu3.ete that the rnegnltrd.e of J"ruci¡rfu

si.x-rrrenbened aromatlc and heteroeyelic rlngs where no bond looalLzetj-on

ean be postul"ated 5-s approxlmetoly equal to this r¡al-ue, An lnerease or

e deerease in thts eouplf.ng 1s then aseribed to a eorrespondf.ng ebange

ln the assoeleted bond onder, Howevern the ueeasured turrr*, vel-ue does

not represent an ur¡p€rttrrbed sLtuetlon slnee substltuonts do have an
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offeet, on ÇCH erxl Qaa, and henee on the magnltude of the Long*¡:sng6

eoupJ.Sng eonstants as detemlned using eqrratton Q - y+) (discuseed in

the nexÈ seeti.on),

the large tornrr, r¡alues for l-nethyLnaphtharene a,nd 2-netþ3"-

naphthelene (0"? eps) end z"'lnethyLenthracene (O"B eps) have also been

assoeLeted (80) with l"arge C, - C, bond o¡"rler ln these eonpounds. Ho?r-

o\tere the metþl sf.gnals rene poor.Ly resolv'ed end aeeurete meeEurements

of other 3-ong-¡snge eoupl"ing eonstants eouLd not be detesrlned"

Assoelated wtth these eompowrds, the hlgh resolutlon spoetra

of 22 allgrl*substltuùed phenanthrenes have s,Lso been stud.Led. and

corapLetely analyzed (8L)" the ortho, note end pe.ra nlng proton e@up-

lLng eonsta¡rts are alL pos!.tive and theLr nagnltudes confi¡mr thet, tn
phenanthrener as ln benøene and naphtharene (36u 56) tne o *enoetron

eontrlbutl-on Ls do¡nrnant for srtho and rneta eoupLings but, the pera

couplf.ng 1s malnþ qf Ti -eJ.eotron orf.gin, tong-r¿nge eoup]"j.ng eon-

stents ¡¡Ere elso observed bet¡veen nlng prot,ons H (4) and U (10) whlch

eorresponds to a coupll:eg over fLve eonJugated bonds in a ttzf.g-zagtt

ß2) Wth; The long-r¿¡1ge eoupling eonstants from the ruethyl protons

to the rfng protons w€ro eal-eureted by an appl5-catLon of eqrratlon

(2 - Y)u Tho excitetlo:r energyA E ¡ras teken es & e.rr. u"d qa, end

Vccn weye -2J and +2J gauss respeetlvely, usÍng oeLeulated bond

orders, the theoretleal Long*ya¡ge coupling oonstants w€re obtej.ned and

found to be proport,lonaL to the rEldths at, helf heåght, of, the metþl
rgsonaneeso

The lnerease i.n ,trrr*, nagnltudes wi.th the Lntrodueti.on of a

CHO group ortho to the net'hy3. group ln substltutEd onelnoL derl-vatf.ves
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has aLso been interpreted 1n temrs of i.¡lereased TT -bsnd order (84)"

ALl the ava5-lable evtdenee for the reLatl-onshlp between long*

range rLng proton-netþI proton eoupling eonstants and nobile bond

order has recently been revls!ûed (83) an¿ the dangors of en r¡¡rcrl_tleeL

app3.leat'f-on of tbLs rel-atJ-onship polnted out" ÏIork5.ng wlth hydrocarbons

for whl-eh both eaLculat'ed bond orders a¡rd r¿easured eouplLng eonster¡ts

are lono¿¡r (pnopene, eeenapht'hene, nesltyl-eneu and I *nothyLphenanthrene),

a straight line plot Ls obtainerù for JU'CH, as a fimet1on of tt*u
(ureasured coup3.ing eonstents are used t,o avoj.d ertrors l¡r vaLues of

Q r¡ru Q rr*a¡rd a E).

Anthough a stra*ght J.f.r:e pLot, j.s obtaj.r¡edo the predletS-on of
bonrd 6¡65rs from J r¡aLues (on the reverso) by d.lreet lntelpolatlon j_s

subjeet to a nru¡ber of dlffieuLt,les, These arf.se from the many faetons

affeeting Qrr, Ça6 and. z\ E in eqr:atlon (2 - 34)" Tn substituted

toluenesu ,"rurr^ rral-ues renge fronr -0*60 t,o -0o82 eps (g3)" Sueh a
'3

range eould adeqrrately be attrtbuted to a za% varj.atlon fu pfur, ttrere^

fore Bleansu DenyJ-uk and Sehaefer (83) coneLuded that ¡rarj.ettons Ln

eouplj.ng eonstants eer¡ be rel¿ted to variations 1n bond ord.er provlded

eonsidenatlon of the coneøÉtant substituent, indueed ehenges in the

other parameters of eqrratlon (2 * 9+) i.s 1¡:eluded, These are nos¡ dLs-

cussed"

2u Charge on the earbon atom.

Co]"pa and Botrton (58) 
"toaied 

the dependenee of byperfLne

sp3.lttlngs on eharge densítles of the cerbon s,torng, sLnee ín ¡rane-

nagnet'5-e Lsns of arornatLe moLeeuLes the earbon atomrs.have i.n genenal
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â rlon-zapo .sxeggg gharee densltv besldes e non-zêFo spln densf-ty, they

proposed that MeConne'l-l cs equetion (Z * 33) shouLd havs thE fomr (g&)

2-35 .f = (Q'* *€o)el.
Ttrls equatlon has t¡uo senienpirieel parameters Q I and K" The rrn-

paf-red n -el-eetron spf.n density on the kth carbon ato¡n is e I *u e k
is the exe€ss eharge denslty (l*qt) whene g¡ ls the toteL î _ef.eetron

"g: denstty on the kth e""b.r, aton. consequentry 
Ç a, is aLso de-

¡mndent upon the charge of the earbon atonu

Thf.s equatLon is supported by proton h¡perf5.ne spLittlngs ob-

telned for mononagatÍve and monoposltLve radÍea1-íons of the sane noLe*

eule (58)" slnee the spf.n density fi¡netr.ons Ln both eas€s are the

s&lnee appLleat5.on of equatlon (z - lÐ leads to equa]. sph.tt$.ngs fon

both posf.tlve and negative ions" This is 1n d5.sagreement wlth experi-

ment sj.nce the obserr¡ed splittings are larger in the positlve ion, The

dlfferent magnttudes of the sptr-lttfngs are ex¡g3.afned by the dLfferent

charge denslties on the carbon etoms" Equatj_on (Z - lÐ has been ep_

plied to the proton h¡rperffne spllttings ln the benzeno posltlve radLeaL-

lon þ Certer end VlneCI¡ (81¿) who esuld thus eeeor¡nt, for the observed

Lfi Layger spJ-J.ttings in thLs 1on as e€rrrpared wj.th the bonzene negatlve

¡radf.caL lon.

as ne3l, 1n aronatle systems the ehange on the eerbon at,m is
affected by the substltuents sn the ring (85, 86), Thus there exlst,s a

substl.tuent, effeet, or Qcg, A ehange r" Çcn on subståtution of up to

10Ø hgs been esti¡rated f.n representatLve compounds (g3)"

Sl¡11¿r conslderations elso apply to Q6ç¡¡ as shovn by Carter
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and vineow (Bz) rn thefr study of the proton h¡rperflne splf.ttS.ngs of
tho hexernetþlbenzene posJ.tlve radLceL lon"

3" Ilybrtdlzat,lon stete of the carbon atomo

The rrngnltude of Q a, i-s affeeted by the h1òrldlzati-on state

of the earbon Etour in questj.on (59, 60)" Theoretteal".i-nterpretatlons

og cn3 h¡4perflno lnteraetlons shosea Qc¡i to vary from a cH, to a cHC"

radLcaL' thLs Ls further eomplleated sl¡ree zubst,ltuents on the benzene

rf.ng elso affeet, the Ìrybridlzatlon state (gg)"

I+, Sterl-e offeets"

Tho rrethyl and othen a]"þl proton h¡rperfine spLlttf.ngs in

-althp substf-tuted nitnobenueno an{on redteaLs heve been exenrned (?6)

for eonfomationaL inrpS.leat,S.ons, Arlslng fron sterie å¡rteneetfons,

t'here Sg e dependenee of the ct - H proton hypnfine splltting (c, i-s

"p3 
r.yurtaized.) end hence or Q ccgu on the ang3.e betr,yeen the c, - c1 -

II plane end the axi.s of the n -orbitaL on the c, ea,rbon eton (?6) (r,
Ls 

"p2 þbridf-øed end fonrns part, of the ring system)" Thus bÌ¡Ltcy ortho

s-ubstl-tuent,s wålL effeet Ça6 and eonsequently the appLf.eabf.1f.ty of
equatlon (2..* ?ta¡.

å, temporet'ure dependenee of J (n) j.n ortbq sr¡bstttuted tol_
unes ís elso a possib3.Lity" In tsl"uene and some of lts grg derS-r¡atLr¡es

the rotat,lon of the rnethyl group is essentiaH.y free (g3 and referenees

thereín)" Henee the appS-f-eetf.on of equet,lon (Z * 3I+) ls þst,ffied"
hlhen deallng wf.th qrtho substf.tuted toluenes tbe three-fold s¡nmaetr:y of

the netþ1- group 5.s reduced si.nee the potenti-eL barrien to free rotet,i.on

l.s no long zero (89)" Fon exampLe, Ín a slmLl.ar systemn thLs has been
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observed tn 2;6 as¡nunetrteally dlsubstltuted. benzotriflLuorides" There

ere t¡ro dlfferent rotàti.onaL eonfonners of the CF, group (Bg) ¡rftb
whlch there l-s assoei.ated e strong temporeturo d.epndene" u* tir¡.
(F-CFâ)" The nagnltude of the potentlel berrler to Lnternal rotetj-on)
of the CF, Croup ruas for¡nd to be about l kea1,/mole.

the temperatune dependenco of the eoupllng eonstent j.n ortho

substituted toluenes 1s fi¡rther supported by studles earried out on

prop€ne end lt's denlvetLves. fn these systerns the potentlel- berrj-en t,o

f.nternaL rotatlon of the methyl groÌ¡p is between 2,0 and Z,T keaL,/¡noLe

(g0'gz). thus thLs effeet, must be consfdered lrhen epp1yS.ng equati.on

(z * j4),

5" Othen offeets.

The proton h¡rperflne splittings have been found to be ten¡rera*

trrre dependent (?6, 8t+,8?), soLvent, dependent (g4) end substituent de_

pendent (?6, 93¡"

fn surcnaryn when a eornparlson ts ¡nado betrseen the observed

I-ong-range coupling eonstants end those eeLeuLeted usj.ng equatf.on Q * l+)
or when devLatlons exlst ln these eouplf.ngs fro¡n moleeuLe to noLeeule,

aLL Í-nterpretatlons have to be earrled out, ¡qith extrême eerê slnee neny

faetors are ahrays present"

(c) Effects of aJ.þL groups on rf.ng TT -electnon systomso

Merqr eleetron spin resonenee studies heve been earried out on

aromatie radleal Lons to dEteryrLne the effeets of eIþl groups on n

-eleetron systems" The eLeetron spin denslty rnay be transferred to the
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methyl- pnotons rrla three mech¿nr-snsu nanrely, polarlzetlon by the

o fnameworko h¡rpereonJugatton due to the n -orbltaLs arld i.nductive

Effeets (gt+-lOZ), the varlous studies Lndteate thet the last two

meehanåsrs predomtnate (fOZ) end that the eo¡rtrlbutlons fnon the

spln polarlzatlon meehanl-sm eeeount for only ebout, 3 per eórrt, of the

obsen¡ed.nethy3. prot,on hyperfrne spltttings 1n pararnagnetie aro-

nati.e systems (96) 
"

The substltuent effeet of the rnethyl group on the proton

ehenleer shifts ln arornatle systoms has also been studied (g5, to3) "
These results together w'Lth those d.eseråbed in the prevlous

seetLon eonflm the'eoneLusi.on thet, any f.nterpretatlon of long-¡angs

coupllng eo¡lstant,s end the apprieatlon of equat,fon (z ^ >t+) nust be

earried out, wLth extreme caree

The s5-gns of the spin-sprn eoupl-J.ng eonstants between the

methyl protons and fl"uortne nueleL Ln orthon rneta and para fluoro-
toluene derlvatl-ves heve aLso been deter¡nlned by double reson&nee

teehnS.que s (2il. J"F'CH3 *U ,OUra*, ere posf-tlve vrhlle ,tro'r', l"
negatlveu Thls sf.gn sequenee is opposite t,o that, of the metbyJ. pro-

ton-ring proton eoup}lngs detemtned in thís study and. artses fnom

Èhe opposLte sj.gn of the lryperfine eoupllng eonstant Q aF' *" eompared
/1

?Û1th q/g¡¡o t"ê. positíve. Support for a posf.tive Çgp "l"o eomes

frm a strrdy of fluorfne eontaet j_nteraetio,n shtft,s (lO4_1g5¡,

The signs of the long-¡.a¡go coupLings between the fLuorine

nuel-eus and orthoo rneta and ¡rera ring protons have el-so been dete¡nnined

5"



1n 2-amfuio-J-bnomobenzotri_fluorj.des (106) 
"

HuCH

ttrraF, and Jprrrr3 ** negat'5've u*d flnrcr,
ere tho serte as for the corr€spondS.ng Jr, .,,,

The eoup}f.ng eonstant,s

5-s pos5.t5.ve" The s5-gns

eoup3.l.rags si.nee /\q¡ ccF3

is posltive as l-s Qrrr, (fO7¡,
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The eleetron-coupled spln-spln intereetion or coupring eon-

stant in which the preferential orientation of the eouplÍ:rg nuclear

spins ls antipararlel is defined as a positive coupling (r0g)" The

coupling eonstant is negative when the spins are pararlel.
Á.bsoIute signs of eoupli-:rg eonstants cannot be detersrined

dlreetly from a nuclear magnetic resonanc€ speetrum whose appÐaranco,

while depending upon the relative si-gns of these coupringso is un-

affected by a eornprete sign yeversal (r09)" Two methods have been

used rshieh allor'¡ the deterrnination of the absolute signs of eoupling

constants in aromatie systems. rn both methods one compares the

isotropic eloctron-coupled spin-spin interaetion ¡rlth the anisotrople

dlpole-dipole interaet,ion.

The first approaeh is due to Bueklnghan and Ì,íclauehlan (r09).

A strong de electric field Í-s applied to the sanpre and at, the same

tÍme the spectrun is reeorded. The orlenting effect of the eleetric
fierd j¡duces a small ehange in the hyporfine splittÍngs in the spec_

tri¡m from which the slgn of the eoupling ean be obtained., The normal

high resolution speetrurn exhibits splittÍngs arising from the isotropie
coupling eonstant but the nuelear magnetie dipole-dipole interaetion

is averaged to øero by molecular trurbling. The applieation of the elec*

tric field, howeverr produees a partial alignnent of the eleetrie di-
poles and henee a non-uero nuclear magnetie dipole_dipole interaction
results r¡hleh appears ln the speetrurn as ån additional splitting,
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Thls e5-then adds to or subtraets fron that, dr¡e to the åsotnopS.e eoup-

f.ing eonstant aeeordS.ng to the sf-gn of the latter, Using thls method

the gþbE r5-ng eoup3.lng eonstant, in -ÞêEå-nltrotoLuone was found t.o be

¡rosl'tJ.ve (f0g) ' Hotrêveru thls Lnduced eoupJ"lng was found to be absent

i-n the studies earrled out, by sears and Hehn (u.0, Lll)" Henee an

eLernent of doubt 1s st,lLl essoeieted wlth these results,

A nel"ated nethod ls to dlssolve the moLeeutre beLng studled ln
a nemetle }lquld erystalS.fne soLvent whi-ch 1-s partlally onS.ented Ln tÏ¡e

megnet,le field" Th5-s experinent wes flrst ear"rj.ed out by saupe end

Englert (1.1Z, X13) who showed thet, the s5.gns of the ortho and meta rf.ng

proton eoupltng eonstent,s s.n benzene &re posf-tiveu rn e magnetj.e re-

sonenee experlmentu e nertat,le soLvent, pnovldes a honogeneou.s but aniso-

tnopS.e envi.ronnent, for the solute noleeuLes. Trmb3.3ng and trensLatloncl,

movenents of the soLute n¡oleeuLes ane rapld but, aLL ortentatLons of the

nol"eeule with respeet to the appl-1ed niagnet,le fi.eLd ere no l-onger equa].J-y

X"lkely.. Hence the direct lqLramoLeeuLer dipole-df.poJ.e S.nteraetLons do

not averago to uero as they do j.n a nowral" 3.iqutd whiLe the jntemole-

eular lnteraetlons do everege to zero, From the anelysS-s of the s¡reetnum,

¡rhleh eontalns peaks arlsS.ng from these l-q!,gamoleeuLar dipole-df.pole

l¡tt'eraet'lonsn the abssluto sÍgns of the eoup3-1ng eonstents ean be deter*

ml-ned"

Onee the absoL¡¡te sign of one eoupllng eonstent, Ls knwn, the

s5.gns of the other eouplf.ngs mey be determlned w-ith respeet, to j.t," The

fj-rst, approaeh i.n the detemrinat,lon of reLatLve stgns is besed on

s¡netral anaS.ysis whå.eh shovvs tÌÞt 1n subst,i.tuted benzenes aL!. the ning
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protor coupLing eonstants are positir¡e (11k_11?),

The seeond approaeh is the applieation of double and rnultiple
reson&nee teehniquesu These ar.e diseussed in the next seetiono The

positive sign of alL the rirrg proton coupllng eonstants haç been eon-

firrned in thís n*nner (118) " orrJ-y one negative ning eoupli¡g eonstant

has been observed so faru nartoly the meta eoupl{ng eonstant Jz6 fu
J-acetylpyridine, The result obtained 1s _0"21 op" (ll9)" The pre_

seneo of the nitrogen Ín the ring hor,verrere via whlcl¡ this coupling

pnoeeedso haç a large effe¿t on the sigyro



F" NIJCT,EAR }4AGNETTC DOJ]BI,E AND MUTTIPI,E RESONANCEi.*--

One of the nost pssrerfì¡-1 tootrs fon hendXlngithe Snterpretatlon

of eonpS.ex hf-gh resoLut,i-on speetra, thE determLnatf-on of €nerry leveL

di-agrens, and the signs of sp5.n-spln eoup3.f-ng eonstants is the nuelear

magnetle dorrbLe (or mul"tf.ple) resonenee teehntque ¡*hj-eh has been dls-
cussed by verlous authors (1L8-13?). In these e4porfurrents the magnetle

resonenee of one group o:r nuelej. (for exenrpLe A) ls observed by means

of e radl-ofrequenw fteld \. ut a frequeney ùL whJ.le a seeond group of

nueleÍ (say x) fs i.rradlated w"i.th a fi-eLd H, at, a frequencyttfr" cer*

teL¡r modi.fteatlons fut the speetraJ- group stnr¡etune of A nest¡-1t from the

lrradi,atlon of gr@up x j.f the mult,trplot, strtreture j.s eaused by spln-

spån eoupL3.ng between the tvro groups of etomsn Thus strong redlo-

froqueney lrnadLetLon represents a ¡seLl-*defi.ned exporfmontaS. pertur-

bat'Lon of the spln system and al-xons the speetroseoplst, to modS,fy hls

spøetra 1n a eontrslLed na,nn€r (136)"

This teeh¡r5-que has been extenslveS.y used a¡ad hes bee¡r r¡er.l re*

vi-ewed by Baldeseh¡,rieler and Rend.al-I (tz7¡ end Hoffiman and Forsen (136).

A brtef lntreduet,ion wl}1 be g5.ven here, The aet¡¡sl" pnoeedure for
predlctS.ng whleh mutrtlp3"et,s ¡r1lL eo}3,apse on spin deeoup}s-ng and whj_eh

transltlons su-Ll.n spl1t, i.nto doubLets on tiekli.ng a ¡teonneetedir trans-

ltLon are deseribed 1n the 'Eryerlme¡rtel Resultsrt seetron of thj-s

ehapter 1n eonnectj.on sgtth obse¡¡red s¡:eetra, The details ere elss

glven i-n the above referenees"

r¡l t'his study the doubre rgsov!&neê experå-ments have been eamj-ed
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out, 5-n the fnequencf-sr,¡66n mode of operation" Thls proeedure requires

that the lrnedLatlng fleld H, at frequeney úr, anð, ilre ex*,enra} f5.eJ-d H.

renain constant wh5.1e the obserrrLng frequeney ut (ana \) is nanLed so

es to sean the observed par"b of the spectrr¡n in the reglon of group A

(the frequenev 4 is applied at a fixed. speetreJ. posltion in the x

group).

The i.rat'onsity of %- t" usuel]-y kept, as süîåi.L as ís eonpatibJ_e

¡¡'lth a good slgnal-to-noise rati-ou The strength of úI, een be veried end

thus dete¡mrines the t¡rpe of experfment thet iE eerrl_ed out" &,so dif-
ferent doubLe resonance experå.ntents wers earrLed out i.n thi-s str¡dy end

t'si.LL be di.seussed separateJ.y.

L" Soi.n Deeouolf.nE (l'Ieaklv CoSü.eÈ Svstems)

rn thls experlment Ynrà z¡Jo Thie eomesponds to a strong

penturbation of the nul,tipxet structurs end is the eonditLon for the

spin decoupS.ing teehnf.que, A Eplltti.ng i.n the x neglon ts lrradleted
t¡hi.le the A nultf.plet' 1s simr¡ltaneousJ.y obserryed to see whleb eorreqrond-

lng doubS.ets eolLapse into e sj-ng1et, llnao Thl_s eollapse depends upon

the relatÍve sf.gns of the eoupl{qg eonstants invoLrred, Thi.s approach

{s ust¡al-Ly applj.ed to rregEly eoupr-ed _seetre" A sp5.n deeoupling ex-

periment earrled out sn lntemrediete or strongly eoup}ed systens f-s

diffLeuLt bseeuse 1t, ls usual.ly not possS.bre to prevent nore than one

eouplj-ng fron beång df.stur,bed by the strong irradf.etj.on fj.eLd. when

t'hls happens the f.nterpretation of the resnlt,s j-s diffieuLt,,
conslder a weakly coupled AIü systen in whleh a splj-ttlng

corFesponding t'o Jmf fu the X quartet 1s i.rradiated and hence deeoupled
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from the rest, of the s¡reetnumu The relatf-ve signs of J* end J*
nay be detemntned sLnee J* 1s deeoupled f.n Just, those moloeules of the

sempl-e for ¡øhÍeh nueLeus A hes one ef f.ts possrbne spln states whire

not approelably porturbl"ng moleeuJ.es for ¡rhieh nueLeus A is in the other
spin state" the relative signs of J* and J* ean be detemrLned. from

t'be ¡rn¡1t'i.plet,s wtrieh eol-lapse when e spLf.ttlng eomespondf-ng to J* 5.s

l-rradiated" He¡ree the sf-gns of two of the coupLing eonstants wlth
respoct to the thld ean ln pr5.ne5.p1_e be obtatned, å.s fen as rerat,j.ve

sj-gns of eoupS-íng eonstants are eo¡leemedo thls Ls eL1 the j.nfomratj.on

thet is a¡¡afl-ebLe from sueh a spf.n deeoup3.j-ng ex¡ærlment, The deter_

minat'lsn of the relat,Lve s5-gns of eouprång eonstents ln AM( systoms hes

bEen i.LLustrated by Freernan (LZZ'] 
"

The exaet methd and proeedure for d.etenrrLnjng relet,tve s5.gns

of eouplÍng eonstent,s fnom spf-n deeouprlng dete is lrLustrated j.n thLs

thesLs for the moLeeul-e 2*bromo-J-ehlorotoLuene j-n the rrgxperimentas.

Results¡r soetlonn By deeoupltng the quartet,s in the ring pnoton negi_on

of the speetrr.ur comespondS.ng to the Long-p¿y¡ge eouptríng fron the nettr¡rJ.

protons to the ring pretons ar¡d at the sane tlme observLng the eoS.J.epse

of the metþ} proton nultf.p1et¡ the nelat,ive signs of the long-rsslgs

eouptr-ing eonstents with respeet to the sf.gns of the rf.ng eoup].f.ngs ane

deterEriined,

the nueLear nregnetie double Fes@nanee speetne of three sp5.n

systens has been dfseussed by Rae and BeldeseknsLeler (T26), A Håïnll*

t'onlen ís usod that, Ls nede sÈatlonary by transfonnatLon to a notet,S_ng

eoondinete system and ís dS.agonelåzed in the rotatÍng frane" The
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energi-es and relat,l.vo lntensitles of the transl_tions of nueleus A 1n

en atrD( systen ere given for the ease whene nucl,eus x is belng lnnadiated.
The results of the rel,etive stgn deternrlnati_on dLscussed above ere
predteted by thls analysLs"

2,

rn this ease 2nJ ) v *r** of the inradleted r.ine* Thi.sçt2
oomesponds t'o e doubLe reson&nee wlth e weak årredteting fle1d" Thls
Ls the eondition for a tick].ing ex;perSnent, j.n which a trensr.tr-on in the
x reglon Ls lrredf.ated end severeL trensj-ttons ln the Â r:egLon spJ_f.t

ínto a nunrber of eomponents" The t,i.elcLf.ng experlnent eonsequenttry mey

be earrled out, on a strongry eoupJ.ed system and. gives dlrect, j.nforrnatton

ebout the orclenlng of the enengy Levels bet¡seen ¡ahf.eh the lryadfated end
the observed transitLons oeeur@

The prj-neip3-e of the tickLS.ng exporl¡rent ts thet {f t¡ro nueloar
megnette resonaY¡ee transltl-ons have s, eomnon enerry ]-eveLu irradiatLon
of one of these srngLe tnansitions r.n a spectrrrr at,lõr¡rr.rr. eause the
seeond trensltion to split into a doubLet" The praetteal vaLue of thLs
method ls thet the pertrrnbation of the other LLnes in the s¡reetrun ney
be kept small, The theoret,ieer- treat¡rent of the effeet, of g! per-
turblng ftelds on strongly eoupJ.ed systerns has been earri.ed out, by
Freeman end Anderson (l2j).

Î?rvee basr.e rures for the rntenpretetlon of obsertred double
Lmadiatlon speetra rn terms of the energy r.ewt diagrem of the system

were set dor*r. Ttre flrst rule shqqs how eny transLtl-on whl.eh has en

energy leveL ån eormron ¡clth e nondegenerate transltlon exeited. by a
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frequeney tf" vanl be split, i.nto a doublet, The seeond m¡le pnedf.et,s

t'het these doublets nåy be eíther welL or poor3.y nesoLved depondtng on

the amangenent, of the energy r.evels" Llnes eomespondfng t,o trans_
Ltlons havfng en enerry level ln eomnon are eeLled rtconneetedrr trans-
ltLons ¡rhieh nay furthen be divlded into two eategortes;

ês ?he energy of the ccranmon Level rrcn is intennedlate betr*een those

of the t¡ro temrr¡ral" l"eveLs - transitlo¡ls are in e progressf.ve eon-

fíguratf.on, arrd

b. The enongy of the eormron LeveL rrerr fe,X.l s out,s{de the S.nterveL

denereeted by the two other LeveLs - trensj_tions aze f.n a negresslve

eonfiguratlon

ïn a, the spf.n quentum nr¡,îrbers of the €wo eonneeted energlr levoLs r
¿nd s di.ffer by two r¡nlt,s and in b, the spln quentuun nrmbers a¡re the

s&nleo Rul"e 2 stetes that the doublet, formed on tletcLlng a transLtlon
ín the progressive eonfigr.lratlon wlU- be ¡:oorXy*resolved r*hlle å.r¡ the
negressíve eonff.g:uration it, wilL be weLL*r€solved" The third rule statos
that the nregnf.tude of the spLS.ttlng ln the weLl-resoLved doubLet, is
pnoport'ionaL both to the strength of the perturbf.ng frequenevãz end. t,o

the squere root of the r.ntenslty of the pertr:rbed rine"
Frosman and Anderson (U5) eppl_j_ed the tteklSng expani.ment to

vartous systorns and h¿rre demonstnated the sensLtl-vLty of thls rneth@d

for en ABC system , rt, was ¡rosstble t,s dist$-ngulsh the optimrm settfng
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of q, for one 15ne as eonpered to the ne5-ghbouring llne desplte the

faet that the two llnes ar€ unresoLved ln the nomral E¡eetrum. The

two settlngs of hf, dl:ttørcd by onþ 0,1& e¡rs"

rhe effeet of a r,roak penturbat,r.on on a Èhree spln ABC system

1s eas¡r to study" Ân unsymretrreaL three-spin system hes ej.ght energr

lor¡ers and tt+el"ve strong transLtlons. The enerry reveL dtagran mey be

represented by a eube ¡lhene the eonners Fepresent the etght, energy l-evels

and the three set,s of forrr parel.lel edges represent, the quertets of the

transition l1nes. lrlhen thfs nepresentatl-on is used., the effeet,s to be

obserned upon double-1¡"¡"s¿1at1o¡r e&n v@rlr easf.ly be pnedleted as ls
she¡m fur the |tExporS-vrentar Resr¡-1t,srr seeÈíon of thj.s eheptero Tf,elili.ng

exper$:mentso as ¡aeLL es spln deeoupS-lng experLnrents only determine re-
lative slgns of eoupS-f.ng eonstents" AbsoLute signs eannot be detemlned"

changing the slgns of all- the eouprrng eonstents menely invrirt,s the

energy ler¡eL d.fagrcn as glven by the er¡be rnodel a¡rd the sa.ne experi-

mentaL result,s wf-Ll, be obtai.ned as 1n e tLeklång exporiment, wlth the

r€verse s5.gn asslgrmrentu
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slnee 3-ong-¡"snge eoupri"ng eonstant,e betlreen the rrethy]- pro-
t,ons and ring prot,ons Ln sr¡bståtuted tol,uenes had been onJy si_J.ghtly

lnrrestS.getod, tlre obJeet, of thLs reseereh was t,o study then fwther,
t'o eonpare then ¡cl-th exístlng theoret,i-eeL eel-euLatlo¡rs and t,o deter*
mlne arry subetltuent or so1nenÈ effeets"

applyrng tielcrfurg eqrerrnentsu the sf-gns of the msta and

para rlng proton eoupilf.ng eonstants are detennj.ned. lrlth respect, to
the lanosn positÍ-ve slgn of the ontho proton eoup].Ing esostanto The

sf-gns of tho 3.ong-vange eoup3,lng eonsÈants froru the rnethyl_ protons to
the thr^ee rlng protons are detemlnod ln 2*,þromo_J_ehLerotoluene vrLth

respeet to the slgns of the nlng prot,on eoup3.i.ng eonstants uslng doubLe

tresonene@ toehniques. thi.s moLeer¡Ie ls aLso stud.Led. f.n eer¡eral sonvents

to determS.ne alry so}¡e¡rt, effeetq on tkre 3_ong-paBge eoupS.ings. Varlous

othen dlsubstj-tuted toluenes, & trlsubstf-tuted t,otruene and a sldo-ehafur

substLtuted toluene ar€ str¡di.ed t,o detemrine substfirent, effeets on

these eoupLlngs"

The sf.gns end nagnf.ttrdes of the J.ong_renge netþn proton_rf.ng

proton coupllng constants are futerpreted ån temrs of MeconneLlrs

ùheory (36, 56) of n -eleetro,n contributions to eoupllng eonstentsu

Frsm tbe ring proton spoetra with the methyJ- group deeoupled. the rång

proton shi-fts and eouptrln'g eonstants are determl.ned uslng an ABC analysj.s"

The long*x.ssg6 couptring eonstant,s egree wrth the theoretleal-
eal-eulatlens a¡rd are not substttuont, depondent non solvent depndent.
The rnegnf.€ud.es of the ortho ring prot,on eou¡r3.f.ng eonstant,s depend on the
subs,ti-tuent el-eetronegatj.vitles" The methyl pnoton shj.fts rrary røLth the

sum of Hamett sr¡bstltuent constants.
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AU COMPOT]NDS

the substLtuted toluones Tüere obtai¡ed fron K & K Lebora-

toriesu Ïne"a Cro'm ZeLLerbaeh Chemieal Produet,s DlvLstomn Colunbla

Onganf.o ChenlceLs Coo, fne.o Matheson CoLenEn and 8e11, PfLster

ChenrleaL lÙorks Inc.e Aldrleh Chenl-eeL Cono Inc", eÌld Eaetman Organle

Cbe¡ricalso Only 2-tqnlroxy-3-5*dlnltrotoluene was reer3rstaLllzed tniee

from benzene befsre belng studi.ed" the other substituted totruenes

and toluene !üere studled v¡lthout fi¡rther purf.ff.cat5.on, The solvents

aeetoneu benzeno and earbonr disulfi.de wore spsetnoquelity grade fnon

Mat,hesøl col-erna¡r & BeJ.lu dfunetlryS.suLfon<ide*d6 was obtaf.ned fnqr

Stohl-er fsotope Cheml-eaLs end ben¿ene-d5 wes obtaLr¡od frsm Merek,

Slrerp & Ðohme Co, These ¡¡epe aLL used ?rlthout, fi:rther pnrf.få.eatåon"

all eorrporrnds r{Bre studled. vrlth ebout 2 nole Ø tetranetþLsiJ.ane (ms)

as interaaL referenee, For most of the measT¡rement,s cs, was ehosen

as the solvent rather than CCIU since it has a Lolrer vf.seosf.ty and

therefore ponrits lnherontly better resoLutl.on (fæ) whieh Ìúâs Fê-

qul¡ed to obsorne aLl the spLittlngs of the rnethyl groupô
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B. PBOION MAGNETIC RE5ONANCE MEASURÐæNÎS

ALl- p'm.r" s¡reetra were mees.*ed on a verlan DA-60-r sp€eê

trometer l"ocked to Lnternal" T?fS" Callbrations ners eerrled out, by

reading frequency dlffere¡¡ees in the frequeney sreep mode and sub-

sequent lnterpoLatlon garre the peak posltlons nlth a preels!_on of
about 0"@! eps" The sorutlons were degessed by the freeze-tha¡s teeh-

nf.que. The tenporeture of the sanpLes was 28"J å l.OoC as dete¡r¿l¡¿ed

uslng an ettSrlene glyeol samptre and e caLibnatlon graph of LnternaL

shíft, versus tem¡erature" thls Ìres prepåred by varlan Assoeiates,

PeLo Al-tou Cal5-forn5-an A].J- speetre wêre run at Least four tfmes wlth-
out and then with the metþ3. group deeoupXed"

krltÈ¡ tr¡o exeeptJ"ons tkre toLuenes wene al-r dj.substituted and

belong to the *O3 syster (L) " Sj.nee the metþl shj.ft, ls et l_east

200 eps fronr the r ng pnoton shj-ft and the long-pa¡1g6 eoup}fng eonstents

frqn the x (netlry3.) protons to the three rf.ng protons ar€ e,l3 srneLLer

than I epsn the megnltudes of tbe J.ong-¡"s¡ge eoupS-ing eonstants wene

obtained frøi t'he ring proton speetne d5.rect3.y usLng flrsÈ ondeæ rul-eso

îhey ere the anerago of twenty t,o thlrty vel,r¡es e¡rd the srrors are el1

standard deviatlo¡rs frøn the mean. As a eheek these r¡aLues ¡sere eL-

weys used to prediet the sp].lttångs of the metþ]. prot,ons. The separe-

tlons of the methyL protons roene aLso eeLLbrated and standand deviet,ions

obtaíned" The predieted separat,lons for ttre methyl pnotons as obtalned

frw¿ t'he ring proton s¡reetra agreed veny wen1 ¡øi-th tþe obsemred values

and wene always well wlthf.n t!¡e eta¡låerd error llnåt,s,
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Tlre analysrs of the ABC p+rt of the ABO(, pnoton speetr,m

was eonslderabþ simplified by deeoupling the nethyl protoarso lhis
allo'¡ed en eee¡rrate detentånatíon of alL the ring proton 1Lne positf.ons.
ALL deeoupLlng and tlekllng experlment,s were perfomred Ln the ust¡a1

n&nner (tZO, 12L, Lz5ø lz?e LZg)o In the frequeneJr 56üe6p mode of
operatf.on the lrredlaèing radlofrequeney af, ís set on the desired.

t'ransS.tion or transltlons ¡vh1le the whol-e spectrrm i.s sfuilrLtaneously

examLned by sveeping the obse::ntng frequeney 4.fr" For double and

t'rlpLe resonenee expentment,s t¡¡o Hewlett-Packard Z0O CD eudío osell*
Lat,ors were used to r¡hj-eh set,s sf reduetfon gears were etts.ched, The

pû!'rer of the doeoupJ.lng fnequency fon the metþJ. group was kept, es l"En

as posslbLe eonslstent, ?rith emrplete deeouprfng" The eenters of the
quartet,s eorresponding to the long-rarlge splf-tttngs by the methyS. gr@up

¡rere al!úays eompered wl.th üre single llne posltlon obtelned when the
net?ryl group was deeou¡rled and ü¡ere nas never nore then a ehange of
ebout 0.1 eps on deeoup].i.ng. sÍnce the metþL and ring proton shi_ft,

differenee is so largeu deeoupling the rnethyl_ protons thus eauses only
e v€xy smell porturbatLon of the ring proton s¡nctrurn, For thLs rêêson

the Bloeh*Stegert shi.ft, (X39) is ma11, Ther^efore the ABC analysf.s wes

earríed out on the rtng proton spectra wlth the rnetþL group decoupledo

The anelysls of the l-spfn ABC systen was earried. out, foLlorlng
the nethod of castellano and i'Iaugh (140) end cavanaugh (rþl)" The pro-
gram 1n Fortra¡r*rr fon this anar.ysls rues obterned from J,R" cevanaugh

(141). ft was modÍfled to Fortran-IV by Dr. H"M. Hutton and all the
emrputations were camLed out om the ÏBM-J60 Dise Operatlng system at
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t'ho uni.versity of Manlt,obe, The required input data r¡ere the centens

of the three q'antet,s r'rrth respeet to the eenter of the ring proton

s¡metrum, the thnee e@nmon spaclngs, the posf_t10n of the Lo¡¡ost, fLel-d

line and the relÉ'tlve li¡re åntensities normaLLzed to twelv€" The line
posf-tions to 1ær field of center by eonrrention ¡mre always negatlve wlth
those to hlgh fleld belng posittrre, Mariy solutions fon eaeh ABC analysis
were arways obtai.ned, Howevero there vr€.s no pnobl.em Ln ehoos1ng the
eoffeet one slnoe on1y onè soLutÍon gave positi.ve signs for eLl three
ring proton eoupLi.ng eonstants. That both the meta and para ri.ng pro_

tm eoupLf.ng eonstant,s aro pos$.t5.rre Í,f the orüro coup1lng is posS.tive

1s demonstrated in this study usSng tlelcllng teehntquesu

The asslgnnænt of tho three qr:ertet,s essoeieted mith ttre three
rj-ng prot@ns wa$ stralghtforward" In eLl the dtsubstituted. ùoluense

that' w'ere studLed elL th¡ree rlng proton eoupLÍ-:ng eonstantsu íoeo orthou

meta End parar r¡ero a}pays present" For exarn¡rle, eny one raol_eer¡Le

never had t¡¡o ortho eouplfng eonstent,s, In sueh a sj.tuetLon a ¡rroton
assigr:nont nay be mueh rnoro dtffleurtu si.nee the magnåÈudes of the

three eoupL3.ng eonstents decrease fn the order orÈho ) ¡û6ta ) pe.ree

the assf.gnment lvas not dj.ffteult"

the rlng proton and nethyl proton shi-ft,s as weLl es al-L the
eoupLÍng esnstants al.e surunarized 1n the next seetLonn The srm of the

squared deviatlons bet¡ceen the ealeuleted and observed intensi.ti.es are

glven for t'he ABC rLtrg proton speetra, these r¡ere also ealeuìøted by

the eornputêr program. The erpor t¡: üre proôon sh_tft,s is est,j¡øted et,

'00J ppr' ?hls is probabry an ovsresÈåmste but, takes aeeor¡nt of ttre
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s?ûåal Bnoeh-Siegert, shlft,s snåll varietLons ln tenperetwe end the

faet that aLL speetre wer€ run frcm Lor,r t,o hlgh field"
Thore ¡¡ere trro exeeptions to the *G3 systemn nanrely

dr3ut+*tvíelü-orotoLuene (æCxr) and. 2-hydrory-3*5-dfuìEtpotolueno (eenXr).

Tha analysfs of these systøns w111 be dl.seussed. 1n the next seetisn,
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the substltuted toLuenes under eonstderetlon are d,Lvlded into
four series and these wilJ. be eonsr.dered seperato]-y,

Þdeq-r
Ïn thås study soveraL ZuJ*dlsrrbstituted toluenes ïrsr€ gon-

sidered 1n the study of the long range eoupllng bet¡seen the nethyl protons

and the ring pnotons, Tlre eoupllng eonstents are glven in Table z-rA

and the ehemical shlft,s in TabLe Z-IB, The effeet, of dLfferent, solvent,s

and coneentratlons on the long-rsnge eoup}f.ng eonstants r¡as strrdied. but,

none !,¡as obsenred. ?he ehange 5.n long*Fenge eoupllng eonstent,s es &

fr¡nctlon of the sr¡bstituent 1n the Z-posLt,isn l¡as stndLed while êhe 5;
posS-tion substl't{rent (ehlorf.ne) reneined unehanged." only the nragnltqde

of turnrr. chanees very sLlghtLy when the bnsmlno eton ts repLaeed by the

anrino goolp (a strong eleetron donon)" Thf.s ehenge j.E rrithln the ex-

penfutentaL emons obtalned fon thls eoupllng eonstant tn these t¡¡o eomr-

pounds" The eonpor¡nd 2-nLtro*þehlorotoluene (a strong electron ¡r.ith-
dnawer 1s 1n the Z-posltlon) could not, bo obtaj.ned." Hmuover, f.n the next,

serf-es, vari.ous other nåtro-substituted toluenes are str¡dled, RepJ-aee-

ment of both the 2- and J- substltuents was studted in the eompo¡nd 2-

thlornethyl-J-hydroaqrt,ol-uene and ageÍn a ehenge in the negnttudes of the

long-range couplfng eonstanÈs ¡sas not obserr¡edo

the signs of the rfng-m,ethyJ- and rÍng-proton eoupS.ing eonstantE

were detEnnfned using the X0 noLe Ø soLuti-on of 2*bromo-þeh].orotoLuene

in cs2" These w$.Ll nær be dr.seussed rn nore detaLL" several speetra

for thls soLutl-or¡ are also shown end are typteaL of the rmny CI@llpounds

studLed"
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Footnotes to kþ1e 2-IA

L. Deten¡ríned by an ABC analysts of the spee€rrmr wi.th the rnetlryl group

deeoupled"

2" îhe €trors are standar.rå devj_atlonso the ABC enaXysls ¡sâs eamfed ouÈ

on tho I3M-360 eonrputer" Mexirnun end mi.nim¡rn values of the neesured

eonmon spaeings as læ11- es the everege values nene used as tnput deta

1n deteno1r¡lng the ehemtear shift,s erxl eoup1.ing eonstant,s. rt was

found t'hat, the magnltude of the eouplf.ng consùent, lnereased or d.e-

ereesed by the s&3þ ern@unt as the ehengo trn the nagnitude of the eo¡n-

mon s¡:aelngs used as f.reput, da,tau Heneen the starrdard d.evLetLons for
t'he ring proton eoup}f.ng eonstants obtai.ned. from en ABC analysf.s are

equivaS'ent, ts the sta¡¡dard devletlons obtai.ned experlnontally fon the

eÕnmon spaeings,

3o Detemrf.ned when tho thlo-nrethyl group was deeoupled,

4n The eoupllng between the thro-metbyr protons end ring proton H, Ls

ver5r ma].J. end eould not, be detenntned exaetly, The sj.gn of thf.s

eoupLing with nespeet, to the nlng pnoton eoupLing eonstanÈ ¡¡as not

detenni-ned" The thLo-nrethy3. pnotons !üetre for¡nd to eouple @g to
rlng proton Hg"
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Footnotgs t,e lab1e 2-IB

1", ?he ring proton shLfts wese detemrfned by an ABC anel-ysf.s of the

spoetnm wÍt'h the 'ethy1 group deeoupled" only e very sre1L shift,
of epproximateLy 0.1 eps ¡¡as observed fsr the nå.ng proton poak posL_

tions on deeoupLing the nethyr gr@up in eenpentson ¡,clth ùhe centers

of t'he nultlplets of the non-deeoupled spoetra" ThLs snsLL shlft, ls
wlthin the quoted experS-mentaL emor linrits.

2' The srm of the squared devi-eti.ons tn å¡rtensttj-es hetneen obsertred end

ealeul,ated Á,BC-rlng proton speetra"

3" The sum of Èhe squered devi-etlons i.n l¡tensl-tf.es couLd ¡rot be detemlned

si.¡aee the l-osr fleLd doublet, of prcaton H, was obseured by the solvento
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Ff-gure 2-l glves the ring pnoton spoetn'nr of Z*broroo-þ
ehlorot,oLueno usrng the frequeney sffüeep mod,e" rt, r.s a loosely eoupled

ABC pent of an *o3 spoetnmo The resonanees of the three pnotons

anE suffíelentry welr- separated t,o be assS.gned by S.nspeetror¡u The flne
spl5.t'tings of aL[ the ]-Lnes are due to the eoupring betrreen the rlng
protons and ths nethyl protons, ThLs rùes eonfi.mod by eera,¡r1ng out a

spín*decoupLlng experfrnent, l¡ ¡rhieh the trradS.atfng frequeney ¡¡as eentened

sn t'he net'hyI resonånce whll.e the rl.ng proton speetrurr was obs€rned,o The

resuLtlng ABC rlng proton spoetnrem is shoÌüti ån Ff.gure Z_%" T?¡e een-

euLet'ed speetr'm foJ.lorrj.ng A,BC analysi.s ls shor* ln Fígune z_ze, rn
Flgune 2-?Â's the AuBn and c qrrartets ane r.aber.red and the spf.n states of
the t¡ro nef.ghbou:ring prot,ons dr.rrlng eeeh tnênsLtLon ere lndj.eated, as_

sunång eIl n3-ng eouplS.ngs posf.t,f-ve. ALL the shåft,s and eoup].f.ng eonstant,s
for thls eompound es welr- as the others in ser!.es r are gf.ven in Tabr_es

2-ïA end 2*lB" sÍ-¡n1Ier speetra were obtalned i.n ern aases,

lhe trensttr.ons shown in FLgwe z-2b wero assrgned t,o the three
rlng protons Ln the folløsv'l¡rg nannero The para eoupling j.s the smallest,

and f-s unden one epsø A spL5.ttång of thts negnltude j.s obserrred betoreen

transttions BL * Bzs 83 - Brse cr - cz, and c] - c&" An ortho eoup}ing is
the 3-argest and appnaNÍnately g eps. A splitttng of thls magnS.tude is
observed betr¡een transltlons BL - 83, Bz - Bu, AL * a3, and .â,2 - ar+n

Ilenee trensi.tlons 81 to Bþ ano essi-gned to proÈon H, r*hf.eh has pnotons

ontho and pana to tt. The other transj-t,j.ons Ìrer€ essf.gned to the trre
renalnfng pnotons ln the s&me nstnner utflfzing the experi.nental obserye-
tion t'het met'e nf-ng proton coupl-ing oonstants heve magnltr¡des of ap¡lnoxi.-
netetry 2 epsu



Iåe¡re_2-&

Ring proton speetumr of a l-0 mole Ø

solutlo¡l of' 2-breno*J*ehloroûotruøne

ån CSe reeorded hy sweeplng thc fre*

queney ø1@
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Fl-eure 2*2

The ÂBC (rtng proton) part of the

speetrtmr of 2*bromo-þehlorotoluene

in CSZ wlth the methyl group do-

eoupled (b), rn (a)o the ArBn end ci

quantets end their respeetfve trans-

ltions ere labelled and the sp5"n

states of the two neS.ghbourlng pro-

tons durlng eaeh trensi€1on are Ln-

dieeted, the three ring proton eoup*

llngs arE aLJ. poslt,f.ve " the ealeutrsted

s¡æetrum l-s shomr fu (e )"
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Fieì¡re 2-?

Speetrun obtafned by tS.elcLing tnansS-tion

Bl" sf tbe ring proton spectnm whlle the

methyl group 1s deeoup3.d, a trlpS.e re*

sonaneeo The spect¡:r¡¡r 1s obserrred by

s*eepíng the frequenef, útI1o the nethyJ-

group 1s deeoup3-ed rûtth a seeond osel-1"-

Laton et, lts resonent frequeney crlp trh3.l"e

the spin t3-elcllng 1s earrled out, by e

thlrd frequeney lrradiatl.ng transltlon Bl

at, fts resonar¡t frequeney &I3' 82 is ob-

scr¡red by tielclf-ng 81, but there is no

deubt thet, Bt ls the ticlcLed tnansLtfonn
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Flgure 2-J gf.ves the speetn¡n obtalned by tiekli.ng transl_
ti-on Bl of the rlng proton spoetnrn røhire the methyl group f.s deeoupl_ed

(trtple rssonånee experiment), The obsenved speeürtrm shærs that the
rlng prot'on eor.lpling eonstants ane al-L of the sane slgn" s3.mllar tj.ekl-
ing experfune¡rt,s on oÈher transltlons served to eonfi.rya thts resuLt,,
Henee elL the nlng proton eoupl.ing eonstant,s must, be posrtive s1neo the
ortho eoupl5-ng constant is posftf.ve*

Freemen and Andensen (125) deseribe ühe argrnnents needed ùo

fi¡d t'he nel¿tf.ve signs of the eouplíng constents usSng tf_ek3.i.ng ex*
perlment,so thelr approaeh wi.LL now be eppJ.íed to or¡r system. 0nny one

experirnent' wil"L be desenLbed., name}y the ttekling of transitlon Bl" All
the experiment,s that, were eerried or¡$ raere enal¡rzed 1n thls ¡r16,ïÌ$a*o

The tíelcI5-ng expniment ¡sas ee*ri.ed out by observrng the rrng
proton speetnrm w'Ith frequency rrrr. Ât, the same ti¡ne the rnettsrJ_ group

nas deeou¡rLEd w&th a seeond osetllator et, Lts resonant frequeney úï, anð,

fhe spin tielcli.ng wes carrfed out, by e thj.rd frequeney irnedlatlng
transltlon Bl at its resonant fnequeney ef',

Fneer¡¿an end Anderson shø¡r thet, the oxperf.menteJ, speetnrrn ob_

t'eined from onLy one t,iekLrng experi¡rent, rsj.LL esrrespond to only ono of
the four possibS.e &rr&ngement,s of the rexat,tre signs sf the nete and

para eoupS.ing eonstent,s r,råth res¡æcÈ to the s:rtho eoupx-j.ng. Á.ssr.mf.ng

t'het' aLl three eoupling eonstant,s are of the same sign, the labelling
of the transftions ls sÌ¡ærn in FS.gure z-?a" The energy LeveL dJ.agrem

of t'he ABC system assunrl¡rg ell- three eoup}lng consta¡lts are pos1tLve is
glven tn FS.gure 2J*, From the @nergy level dLagrcm of the system lû i.s
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seen t'llat t'1e!ú3-ng ¿r,ransLÈton Bl shou.Ld spllt, tnansi-tLo¡¡s Cl and AL jnto

sharp doubLets (regnesslve eor:ff_guration of the eormo¡l enerry LeveLs)

t¡hlLe C2 and A3 sl:ould a1so be spJ.j-t, but, not es mueh (progressfve eon_

fíguratfon of the enerry Levers) nor as weLL es cL end Al, ReLatj.ve

t,s the splittlng obserr¡ed for cL and 4.J., cz end 4.3 shouxd be breedened

doubLet,s" Frær the ohserved speetnum shm¡n in Ftgure z*3 Lt is seen

that, transÍtions Á.L and A3 are indeed spLlù" Hor,rever, only e singLe

peak is obtelned fon transttions CL and CZ lnsteed. of the expeeted fou:r.
Thf-s may be explained by the faet, that, the sepanetion betrseen cL end

tz is on]-y 0,J eps and the four ltnes ee¡rnot be resoLved" They eJ.L

ever1ap and only e slngS-et, Is observed s¡¡ tåekLlng B3_, These resutrts

toget'her r"rith sevenaL other tj.elcllng exparfnetrts shCIïr that, aLL thnee

n5.ng pnoton eouplf.ng eonstanÈs ane of the same sf.gnu

Figr$e 2-þ shows the s5-ngre rasonenee speetrum of the metþI
group of 2-brmo-þehlorotoXuene, The trånes ara numbefed fram Lær t,o

high fieLd." Beeause of the magnS-tudes of the rsng..netþ3. eouphngs Èhere

Ls o1¡€nl.applng of two transLti.ons 1¡r trro casês, restrltlng Ln slx fnstsad

of elght, o'oserr¡ed trensltíonsn

The reLetive signs of the nong*¡"a¡1ge eouplång eonstant,s between

the nretþ3. pro$oars and the rlng protons with respeet t,o the tgloÌrr¡ slgns

of the r5.ng proton eoupl-ång eonstants werø detewrlned by spf.n deeoupJ-$.ng.

These exporf.rnents lùêne eernied out, by lrnadLati.ng vantous quartet,s e,risÍng

from the 3.ong-ra¡1ge eoup3.3.ng eonstent,s ín the Á,BC region rrlth e f,requeney

úfpwin5lLe så:aurtaneousþ obserrrlng the methyS- proton resonanee ïrlth

fnequency úIr. The fi.rst, deeouplS.ng exgærå-rnent ¡ses earråed out, by irrad1attng



Figure 2-¿e

lkre energy ler¡eL df.egran epproprS.ete to

Z-brmo-þehlorotsluene assunlng that a3.J"r

three spin eouplìng eonstants ane posttlvo

end lt*l ) Itnr\ ) \tr.\ , rt i-s eaL-

euLeted for the ease 1n whf.eh the nethyl

group ls deeoupLed frøt the rest of the

system and the r3.ng protoRs mriy be treated

@s e,n ABC systen" the eorners of the eube

represent the ef.ghû energy ler¡el"s and the

three sets of four panalle1 edges nepresent

the quartets of the transltlon lines"
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Fisure 2-q

ître meflryl group pnoton speetrum observed

by srueepf.ng the frequeney áI.U" the }ånes

are numbered from loun to hf-gh fteLd. (¿)

Unperturbed speetrwro (n) mie rneÊhyl gr@up

pnoton speetrr.m observed when the deeouplS.ng

freqr.lene¡r úI, f.ræad5"ates the q.rr^antet eentered

o¡r transltlon BL whi.eh arlses from the Xong-

range eoup1f.ng bet¡nreen the methyl pnotons and

nå.rag prot,on Hgn Transitlons J and 6 eol3-apse

lnto e s5nglet, (C) Speetrum observed I,rith the

quartet eentered on trer¡siti.on Atr deeoupS.edn

TrensltLons J and J eollapse and overl.ap

transåtion l&.
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B2

the quart'et eentered on BI (Fj.gures 2-1 anð, 2-?a,) erising frorn the J"ong-

renge eoupLtng beÈween the rnethyl protons (X) ana proton \" In FLgure

2-r lt, i.s seen that tht s quartet, Ls not eomp3.etely observed sinee l_t,

partlaS-Iy overlaps the quartet, ee¡rtered on tnansltlon 82. By irradi.at1ng
the quartot eentered on Bro fronn Flgure z-za la is seen that the eoup-

}1ng Jo w5-th negat,ive spin stetes of prot,ons Hn and H, i.s er&sedu rn
Figure 2-6 the on3.y transttlons thet have negative sp5rr states of both
protona En and. IIa ere 5 end 6 assr¡ning thet, Jo ared J* ere both negat,lve
whj-le Jo Ls posÍ-t5-ve' The obsenved speetrun is shsv¡¡l f"n F1grrre z-Jb
end sinee tnensítlons J end 6 of the methyl resonenee eox-lapse to a

síngX.et," this eonfi.mrs that tax (tfi,cnr) una Jax (tfircur) ur, ,f
opposåt'e sf-gn to the ring ¡rnoton eoupS.lngsp f.€, negatlveo

ïn Ff.gure z*Je ø slnritrar deeouprrng eNperf-ment, ¡ves perfomred

by doeoupllng the quertet eenÈered on transj.t,j-on Al" Thfs eornesponds

to deeoupls-ne JAx r,*-i"th negat,i.ve spf.n states of protons H, and Ha, Fron
F5.gure 2*6, thls oeeur.s on1y for transi-ttons J and. J nhf_eh eonlapse and

overla¡r transitíon þ tn the rnethyL resonenee" Thls rrl1.l only oecr¡r if
tc* (tfi,rrr) t" of opposlte s5.gn, and Jrr, (tf"a, ) is sr the same sf.gn as

the ring píoton eoup].f.ngs. verLous other ooosf.;rrrg expriments were

elss eerrled out,

In srmary, if JHrHo ls poslttvo, the other two rlng eoupl_f.ngs

are posftlveu the eouplings between the methyl and the ontho and para

nlng protons ere negettve, whiLe the eoupling wf.th the meta prot,on ls
posltS.ve" The sj.gns of t&rese eoupJ-íng eonstents vlål1 be the same for the
verlous substituted tsl"uenes si.nee it, Ls seen that, vani.ous ning sub_

st'lt'uents heve eLmost no effeet, on the rong-range eoupling eonsta¡¡t,s,



FlEure 2-6

The esslgnrnent of the tnensitlons obtai.ned

for the methytr- pnoton res@n&nee of 2-brorao-

J-chlorotonuene eorrespondS.ng to the long-

range ning pnoton - nethyS- proton eouplíng

eonstan€s" The spin states of the thnee

r5.ng protons dunLng eaeh ùnansi.tLon are Ln-

d.i.eated end LabelLed assuÐr5.ng that tO (tfirr*¡)
and J* (tfi,Cn,) are both negatlve and JO

(4 ,"r, ) t" pulttiveo The s5-gn eonventlon
¡¡ I v¡¡3

followed 1s the seme as f.n Flgures 2-2¿ end

2*4" the d5.agrenr eor esponds to the experS.-

mentel speetrr.m given f.n Figure 2-5a,
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B4

Series 2
%

rn thls seri.es zrr+-d!.substltuted toluenes ¡¡ere str¡di.ed,
The 1ong-renge and rlng proton eouprrng eonste.nts are gf.ven j.n Tabne

Z*rrL and the proton ehe¡¡'1eer shr-fts are llsted i.n Tabl_e 2_rrB"

A study ¡*es earnied out to see hmc 1oreg_renge eoupLS.ng eon*
et'ants from the met,hy]" ¡rnotons te ortho and mete rång protons \rary
sri.th e ehange ån the 2 -substltuent {srtho to methyS. group) whiLe the
4'-substituent {s ùhe sarne (l{o, group), The resr¡rt,s of this study
ar€ LlLustrated by the first, four eom¡ror¡nde }5.sted fn Table z*rr-A,"

0n3"y ome smelL trend. eor¡-nd be obsen¡edu name3.y thet, Ja* funereeses as

the 2-subst,j-tuent is respeet,f.veJ.y S.odineu bnonj.ne and ehl.orf.ne" Thls
varLetj.on fs very snaU. and only slLght1y outsåde the erron Limj.t,s of
the eouptrf.ng eonst&ntso

a' compar5-s6n måy ar-so be made betçreen the r5.ng*rnethyl

eoupn'furg eonst'ants observed. for the Last two eompounds $-n Tebl-e z-Ir-A.,
ïn these eompo'nds, the Z*posf-t5-on suhstr-tuent, ås the sa¡ne (e}¡r_orbe)

rrhltre the 4-pesj-tlo¡r has j.n turn a strong eLeetnon wj-thdrawe* (NOz

group) and a strong electron donor (nH, eroup). The results Lndfeate
tl¡at, the long-Ï.s¡1ge nethyS.-ortho ring proton end methyl._meta rsng prot,on
eoupling eo¡lstants are not affeeted by'the ehenge Ln the þ-substltuent
(pera t,o metla3rl gz"oolp), fn faet,u the 1ong-range eouplf.ng eonstants shCI*n

ån Tabl"e 2-rrA, ane equel wåthån ex¡æntmenteL error to the respeettve
values of the eoupL5-ng eonsta¡rts 1n TabLe z*rA (sorj-es L), I{enee ln eL'
the eompounds studLed i.n theee two serj-esu the r¡ari.ous subst,ituents have

essent,laLly no effeet on the long*¡.s¡1ge eouplf.ng eonstents,
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Õo

1" Obteined fnom an A,BC anarysf-s of the rlng proton speetrnm wåth the

methytr group deeoupJ.ed.

2" Al'1 the errors ln the ooup].lng eonstente a:ee stendard der¡{attons.

3" the pealcs eornecponding t,o proton Bo ere hroedened hy the two netgh*

bourlng nltro grolrps@ Fon thi.s lgeason to (tËranr) *rola not be ob*

telned fnon the rf.ng proton spl"ttt!.ngs but, was ohtai¡rcd. onx.y from tt¡e
splltttngs of the methyl greïrpo
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Footnotes ùo_Tab1e 2*IB*

1" The rfng proton shift,s ¡seno deèermLned. by an ABC enalysfs of the spee*

trum wlth the methy3- group deeoupled.

2n the swr of the sqr:ared devlatLsns 1n i.ntensf.tj.es between obsemred and

calcutrated ABC-ring proton s¡:eeÈre,

3. The rlng protmr intensity derriatfs¡rs eouLd not be deterrnlnedu The

quartet, eorr€sp@nding to proton IIo was broadened so that, only two

broed ¡leaks ¡msre obsea¡ed.
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Senles 3

rn this seri-es only one e@npoun*e 2-þ¡nlroxy-3r5-dr.n{trotoluenc
was studå'ed' rt' ræs reersrstaJJlzed tr,rice fnom benzene end then sêudted
in C6D6 and D{,S0-d6"

The proton rnagnetie resqrane€ spectnmr of thf.s eænpound 1n
crDa ls eørpletery first order end honce beJ.ongs to the *3 system,
Howeveru the OH(R) pnoton eoupr.es ennly to ring proton Ho, The rong*
renge eoupllng eonstents J* arad Jo were obter¡red by sfmpne spacing
ruLes after the 0II proton ruas deeoupned to sfmpJ.f.fy the speetrtrm of
pnoton Hun The eoupS'ing eonstent J* wes deternnf.ned. by ftrst oyder ruLes
and eoupLh* tHuor(J¿n) r,¡as obtatned from the spaef:ngs of the 0H protorr
doublet" ilsing the magnitr¡d.es of J* and Jr* obtained fnona the n5.ng
prot'on s¡reetra, the sp}åttfngs obserned for,the methyr gr@up r*ene exectþ
repnodueed' The ehenri-eaI shlfts lr€Fe also very easlly detemj.ned by
slnpLe ffrst order ru-Les' aLL of these resur.t,s are tabtrLated in Table
2_rrr.

'ne 
fntenestrng pofnt nust be mentroned about this st¡¡dy and

t'bat' Ls the verxr lor-ffer-d shj.ft, of the 0H proton Fesonanee in c6D6"
this Ls due to an intremoleeurer Ìqnrrogen bond of the phenoLie 0H pnoton
wlth the nef'ghbourtng oxygen of the nitro grogpø Thts ¡s-r1r be eon-
sider€d fi¡rther togetber wi.th the steneospeelfte rong-rang. JAR eoupL5.ng
1n the ttÐisegssionrt.

rhe shifts and eoupr.ing eomstents for this eonnpound. str¡d1ed
1n DMSO-d5 soLution ene ar.so gf-ven in Tebre a-ïrr" se'eral ehanges jn
these speetre are observed' Flrst of allu the 0H proton r€sonsnee shfft,s



9A

t'o hf-gh flerd and ¡ro longer eoupJ.os wlth any of the r5.ng proùone* Thls
ls evidenee fon a broken lntramoLee¡¡i.ar þrdrogen bond. and ¡r1ll be dis-
eussed leter' the othen protons beJ-ong t,o the ABX, srstem srnee åhe

rlng proton speetrurn ís no S.onger empletely flrst, onåePu Sinee the
nethyl resone,nee is at Least, J00 eps remsved from the rf.ng pnoü@ñ se_
sonanee and the long*na¡¡ge eoupJ.ång eonstents e,re under I eps, the long-
renge eoupL5-ngs J* end JBX ** obtained. frm the ring proton speetrrun

by s5:nple spaofng rrales, the s5.mpJ.e aB analysis lnes earnj.ed out, on the
nlng pnot'on spetanam assrmf.ng the eentres of the four quarôets endslng

fncnr¡ the lorag*psage eolrpliregs eoFFespond to the four AB transitj.o¡ts" The

methyJ- proton shLft pesltåon m,s take¡r et, the ee¡rtnc of the observ,ed

quarteÈ,
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Seri-gs Ie

the effeet, of rep]-aei.ng a netþJ- pnot,on by a ehlorfne atsm

on Èhe J"ong-¡"a¡ge eoupJ"3.ng eonstants bet¡reen the cH, protons and the
rlng prot@üs t^rE¡s str¡dled å¡r this serj.es" ?he moLeeule chosen roas J"4_
di.ehLorobenzyletrlori-den The speetn¡m that ¡ras obtalned wes of the ABgXz

t¡rpeo the long-rsng€ eoupllng eo¡¡stants to the ortho anrå meta n5.ng pno*

tons J*, JBX and Jo ¡øore obtarned fron the rf.ng proton speetnnr by
sfmpLe spaef-ng nrr-es. The ruegnrtudes of these eouprlngs were used to
prediet the spn-ittiags fsr the cHacL gröup protons end the agreement,

was exeenLent and eenta3.nry withån ÈÌ¡e obserryed expenimentar enrors,
The r5-ng proton speetrr:nr ruas enalyzed rsl.th the CHu protons deeorrpled et
t'heLr resonant, frequeney" The .âBC arralysi-s vres eerrj-ed out, as In seæLes

L and 2" the errons &r€ eLL standard-devi.ati_ons from the ffi@&$o The

results are tabuleted in Teb1e Z-ÍV"

. The eompound J, /ts 2u6-tetraehnorotoluene r¡as elso studied
as a J moLe Ø solutùon fu 6z (degassed. with lntery¡aL 1!{s as referenee)"
stnee the eorrnerefaJ-ly obt'alned sample røas 1m¡luneu f-t wes 1reeuum dtstg-led
before be$ng studled' However, onry a very broad peak ¡ces obtaj¡ed for
the rång pnotons and a deeoup1.S.ng experlnrent on the cHCl, proton eould ¡rot,

be earri-ed out stnee the shi.ft di-ffer€nee bet¡¡een the cEcLz nrrltiplet, and

the nlng pnoton peak ls only about, g eps" .å.s well-, the

of the ctlclz proton nult5.pJ.et, eor¡1d lmndry be nesorwed"

studLes trer€ earri_ed out on thj.s eoin¡round.

ïn order that, a em¡rarÍ.son of the metlry3_ pnoton shrfts rn 3s

I+*dlehnorobenzyS"ehlorlde eor¡ld be nede ¡rj-th the methyr proÈon shlft, j.n

seperate peaks

No funther
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t'*l-'¿ene and aLso t'he rnethyl prot,on shifts in the ring substltuted tclu_ene*,
a i-wLe' $ s*L'aÈiart of tciuæne i-n cs" rsas studled" lhis solu.tj-en r¿-as de*
gassed i'r¿th inter¡rar Ti{s as refes.eRee, îhe mathyl proton ãhlft ,.s 2"?g4
+ 0'005 ppm t,o 1or,¡ field of T1,íS" The methyt Fe*qônanee eonsísts cf man¡r

ove:rlapping lines none of r,¡hieh eould be properly resol",red,

Frçn lable 2*¡t¿ it is seen that ilte long*rengr eouplír:g eon-
st'ants iñranrrr *td'lrarra, otuu"ase by about 0"2 cps r*"hen eernpayed:,rith

cÕv:"ësponding long*range eoupling esnstants i¡r t,Eiuenes ,,¡rthsut a non_

;:eoton substÍtu-ent en the rnethy-r earr¡on ¿s studi-ed i-r, series l-j, The

si"gns of the iong-v¿1xge eou::l ing eonstants ene the s¿me es Ìrór,e obsepved

before" Sinee lhe signs sf the long_yasge eeupl.ings depend un the s:!-gn

of Qran"''a¡hleir is poslti-ve, repS-aeing a p::cton by a ehlo:-ine atom r,ril-i
heve no effæet' on ihe sign of the eorresponding e varu.* sineø er¡en in
t!:e systerrï çz - C7 * F3ø Q 

"rrris 
pasiti*¿-e {1.0?),
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a"

Before dLseussj.ng long-y"6nge eoup]-j.ng eonstanÈs, the rlng
proton eoup3.f.ngs v¿åLL be sneLyued fi.nst, of al_L. By an exaet analysf.s
of the 1'"a- saterlrte s¡æetren Read, Mayo end.Gordstei.n (:-r+3¡ 5*,r*
eernied out, a pnoeS.se detemlfumtj.o¡r of the proton eoupnf.ng parameters

lsr benøene, These ¡+ero found to be tfir' = Z"*r $rn = L,3?, and

tËrII = 0o69 eps' The effeets of substituent,s on the pnoton-prot,on eoup-
J'5*rg eonste'nts of monosubst,ltuted benze¡res s$€ne studi-ed hy CasteLLeno

and sun (Ll¡4)' They for.¡nd that the vi.elnaL eouptr-i.ng eonstants between

the ontho and rnqþa prot,ons (vntth respeet, t,o the substi.tuent,¡ en ontho

ning prot'on eoupS-$.ng eonstant) fulereas€s &s the Per¡ling eleetronagattvå.ty
of t'hat' atorn of the substituents bonded to tt¡e benzøne ring lnereêe*so

This wes pnedf-eted by Cohen and Sehaøfer (U+5¡. CasteLleno and Sr¡n

also found t'hat of the reinaf.ning eoupJ-f-rag eonstants onLy the on6s eoÍx-

neetfurg t'he ontho pnotons to the other pnotons i.¡r the rj.ng eS.early sh'*
defj-nj.te trs¡¡ds $,rj-th ereet,ronegetf-vf.ty, The most importent, fndreet,$.on

of thls offeet, wes the inereese (w.ftn en lnereese in eLeetronegetj.dty)

of the net'a n5.ng prot,on eoupl$.ng eonstent betlreen the pnotons onLho to
the subst,Ltue¡rt" Thelr experimentar p€suåt,s j.ndleete that es fer es

the magnltudes of the eoupr.i-ng eonstants are e@ngetrned, the perturbetíon
fntrodueed by the substltuent, ettenuates nap{dly w3.th dj.stanee a¡rd j.s

not, eppreei.able beyond the ortho eanbons ss ås expeeted fon en j.ndue.Ê,ive

effeeto As ne3"1u by df.reet, f.nterpoS.atl-on of the expenlmental datao a1-J.

t'hree rj-ng proÈon eoup3.3.reg eonstant,s for benzene ¡sere obÈej.ned in ago'e@*

¡nent' ¡øLth the vel"ues obtair¡ed by Reado Meyo and GordsteLn,
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Read and Goldsteln (146) i-n theln exaet aneLysis of the pro*
ton megnetr-e resonanee spaetra of the monoharobenzenes fot¡nd thet, the
effeet of the har-ogen substÍtuents on the ring proton eouplrngs rs
sroalLo They el-so for:nd it, signr.fieant only rn the ease of en ortho
nlng proton eouplf.ng eonstano tr3 (when the subst,r.tuent r.s ån the ong
positlon) where one sf tho protons r.s neNt to the s¡¡bstrtuent, end the
meta r5.ng proton eoupring J2n6 *hu*= the substi.tuont, i_s r.oeeted on the
eerbon atom betsreen the t¡øo eanbon etoms to whLeh the eouprf-ng protons
ere bor¡ded" These eoupS-f-ng eonstant,s together wfth the påre eoupS.rngs
and the eoupJ-jng eonstent,s found ln benzene ar6 glven Ln Table p-v,
The eloetroneget,iwj.t,ios sf the subst,ituent,s are also grven (lr+7¡.

The eouplfng eonstant,s thet, were dete¡mj.ned end are gf-ven in
Tebl-es 2*r to 2-rv ere for moxeeures thet, are mueh mone eomplex" The
benøene rlng has at, least, three substituent,s end eônsequ@ntry eorrer.atrons
betsveen the couplSng eonstents ere barden to dnalr, rt ls for¡nd. thet rn
t'he eompourxls studled f.¡t soni.es n and z (Taur.es z-rA and z-rïA) ln cszo
aLL the ortho ntng preton eoup].S.ng eonstants ers of nagnitude from
8"1+5 ! 0"03 to 8'3610"03 eps, near3.y wi.thLn experfunenteL onror LlmLt,s"
The one exeepti.on $.s 2-ehloro*l+*ami.notol-uene, with an ortho eoup15.ng

eonstant of 8"08 eps.

ELeetronegatS.vlty Ls the probabì.e e:cple.neti.on for this snaLLer
couplf.ng" rn 2*ehronoJ*-¡{g¡otoruene the o¡tho eouprlng fs B,J9 eps, The

two ¡nsleerrf'es aro Ldenti-eaL exeept, that the a¡rino gpoì¡p çrå.th an el,eetro*
negatlvlty of z'91 (r"¿sg) 5.s repraeed by the nltro group w.i.th en er,eetro_
negatlv5.ty af 3"?0 (xlrg), To show the eneetronegat,tvíty effeet,u t,he
ortho rtng proton eoupllng eonstanr, tfr:?of the monssubstr.tuted har.oben_
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TÂBLE 2-V

CouplÌ-ng eenstantÊ for benaene and mo¡rosubstituted

benzenes obt¿iyred by Read. and GçLdstøin (146), The

subst,ítuent is in the l_poçitisn,

Cornpourrd

bensecse

f.odobeitøene

brry¡rgbenzene

ehlerobonzene

Substituent Subsbituent ¡?'3
Elect-nonogativity 'HnH

7"54cps

7 "93

8"07

8,L5

,206,H,H

1"37eps

ìoon@U(J

2"08

2"24

0"6pcps

a"47

Q,l+6

o,5a

H

r
Br

C1

2,\A

2.6Q

2"87

3"L5



Fisure 2-7

Plot, of .rfr'fl f.ifi,¡r) glven ln TabLe 2-v as

a fi¡neti.on of tbo sr¡bstituent eleetro-

negativåty" Îhe two polxrte lnd5.eat'ed by

trtengles eorrespond t,o the orbho eoup*

IÍ.ng eonsta¡¡ts ebsenred l¡r the moleeulos

2-ehLonoJ+-nltrotoLuene and 2-ehl"ono-l&-

anlnotoluene"
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u@nes given ån Table 2*v e.ne p,J-otted as a funetåon of the substltuent,
eleetronegatl-Ì¡i.ty es sholw¿ in F5.gwo Z_/, As wel3_n tÌ¡e ortho eoupJ.tng
eonstants for the above*mentj_oned tnro moleeuLes ere pletted in the
figure and 1t, Ls seen that, they fo]*lmr the same trendo Thi.s eorneLet,lon
is only appnoxJ:mate. rt assrmes thet, only the orths substrtuent, to one

of tl¡e eoup]-rng hydnogens has the nost, lmportar¡t, effeet, on the eoupJ.tng
(f,e, amino and nitro groups fn the ttro moleer¡les) and thet, the methyJ_

group hes neanly t,ha sane effeet, as a tl¡nûrogen aton.
No eorrelatl'n is evÍd.ent for the mete rlng proton eoupling

eonstant's grven 1n Tabr-es 2*r to Z-rv" The resur.t,s r.¡r Tabr_e ?*v suggest,
a eorreLat'ion wrth the er-eetronegatrvi.ty of the suhstj.tuent, on the eer_
bon atom sepanaùing the earholr et,orus bond.ed to the eoupJ-$.ng proùons,
sueh a neLatronshåp was not, found in thi.s stud.y, posstbxy beeause the
rnolecules ere Èoo varied end poJ-ysubstituted" For exarnplo, in 2*ehroro_
4-¡ritrotsX.uene, the meta eorep3-5.ng ts Z,3S eps and the j.ntewredLate gro'p
i-s t'he nitro groüpe rn Znb*dínrtrotoruene thfs same eoupJ.ing is 2,1!
e¡ls and one of the coupJ.ing proÈons ts surnounded by nltno gr@upse yet,

1n 2-hydroxy-3r-Hrnítrotor.trene this saniø eoupring S.nereasEs to z,B9 cps
and l.s sorvent dependent,' Henee othen offeets are important, å,e":
solvents and intramoLeeuLar h¡drogems bonds"

one rnl'nor trend. was obtelned.n however. rn seni.es r, eomparíng
moleeules 2-amino-Þelrr.onotoruene end 2-thr.onethy]._þhydrox¡trox.uene, the
meta eoupl"f'ng eonstant Lnereases from 2.1+T tø 2,gz eps es the intemredtate
substituent eleetnonegatívity lnereases from 3"15 (CL) (l¿¡Z) tø J"4J
(ou¡ (L¿ß). This 1s the onl-y exampS-e of thj.s tne¡rd jn the ¡neasured mete
eoupJ.ing eo¡lstents"
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consÍderi-ng n@Br the pana rlng proton eouplf.ng eonstant,s, from
TabLe z'v ít is seen that, thr-s eoupring ehenges from bonzenE (0,69 eps)
to 0"50 eps in ehr.orobenzeRe and rs independont, of the substttrrent,
other than h¡nåro$erlo rn the polysubstftuted toLuenes r¡nder oonsidereti.on
(series L-¿+), thts eoupr-ing eonstant, has a renge of 0"2p to 0"39 eps
and' is aLso ess€ntielly i.ndependent of the rfug substftuent,s"

The eoncr-usion arri-r¡ed at fron sprn tlek'ing experr.nent,s
t'het aLL of the rSng proton eoupring eonstants &Fe of the same sÍgnn
prestmabry posS'tfveo egrees with earrter work on subsüituted benzenes
usf'ng speetral enalysis (ül}-11z) and deeoupS.$.ng teehnS.quos (ug), The
suggestlon j.s that tfir, urtres from a o - TT mochenfsm (56, fO) slnee
eoupJ-lng t'hrough the o *er.eetnons arono i-s expeeted. to be negl$.gj_ble
(36, t+Ð 

"

co¡rsrderlng nogr the metlryr proton shifts, a¡r r.nterestlng re_
latlonshi.p is found between Èhese shift,s and llammettrs s constant,s for
the rf-ng subst,ftuents" The ehemiear. shr.ft,s of the nethyr protons fn
toluenes arong wlth those j.n aeetophenones and throenlsor.es he'e re_
cently been studred and å.nterpreted by the applf.eatr_on of Harmettrs
eq'etlon (lso)" Most of the toLuenes studr.ed ¡sere neta or ¡,*ra srrb*
stltuted and lIanmett, o eonstent,s for these substltuents are reedily
obtelnable (ryr)" Ib¡nrnettss equation r-s best, appli.ed to these systems,
rn the polysubstltuted toruenes glven r.n Tebles z-r to z*rrro en ortho
substit'uent' to t'he methyJ. group 5.s a}*ays present and henee the sttr¡,etton
is mueh mora eomp1$.eated,

A slmpler end more appnoxf-mate approaeh then the pnevtous @ne
(:-¡o) r¡as therefore used 1n interpreting the metþI proton shift,s i_n
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Èhese toruenes' rn Table 2*[J ere ]-r-sted the metþ3. px.oton shlft,s
of t'he poly-substituted toruenes thet, r,rere etudled. onJ.v i.n csu

soLution (hø¡aee ellnjseting solvenù shlft,s)" TÌrese are talce¡t fnø¡n

TabLes 2-IB and Z*IIB" Al_L the 
'lermett 

substltuent, eonstents are
aJ.so given and were taken frone refere¡ree (fyl)" Sj.nee a genera}J_y

roxLabLe set, of s (ontho) r¡er.ues fs not avaårabr-e (r¡o)u o (perc)
r¡alues were used r-¡rstead (rgo). The srrrs of the H,anqnett, substr.tuent
constant,s are ar-so eatreureted and g5-von i¡r Tabr.e z-IÆ.

A pLot' of the methyl proton shtfts es a fi¡netlon of tr¡e s¡¡n

of l{emmett'Es subst,r-tuent, eenstant,s s.s given rrz FS.gure 2*g. A stna,-ght
xf.nø nay be drawn through s€r¡en of the poånt,s and there are onny two

exeeptlons" The stBaíght, J.3.ne j_s j.n the expeeted direetio¡a" As the srm

beeomes more ¡ros5-tlve (greater eLeetron ¡si.thdrecrång pÕ?rer of the su,b-,
str-tuont,s) ttre methyl- Fes@nanee shift,s to løser fá.eld"

sevener approxfuretions heve been nede i.n obtaj.nj.ng the above
pJ-ot and these probabry aeeor¡nt for the seatteæ of the points, Fnrst,
the buLk effect of, the ortho group o¡r the nrethyr profon shift, å.s neg*
Leeted" rt, ås essurned thet anr of the substituent, effeets on the methyl
proton shj.ft are transnltted vj-a the eLectnonj_e system, ThLs Ls noÈ

true end for this reason aeeurate o (ortho) Ha¡nnett eonstent,s are not
ar¡ai.LabLe" Seeondly, $.t was also esswned that, the o (ontho) vaLues
may be reptraeed by the o (pana) r¡ar.ues for the same substi.tuent, (r5o).
F5'nally, the addi"t,f-v$ty rr¡re d.oes noÈ ¡reeessarS.ry h@1d (r5z). However,

despite these approxi-met5.ons, a trend rs s.r.rustrated by FS.gure a-g fn
the expeeÈed dtr€etion and the surprS.srng faet, r.s thet, sevan out, of



IA2

nlne met'Ìryl shíft's ere llnearly eorreleted" a more preelse eorrelatLon
of t'hese shlft,s rsi.th other substr.tuent csnstants @r a more refi.ned
t'reat¡aent ¡¡e¡¡e not attenpted si.nee the bur.k effeet, of the ortho group
ls hard t,o estl¡ate.

Trvo netþJ" shlft,s r^rere far removed from the streight J.ånen

neneþ for t'he moleeures 2*ehr-oroJ+-amlnot,or.uene end for tor.uene ít-
self" '?hese results eennot be exptrafned.

rn suormaryn the r.wu fierd shrft of the nrethy]. nesonanees i¡r
the poþsubstituted toruenes is pnoportlonal to en j.nerease r.n the sr¡n
of lle'mrrettss substltuent eonstantsu As the eLoetron rrithdnanS.ng p6v,r€r
of the sr¡bstrtue¡rÊs ånere&sese tlre rnethyl resoÌ?&yle@ shrfts to Iærer_
ff-eLd, llenee most, øf the substituent effeets are tranmi.tted *i.a the
exeetnons øf the moleeure and affeeÈ the shieJ.drng of the nrethyr proÈons,
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rABrc z*ru

the mettqrl- proton ehenleal shlft,s of the polysubstituted toluenes studled
ln senåes 1 and 2 (lables 2*IB end. Z_IIB) i¡ CSZ solution are glyon bel"ær"
The shfft's er€ fn ppm with rospeet, to lnternal 1MS, The llam¡nett eonstants
for t'he rlng subst'ituents are I1sted. The swr of these eonstents for eaeh
motreeuLe 1s eLso given.

1"-T*u _ 
shi.ft (ppn) 

_ , B¡ma?ft, subsr,LruenÈ CoRstanr,s*

X) Z-bromo-Þ
ehl"orotoluene

2) 2-amlno-5-
phLorotoluene

Ð 2-thtonethyl-Þ
h$rox¡rtoLuene

t&) zrl+*dinftre
toLuene

il Zofodo-k-
níÈnotoLuene

6) 2-hrono-4*
nltrotoluene

?) 2-ehlsroJ+-
nl.trot,oluene

B) 2-ehloro-I{.-
ami.not,oLuene

9) Toluene

+ 0"232 + ag?3 æ@@ó@ + 0"605
2"3r3!

0.005

2.025

?"2L5

2"VZIï

2,521+

2"497

2"t+75

2"l.6t;

2,2ü+

- 0n66

0.00

+ 0"779

+ 0.?76

+ 0"232

@6@6@@@

- o"2g

+ 0.12L

. I ¿-t
"F Åo))þ

+ L"051+

+ -1..,0L0

"l :!."CI05

_ o"!þ3

0"00

+ O"227 cóøæøøø

+ 0"22V é*-**

+ 8".373 @coø6s6

+ 0,1"21 d6*-@@€

+ 4"778

+ a"T?B

+ 0"779

+ 0,778

- 0"66

0"00

* Obtalned from referenee (l5f).
used for o (ortho) fer the same

0,00 0"00

ïn all eeses o (pana) values

substj.tuent (t5O)"
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A p3.ot, of ths met'hyl proton shlft of

polysubstS-tuted Èo1uenes as a funetlon

of the stm of ilarmett8s stxbst'1t'uent eola*

stantse lhe shLfts &r@ in ppm t'o l-opr

Ifleld of l¡ete*tran fMS and l¡ere aLI" doter-

mined Ln cs. at 28,5 É Loc" The data arø
¿

Llsted 5.n TebLe 2*\IT*
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The signs found for the

agreement lE"ith the o _ TÍ exchange

bital ealeuletion (j6,5?) of the
(2 - 34) predicts negatlve velues

!05

ring-netþI proton couplings are in
¡rechanism, The si:rrple moleeular or_

o - TT interectlon ås given by equation

for .13irrr- and Jfiñrcg^ (as rras found

tll)ò

3These results are supported by the data

the mor.e refíned ealeulatlons ( 56, ?O)

Thls result is supported, by the present
resultsn and those of Gagnaire and. rri-nh_iruu_reh ( lz) and, Brearso Ðanyluk
and Schaeter (7?),

cohen and r'relaueh'an (?1) ea¡re to a sr¡rir-a:r eonclusion from
t'he proton speetrum of z-carbomethoxy-5n 6-djnethyrbenzofwan but thelr
argunent was based on the magnitud.e of {rCH, odJt. The signs obtained,
here agree raith those found in methytgurans ánd nethylthi.ophenes (153,
154). The sign reversal of the eoupling to ths para proton ¡*hen the
nethyr group replaees a hydrogen 1s also in agreement witb a valence bond
ealeulation by Karplus (teil"

Equatlons (2 - 3Ð and (2 ^ 34) fo* calculating the nagnitudes
and signs of the long-y¿¡go eoupling constants ere based on ecs,r," h¡4>er_
fine spllttlngs l+htch i¡ turn depend on the unpaired electnon spin denslty
at the proton" rn a:romatle radlears the unpai-red erectron oceupies a
molecular n - orbital delocallzed over the earbon atom frarnenrork of the
moLeeure rçith a node in the plane of tho molecure ¡¡here the ring h¡nårogen
atoms are situeted (3). Henee at first an r:npalred el-ectron spin denslty
1s unexpected at the proton, rt does arise hov,rever, due to the spln

oxperirnentally) but Jfr,ar3 = O.

on acenaphthene (5?)" Ilowever,

pnedict ,Ë,rfr, to be positive.

3
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polarization of the o - electrons in the C-H bond by an exehange

coupling r+ith the n - erectron system (the o - fi exehange meehanism)
(3) 

"

consider en isolatea )ð-n bond fragnent wlth one n - ereotron.
It oceupies the 2p, carbon orbital, perpendlcplar to the plane of the

?
th¡ee sp* bonds as shown in Figure Z_ga" The arrows ovsr the bonds

lndlcete the spSn states of the eLectrons r+hile tbose above the hydrogen
nuclei indicate the proton spin states (these arrows are orossed)n

For e glven spin of the n - eleetron there are trso posslble
arrangem€nts of the eLectrons in the C_H o _ bond" fn Flgure 2_pa

these are laberled 1 end 2. rn the flrst, case the electron ln the
t

earbon sp* orbitar has tts spin pararler- to the spin of the n * ereetron
and in the second case it is antlparallel. However, aecording to Hundrs
rule the first case is sl'lghtly preferred over the seeond because of
the favourable o - n exchange interactíon.betr"reen the two carbon eleetrons
r*ith paralrel splns. rn this manner the er.eetron splns in the o _ bond
are s3-ightly polarlzed. Henee 1f the unpalred n - electron hes a spln
J , th"re wtll be a slight excess of earbon spz ereetrons r.n tbe J
spiì state and then a sl1ght exeess of rs erectrons (eentered on the
proton) rn üre p spin state (pault pnÍ-nc1þåe,), rhese gl11 deternine
the proton spin state vla the Fernl contact interaetion" The spln
polarlzatlon mechanisrn 1s thus responsible for the rrnpaired eleetron
spin denslty at the proton and henee the observed h¡perflne sprittÍngs,

consider the n - erectron contrtbution to the ring proton
coupllng constants in benzene arislng fron the spin-potarløation mechan-

lsn' This is ilrustrated i¡r Fígr*e z-gb. Assuming that the spin state



(a) tne o - Tr "-ffi.ractlon for a c-H

bond fragment" (b) The n -eleatron contri-

bution to the ri:ag proton coupling eonstants

in benzene arising fron the spin polarizetion

mechanlsr'

The arro¿s above the hydrogen nueLei indicate

the spín states of the protons (those arrotrs

are erossed) rrh{Le those above the bonds ln-

dicate the spin states of the eleetrons which

take part i¡r the eoupling mechanismo
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of proton one. is as indleated in the Flgure by the crossed arrow,
t'he spi'' state of the nei-ghbouring rs eleetron wil1 be antipararler
to 1t and is transnitted vle the Ferrni contaet, interactionn This
electron spin p.olarlzes the spin of the seeond el_eetron 1n the earbon

2
sp- onbf-tar- used to forgn the aromatle c-Ii bond and. 1s antlparallel

'n 
aeeordance ruith the pauri principle" Then folrows the o _ n ex_

change eoupring by *hich the spz erectron spin couples w.rth the n
-el-ectron spin eentered. on the sane carbono At thls point 1n the
o - fi mechanlsm the n -electrons transurit the spln state of proton æ
all around the ring,

consider the ortho coupling to proton !,wc, the spln state
of n -eleetron qge polerizes the spín of îT -electron t¡vo- and the latter
spÍn couples baek into the s -eleetron systemo The spin state of the,
sp- bonding electron on earbon t¡ag is thus determinedo As before, the
eleetron coupllng proceeds along the aronatle c-H bond and finel,.y the
spin of the Ls eLectron eentered on proton tr^ro deteraines the spln state
of proton tlro via the Fe*.i eontact i¡teraction, Thls completes the
couplÍ:rg path between protons -gng. and lgg" Fron Figur e z-9b the pre-
ferential orientation of the spin st¿tes of these tr"ro protons is anti_
paralLel. si¡ee a posltive coupling constant is one in r¡hich the coup_
3-lng proton spins have a tendeney toward this orientationn the o _ n
mechanism thus contributes to a positive eoupllng constant, bet¡¡een the
ortho ring protons, As seen Ín the Figure the o - n eontributlon is
negatlvo and positive for the meta and para ring proton coupli::g con*
stants respectivelyn
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the coupling meehanisn via the o -electrons only is i.nrportant

for the ortho and rnet¿ ring proton couplings. However, the par.a eoupltng

constant is dorai¡ated by the o - n meehanlsm and. the experinentalry

deterrni-ned sign of this eoupling is i:r agreement with the above theory.
tr*ren the ri-rT g proton is repraced by a methyl group the hyper-

flne splltting arising fron the nrethyl proton spiros occurs vla three
meehanisms namely; spÍn polarization of the o -electrons by the unpaired

n -electron spfrr densityo h¡rpereonjugation due to the n -orbitalsu and

induetlvo effects r¿ith the latter two being the most i,nportant.

rn tolueno the i¡rduetl¡e effect of the rnethyl group ls a

direct electrostati-c interactlon r.rhich modiflos the electric potentlal
ln tbe ri¡¡e (155) sinee the nethyl group has a tendency to reLease

electrons. This is usually deslgnated as

and C, beeomes more electroposltfve" However, there is assrrmed to be no

actual, transfer of eharge between the methyl group and the ring"
Aecording to the h¡nperconjugation meehanism the pseudo TT -or-

bltels of the rnethyl group cornbl¡e rrlth the rlng n -orlbtals, hence

allor"rS-ng for a dlrect flor.r of electrons fron the nethyr group to the

ri¡g (155)' This rnechanisn ís lllustrated in Figure 2-L0a. The hydrogen

orbitals thus aro a part of the n -orbital systen and the proton spins

interact (vla the Fermi contact interaetion) directty with the unpaired

spln polariaatlon. ?his mechanism predicts the observed. signs for the

ring-netlqr1 proton couplÍ.r:g constantsn

ÇHs
.t

o



Fi$ge 2-10

(") The hyperconJugation,meehan5-srn i-n toluene

r¡'ith a direct overlap of n -orbitals perarittlng

the flolr of unpalred spinn (b) The spin polari-

zation meehanisurr of the Þu-C-U group in toluene,

The prÍ.:lc5-pal mechanisn I is nearly three times as

large but of opposlte slgn to the ninor meehanlsm

? (L5Ð.

The ninor spi:r polarlzatlon meohani-sm 2 and the

h¡perconjugation nechanism predict the observed

signs of the long-range coupllng eonstants"
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there are two possfble spin polarization meehanls:ns bet¡¡een

the rrnpaired eleetron spin in the aromatic earbon zyt, orbitar_ and

the methyl proton spins, These are il-rustrated in Flgure 2_10b. The

prlnclpal mechanism involves a direet exchange polarlzatlon of the
methyl c-II bond eleetrons by the rlng eleetron" The ni-nor meehanlsn

involvss a sertes of two suecesslve exchange pol"ariøations th¡ough the
c-c bond. since all fo,," nethyl earbon 

"p3 
uyu*ta eleetrons ara in

degenerate ênergy levels, then aeeording to Hundrs rule aLL wiLL tend
to have pararlel spins. The minor meehanism wiJl proceed as shown ln
Figuro 2-10b. The nragnÍtude of the pri:rcipal mechanrsm is nearly three
tines that of the ¡rÍnor mechanlsnr and they lead to opposlte signs of the
hyperfine intereetions (155),

By comparing the d.iagrans in Figwe (Z_Lg) it is seen that the
mlnor spln pola¡ization nechsnism, as welr as h¡rpereonjugationo predf.ct
the observed sÍgns of the ring-netþr proton eouplings å"€oe fro¡n the
rnethyl protons to the ortho, meùa end pana rrng protons the J_ong-range

couplíng eonstants are negative, positive and negattve respoetively.
the prineipaS. spin polartøation nechanisrr pred5_cts opposite signs for
these eoupling eonst¿nts"

colpa and de goer (96) found on the basis of €.snro data that
the spin polanization mechanisms aeeount for onry about j% of the observed

fgçerfine splíttings in p¡raeene positive and negative ions and other
aronatic systems. They conelude that the splittlngs arise rnarnly by
hypereonjugation, However there may be a flew tn thelr eareulations
(L5Ð n As we1}, l"feDoç¡ell and Paulu s (g?) for¡nd that the inductive effect
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of the nrethyl group r¡as most effective in predietÍng the nethyl hSrpen_

fine splittings in some substituted pyrazine radieal anlonsu consequently
the signs of the long-r¿¡ge ring proton-methyl proton couplÍng eonstants
in the toluenes under eonsideration nray be determÍ:red by a eombr_nat,ion

of these meehenisns,

From the results showr l¡ lbbles 2-IA and. Z_IIA, ít is seen
that, the nragnltudes of the long-¡snge coupling eonstants do no:L depend
on the substituents í:r the various positions in the rlng nor on the
solvent (156). F,quation (z - 3þ) deperds on mâ,ny factorso namery,

Qru and Qccn, bond order a¡rd the excitatlon energy to triplet states"
sfnee the substr-tuents have no offoet, on rong-¡¿nge couprlngs, thls
5mp11es that theln effect is either negligible or that the'u effeets on
the various varlables in eguation (Z - ]tt+) eaneel eaeh other out"

the J*

to" tfirar, va3-ues renge frorn -0"6fu o.o3 to -0.25+ 0"03 cpso

ä,cn, from +0.32¡ 0.0j to +o.42-:l 0"0J eps *od Jl,c¡to from -0.56*
)+^ tr\ Ër'1 , n ¡1â ^0.03 to -0"59* 0"03 cps" Rottendorf and. sternhe]-l (zg) l*o* studied

the long-renge coupli-:ng eonstants ln the three isomeric tetrael¡.loroto-
Luenes v¡hose magnitudes are all withi¡ the erperi¡rental error linl¿s
given aboveo

0nIy

were observgd"

ti.ro exeeptions to those long_1,¿¡ge eouplÍ-ng constants
.od, .,., Lnereases in 2-hydroxts_3r5-dínitrotoluene to¡¡t v¡¡3

-O"Bzt 0.02 cps (iri c6D6) and -0.8J+ 0"02 eps (tu m{so_d6), (rauIe z_ïrr),
As well both Jfi,rgzcl and {rrr1g1 decrease by approximately 0,2 eps from

abovs values fn JnÞ-dich-Lorobenøylehloride (table Z-IV). These r,r111

be discussed."

consider z-hr.6*r*-3, 5-dlnitrotoluene whieh exhiblts several

the
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interesting features' First, of aIL there 1s a large dlffsrenee i.i: shift
of approxirnately 5 ppn for the phenolic hydroxyr proton ?€sonanee in golng
from benzeno to dinethylsulfoxlde as solvent. The lot¡_fie1d shift in
benzene lndieates that a strong h¡ncrogon bonil is present (l) betr¡eon the
hydro>ryI proton and ühe oxygen of the neighbourj:rg nitro group (riÐ.
associated !flith the lorr-fier-d resonance is the presence of long-¡a¡gs
spln coupring bet'ween the hydroxyl proton and ri:rg proton Ho. rt has

been kno*n for some ti¡ne (1rg , Lt+z, r5?) tnat substituted phonols

eapable of forming s+.rong intramolecular hydrogen bonds may dispray a

long-range coupllng between the hydroxyl- protons and at least one rlng
protonn These eouph-:egs have been nainly observed in phenols røith
Íntramoleeular h¡rdrogen bonds which stabllize the proton Í¡r a rigid eon-
figuration and reduce the rste of lnter:noleeular proton exehange (I4z),
The long-range hydroxyl spin eouplings are arso stereospecifle (63, 11g,
Itt'L' ] 5Ð as âre the long-range ardehyde eouprings in substituted ben-
zaldeh¡nles (63" 152, 158) 1.eno the coupllngs follo¡¡ the straÍ_ghtest

zig-zag path between the eoupl5_ng protonsn This evidenee argues for a

strong i¡tranoleeur-ar hydrogon bond i:r benzene sorution"

ïn dÍmethylsulfoxide not only ls the hy,dro4yl proton resonanes
shifted to higher field, but the long-range eouprlng with rÍng proton Hn

disappears. This indieates that the i.lrtra¡roleeular hSrdrogen bond is
noror broken.

the nragnitude of ,firar^ = -0"87J 0.02 eps is the rargest yet,
3

observed in heteroatom substituted toluenes besides the sane magnitude

of this eoup3-Íng observed in the conpound &-ehloro-2-fluoro-Jnitrotoluene

{77). rt ts tenpti.ng to attribute the rnagnitude of this coupling to an



inerease in doubte bond

to a eonsiderable extent

character (Zg-AZJ of the

by resonanee structures

9H.

l-{

1}1t

ortho C-C bond indueed

of the fornr

H'o

20N o;

H

\¡

Howevero as has recentry been deseribed by Brearso Ðanyluk and schaefer
(83) so nrany other effects enter in equation (Z - 34) that variatlons
in coupllng constants ean only be releted to variatlons i¡ bond order
provided eonsideration of the substituent induced changes in the other
parameters in equatlon (z * ?+) is ineruded. These inelude the effects
of the methyr group on the n -electron system s (ge-roz) and the various
effects on ths nagnitudes of Q,n *ru Q a* as discussed Ín the rntro-
duetion' I'ence the rarge tira*,, j¡r this moreeure rnay arise from many
contributions.

rn benzene solution this molecule exists as a pseudo_trqo rir¡g
system due to the presenee of the intra¡nolecuf.ar hydrogen bond. rn D*IS.

is broken but the long_¡¿¡ge eoupling ,;rc'o remsins
evidenee i.:n support of the above Tesonance strueture
both solutLons, This resr:lt thereforê supports the
nagnitude of J-l-' -H'CH, erises from an increase i¡¡ the

consideri¡g the molecure 3,ll-dichlorobenzylchloride, the deeresse
of both Ji,ctrcr t"u 4,cHzcl by approxi:nately 0,2 eps from the average
values observed fo" JïrocH, couprÍ-:ngs is herd. to aceount for quantitativelyo

solution thls bond

unchanged" ?hls is
whieh is present in

conelusion that the

nobile bond order.
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Qualltat,ively hor^reve*u the presenee of the ehlorine atom on the methyl
carbon in this molecul-e rritl have ser,-era} effectso A coaparison r^¡i1l be
drar'rn ¡¡ith toluene and it is assumed. that ring substituents have almost
no effect on the magnitude of long-renge eouplíngsu

1o Steric hindr¿nce to rotation

Às di-seussed i:r the ,Jntrod.uctíon'r the bar-rr.er height to :,ota*
tien in toruene is nearly zero as in benzotrifluorid e (L5Ð" However
the magnitude of ,Frar" ehanges r,ri-th tanperature and, x-substituent in
2'F, 6^x as5,mu'netrio"[l substituted. benzotrif]"uorides (gpo r-60)" This
is e:plained by the existence of tr^¡o different rotationar eonfo:rnations
of t'he cFj g?oup and the ring substltrients" Analogous isomers for 216
d.isubstituted toiuenes have as yet not been studied (Bg)" For the mor-e_

cule under consicíeration, the ó-fold s¡nrunetry .f the rotatienal potent,ial-
funetio' of toluene is redueed ¿nd the barrier to hindered ro{.ati.on in-
ereåsese The potenti-al barrier is not lcnor,nr" I{or.¡ev-en it may be estimated.
from a comparison r^rith the r¡arues observed for this barrler in propyr-ene
and the tnonosubstituted propylenes (62o - 261:' cal/mole) as suminari¿od
by unranau i,'Ieiss and Flyga re (gz) and the value af JJ6o cal/mole in ethyl
chloride (16r)o sterie hindranee to rotatíon is further supported by
the faet that restri_ct,ed. rotation ebout ân spz _ sp3 C_C bond (no d.ouble
bond character) has recentry been observed. (16") in the
p-met'ho:qrphenyl eavbi:rol in irhich the substitue*t g?oup

is verXr largeo

The decreaso in the long*range eoupling eonstants in ai-lyl
chloride i'.rith respect to the rnagi:itude of these eonstants rn propene
itself has also boen interpz'eted ín terms of different rctamer populations

moLeeule di-t-butyiu

( (cH").-c).-c-oH
))Ll



(].6Ð¿ For propene the rong-rånge couprlng eonstant irith the gls
protons is -].7 eps and -1"3 cps wlth the trans protons (16¿+), rn
aIlyr chLoride these couplings beeome -1,3g cps and -o.gj eps respec_

tively (163), a deerease on tha average of O"JJ cps.

Hindered rotation r'rlrl also affect, the nagnltude of Qra,

of the angle O bet¡¡een

orbital on the trigonal

in the two moleeuleso

2. Electronie effeets

in going from the c!-ci{3 to the ct-tHz-cl groupÍ:rg" Ç 1ç¡1 
j-s a function

the C|-C-H plane and the axis of the p"
earbon atom C, (?6, l6J) and r,¡.i11 be d.lfferent

The presenee of the ehrorine atom on the nrethyl carbon wilr
havo an effect on the three mechanísrns by whlch the unpaÍred. electron
spin density 1s transnitted to the cþcJ- protons. the h¡rperconjugative

H4

in benzylehl-oride the chl-orine aton with a groater eleetronegativlty as

eom¡:ared' to a h;rdrogen atom t¡iIL have an effeet on the abovo meehanisrn.

The amor:nt of over].ap between the pseudo ri -orbitals of the methyr group

and the rlng n -electrons, rahieh dete:mlnes ths extent of hypereonjugation,

will now change due to the preseneo of yotational- tsomors" The ehlorine
atom l,rill also tend to counteract, the eleetronreleasing induetivo effeet
of t'he metþ} groupo The sptn polarizati"on ¡aechanisia may also be affeeted,
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3.ndo as seen from the

benzylehì.orlde Qeí¡

rate deterniinS_ng step of the solvolysis of

a posi-tine eharge is placed

femed to t,be ortho and para
->

cr-

on the methyJ.ene carbon aton ¡shieh is trans_
ring earbon a.toms hiy the resonanee structu¡res

CH¿- Cl +
cHz

+

s'rr of these effect,s wil1 infruonee the unpaired ereetron spin
densit'y at t'he rnot'hylene proton and-henee will deterrnJ"ne the raagnit,ude of
the long-renge eouplLng eonstant,s" For example, from the rssults obtal-no,i,
by Read and Goldsteln (L46) and tabrrlated in TabLe Z_V, Jfi,H = 0"69 cps
ln benzeno and drops drastlcally to 0"J0 eps in ehlorobenzene.

3' Sunnr,ary

rn sumnaryo neglecting ring-substltuent effects, the decnease
in the long-range eoupling constants in the noleeuLe under consideration
as eo*pared r'rith the nragnitud.es of these eoupllngs observed in ri.rng-only
substituted toluenes inåy arise from severar effects" The first considera-
ti'on 1s sterie hi¡drance to rotatlon and hence the presenee of soveral
rotati-onar eonfolrrers" a similar effeet has been observed in the rong_
range couplings Ín al1yI chloride !¡hich aro about 0"JJ cps snra1;ler than
those observed in propene, seeond.ly, the i:rductive, spin porarization

*Õ-c,.

and hyperconjugatlve effeets of the cH, groupo whreh dete:¡.ni¡e the
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nagnitudes of the rong-range eouplingsu wilr be affected. in going to
the cllrcl groupÊ Finarly there nay be a change Ín hybridization of the
methyl earbon due to the chlorine atom (167¡. These effeets cannot be
esti.¡aated quantitatively at present.
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A eomparison rr111 nou¡ be drar,ar between the nragnitudes of the
rong-range eoupllng eonstants r¡nder eonsi.deration and those i¡ the mole-
cule s¿tho-¡rJrlene" verl¡ rittle splitt5ng is observed for the ri'g pro-
tons l¡r this nolecule and the ring pnoton i-nteronar shlft, is very snrarl
and nearly zê".ae The ring proton ?- varue of orthc-xytene in cs, fs
3"07 pps* with a peak width at harf height of 0.66* 0"02 eps, tr"ihen the
nethyl protons are deeoupled the peak wldth deereases to 0.3?!0.02 eps
(168)' Thís agrees r¡lth the ealculated n -erectron d.enslties rçhieh are
nearly equivelent, at the for¡r earbon atoms bonded to hydrogen (r6p)"

The shift of the rtng pnotons 1n oqrbg,-*y1ene must be nearry
the same slnce even at 200 Þfc/s the ring proton speetn:n is not analyzabre
as seen f*om a comparlson ¡"rltl¡ the ring proton speetra of toluens and
pete-xylene at thls frequeney (lf'). ?he latter two moleeules show ¿I_
most' identieal shlfts for protons ortho and para to the substituents and
ùhese shlfts are to higher fierd than the ¡neta shlfts. rn srr*g-xylene
those protons whreh aro meta to one nethyr are arso either ortho or para
to the other nothyl group so that if ortho or para effeets outweigh neta
effeets suffieiently stronglyn the srrall eher¡rical shi.ft betr¿oen the ring
pnotons is to be oxpeeted" The 0"66 eps w"idth at, half_height of the rlng
proton resonance at 60 i'fe is no d.oubt a cornbi-nati.on of a srnall ehemical
shift' together r,rith extra broadening due to eoupling r,rith the nrethyl-
protons' The long-range splltting frorn the methyl protons to the ring
protons co*esponds to ti^ru^ * tË.a*^ r^rhieh ls very sma,-l beeause of"1""3 = 

._.::..3

the opposite signs of these coipling constants.

c0Mp4Brs!¿\" ÞfiIg_$rE r0NG-RANGE CouplrNc
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D, qIIÐR C0lt:sJI)-EBrLråo¡js

Ïn ccne].usitnø sÈveï"ål poi:rts ï-€nåin that weræ not eï?ffrcred Ín
the ebove cij-senssi-on' Fi*st, the sintple molee,.¡l-ar or-nitaï- ap¡:rtraei: (36)
prediets *t** 

'lraH" 
shouid be zera but it Ís present in air the rnorøeules

ihat were studied, 
Jrhu*uforee 

a nrÕre sophistteated apero¿eh (56) sho-ur.d
Ì:e applied' seeondu tËr¡u *oops frum benzene te a msnosubstj-tuted benøane
fronr 0.69 to 0.J0 eps and Fe.nges frçn O,Z9 Lo O"j9 cps ín the po_.ìys¡¡b-

st'ituted tol-uer'es tl¿at have been enal-¡rzed Ln thls study. Èovreveru iy: these
sarTe tcruenes Èhe til"au^ l¡ar-ues 

'ânge 
fvoro -û,q6 to -0"59 cpsu rf the¡! e ur13

only effoet, sf tho cH3 gÎ"CIrf,p wel:e tci r.eplaee the pr-oton and ehange the
sign of the iong-renge eer:.pring, then Jfir* should havo a"r¿:,ger rnegnituci*"
Henee tbe Ja:ger var'ue *t tlran e's c*1ïpåFed lr:-th JË"¡-1 *u**t be ræadåly
e3.:Lalnçd but probabJ-y ariseu r3o* tiru **rry other effeet,s of thæ rnet3iyr.
g:f*uF'et'rd t'lre otlær sùhsäituents pnbàent in tirø subet,itirted bænsenes a&d
Èolu.eses and their effect on the parameters prese4.t, isl erquat.i *n (Z ^ ,U),
es iiscussed in th* rrrntrrodi'reti.onrr" FinalLy e sptn poJ.arizatiq¡n meehanisn
{nin*r) piu.e a h5rperconjugat,ive effeet nay ì:a inportent in d.eterminl_ng
the magni'tudes of long*rarlgê sÐ.¿FJ-f-ngs sÍnec -Lhey both operete in the se,-ae

di:"e*ti on"
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Tickling and deeouplf.ng techniques shoç¡ that ,irr, ,ä,*
and Jfir, have the same sign in 2-brono-J-chlorotoruene and are posltive
slnee tirl{ 1" la:orü to be positive. Ðeeoupling experiments also

::î :t"t 
tÏ,::, 

:"u 
tË,,r3 n* negative and that 4,rr, is posltlve'

The slgns of the rong-range eouplings and JË, ¡¡ *"" in alreernent w.ith
the o - TT exehange mechanism and the theoretíeal basis developed by

Mcconnell (36, 56). various other polysubstltuted toluenes were

studi-ed and ít r^ras forrnd that substi-tuents have a very small effect
on the magnitudes of the long-¡¿¡ge eoupling eonstantso They are
also lndependent of the solvent. th" tfiran

0'03 to *0"?5!.0"0J eps, the Jfi,c'o fro* +o:jz!0"03 to +0,I+21 0"03 cps""3
"*d JË,cH3 t"ot -0'56!0.03 to -0.!9+o'ol cos"

fn the molecule Z_h¡droxy-3, 5_dlnitrotoluene
coupling tfirrr, is -0.86+ 0"02 cps" It is independent

the large nagnitude of this coupling nay be attrlbuted
t'he mobile bond order of the ortho c-c bond lnduced by

structu¡e.

rn the rnolecure Jr4-diehlorobenzyrehlorlde the magnitudes of

velues renge fronr -0.66+

the observed

of the solvent,

to an inerease in

a quinoid resonane€

ti,a"rrr "od JË,c¡tra, ou*""ase by about 0.2 eps from the values glven

above' A quantitatíve estimate of this effect çras not obtained. Qua1i-
tatlvely þe¡1revêr¡ steric hlndrance to rotation and eonsequently the
presenee of several rotationaL confoflilers røiIl have an effect. A eom-

parlson may be drarsn r¡ith the deerease of about O.lJ eps in the long_

range couplings in arryl ehroride as eompared with propeneo A,s welr,
the induetive, spin polarization and h¡pereonJugative meehanisms of
transferring unpaired electron spin density to the methyt protons change
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ln going from the cH, to the cHrcl groupe The hybridization state of
the riethyl earbon wiII probably aLso våryo

The ortho rlng proton coupltng constan*" ,ir, of the sub_

sÈituted toluenes rengs from +8.093 0.0J to +8,53t 0.03 eps, They

comolate with the eleetronegativities of the heteroatoms substituted

ortho to one of the couplíng protons, rhe Jfrn¡1 values range from

+2.!6+ 0,03 to +2"8!3 0,0J epsu æd tËrn from +0.29t 0.03 to g"Jp+

0.01 cps end shorq no tronds w'ith substituent effects. As r¡el1 a rough

coryelation is observed between the methyt proton shifts and the sum

of Hammettls eonstants for the ring subst,ituents"
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The signs of the long-¡¿¡ge eoupling eonstants heve non

been detercnined between the nethyl protons and ring protons in substituted
toluenes" betr¡een the methyl protons and fluoríne nuclei ln fluorotoluene
derivatives, betr'reen the side chain fluorine nuclei- and ring protons, i¡¡
benzotríflLuorides. To eomplete the series, the signs of the couplings
nust still be deternined between the side-chai.n fluorine nuelei and the
rlng-substituted fluorÍ¡e nuclei in fruorobenzotrlfluorides, ?hese

signs are predieted to be the same âs observed bet¡¡een the methyl protons
and ring fluorlne nucrei in fluorotoruene derivatives,

The long*renge eouplf-ng constants betvreen the nethyr protons
and ring protons should. also be'studied in naphthalene deri-vatives such

as 2-methyl-1-nitronaphthalene, ÅÞ-bromo-I-nethylnaphthalene and ogrersn

The effect of substftuents eorrld be studied. As r,reIl, the magnitudes

and signs of these coupli_rng eonstants could

eulated by I'IcConneIL (56) for naphthalene,

compare the two set,s of data"

The r¿ork of Der.¡ar and Fahey (5?) on aeonaphthene shourd be

repeated' rt ¡+as carried out in 1963 and sinee then better stabii.ity
and resorution has been obtalned for n"mor. spectrometersn r,Iaybe now

'1.a"^ 
can be resolved. This wourd add furth'r support to McconnerrrsLt, vtlz

(56) velenee bond treatment of the n contribution to eoupling constants"
' The long-renge eouplings ln the rnoleeul_e 2_h¡rdro:ry_J_nitro_

toluene, which does not fotro an lntramoleeu-1ar hydrogen bond, should be

determfuled and eorn¡:ared r+ith the eorresponding varues in 2-hydro4r-3,

5-dinit,rotoluene" As wello rnethyl-substltuted benzoqui.nones and other
nethyl*substituted compounds ¡+'ith a contributing quinoid structure should

be

It
com¡rared with those cal-
would be lnterestlng to
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be studied to see horu rssll the long-range coupltngs correlate r^rÍth the
mobile bond order" This ean be erüended to d.eteïmi¡e the effeet of a

nltrogen nueleus on long-r¿¡ge coupllng constants in methyl-substituted
p¡nridÍ:res and quinolines.

Finallyo systems si¡nilar to the above but wlth a phosphorus
atom present shourd be studied and the signs of the couplÍng with the
phosphorus nueleus detemlned" This may prove to be lmportant in bio-
logieal eompounds where phosphorus linkages aro verSr importent.

Reeently Ohtsuru, Tori and þIatanabe (l:¿) have diseussed. a

conr¡eetlon bet¡¡een the methyt substituent effect upon the chemieal shifts
of qrtho-protons and the n -bond ord,ers jn 22 aronatLc systemso The long-
rangê couplings rnrere not studied but all the n _bond orders were ealeulated"
sinee various aronatic systems were consideredo it r¡ouLd be interesting
to st'udy some of the nolecules further to supprenent the d.ata o,' co*_
relations between long-¡a¡1ge couplings and bond orrCers"

When long-Fe.nge coupllng eonstants are detennined, the solutions
that ere studled nust al¡¡ays be degassed" Thls r,ras not a¡vays done j:r the
early work and eonsequently broadened peaks instead of flne splittÍngs
r¡ere often obtaj'ned due to the broedening effect of the paranagn€tic oxygen

moleeules. For híghest precision, degasslng 1s a must.
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Proa"en r'øgnati e PteÐÌlâne& teehrio.ues heve be*n used extens:!-o¡eiy
i"n the stucl;r cf *h*mieaL raåe Fï.Õer,csçs j_n sol._*t,ion" These j-ne1-uC* proton
exehange reaetionsu l:incered interrial rotat,io:r e.nd eonfoyn¿tional¡,strldiq,s,

The research prcjeet undeP eønsi-deratie¡r i-s eoneerr:ed wit.Ì"¡ +.ire

applleatiøn øf, pør*oro to ûre stud.y ef Lhs int,ra:rEeLseuren hydrogen bond
and proton er'ehange reae+'ícns ln J"J-di-ehlorosa.lÌeylakishlvds Ln benae¡te
solutions" ?rris s}¡stem r¡as ehosen beceuse the ring proten speetrum was

aunpllfied by the p*esenee of tçso ehl_çro subsåituent,su because +f th.e

F*üsÊne€ of the lang*eas¡ge *sp}i;tting Jou*HU (Jo¡l_Ho) and beeause ppÕgôn

; of st,¿d:.os in otlter sei-
vents ave ã'}sr¡ åi:dteat,ed" This system is espee-îeiÌ-y rnt,erest,íng sinca
veny fersr st.¿då*s her¡e T:een earrj-ed out ryn pnot,on eeeÌ:enge reaetione l"nuæli¡*
f"ng intramoleeulanl_y hydnogen-l¡ended prøtons"

The t'heeret'leal- basís of rete studies 'nased on the pø:{.1.ø,:.

teci:nlqu* ls dåseussed ftrstu followed b¡r the rnarj-ous rnøthods b3r r,¡g1*¡

èhæ ret'e eonstants r*a:g bø dertvçd frem t,he enarysis ef th* speetræ" Tj:s
appiroe*h chosen j-n this st,udy invoLves the neasr¡re¡*e$t of the relatíve
heigÏ:t's of peaks that are assoeåated r"rith en exehanging proton with r*s-
peet t* peak heights lntolvf.ng :lon_axehanglng protons, T.hís næt,hoc r¡ae

used øhen it r,yas díseov.ered tt¡at thæ stereospeeifie Long_ys¡1gs splíttlng
JoH-liu ('iou*%) beeane ffnal'l-er and dlsappeered as the temperaÈu.re cf the
sslut,lCIn r,¡as vaised.. Trre tr¿o ehroro substltu*nt_s sj-mpr-*.fy the ring p*oton
speetrunr and el"lcw líne-shape neå*un*ements to Ì;e earri.ed e*t"

Thø reia{åons}iips .,:oto'çen the proten exehang* yate eonstants
and the ¿ssoeiated aetivatfon paranæters ar* obtaj.ned b;,r en *pplieat,r*r:
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of t'he .A'*heníus equatÍ.oil and the theany sf abssl*t,e reeet,ien yatesu
These paPanetees å'pe deterEained end the effeets ef s€etret,ieatr end sys_
t'einat'íe 8F?dFs arø eonsådersd.' The eetår¡ståon perafte***;rrsu rat,e eonstants,
ths rreehaslF,tt of pFo&ueïå erehenge tægether with the ra¿ture of the transåttren
etat,ø are diseussed in terrns of the trrtraxroLaetrlar þdrogen bond .strengt,hu
solvent, effeet s and bar¡íers to hindered trrt,ernal r,otati_on of tlre cHc
¿nd olf gFoupsø solvent, effeets on the preton ehemíea'r shlfts are !ntør*
pret'ed ln t'erms of a rreak solute*saLvev¡t int*raetrono
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.4. " sPm-LAîTrCE .F¡LqÆ[o]L TrÆ-

1o fnt"roduction

For an assembLy of nuelei of spin ¿ in thernrar eqrrlbibrfr_nn

at temperature T in a iaagnetic fierd Ho there are tr,¡o ener.sr leveLs, çre
l"ower one betng more populatedo Translti.ons betwoen these revers occì¡r
by the absorption of energy frcn a radiation field" The energy is glven
by

3-t aE s h''' æ 
To,

r"¡here A E is tho separation betr-ieen the two energy leveJ-su h is pl_anckls

constanto Y ¿s t'he frequeney of the radiationu Hu ls the external magnetic
field and lL ls the nraxl¡nu¡n obsevve-ble eompone¡:t, of the nuclçar magnoti.c

,/ 
vç'uÀv vv¿i¿¡Jv¡¿v¡¿t (]L t t¡u lluçlçA3l

móment" The Eol-larnarun distríbution hetween the tnCI energ:y .!.evels ås

3-2

"¡rheFe Il, and lù, are the n:.::nber of nuerei i¡l ther rrigh and the row ener*r
leveLs rospecti'rel¡-, k is the Baltzrrrarur eonsts.nt and T j.s the a.bsolute

temperature" The exeess popuration of hydrogen nuerei in a field E of
Ð

101000 gâuss is ? x L,3-6 11, Z¡"

The rate at r^¡hleh nucl.e'ì reaeh the¡rnal equilibrlum in a *ag-
not,ic, fíeld must also be aonsidered, For an ïlerîtrro absorption to oee,¿r

there nust be an exeess of nuelear spÍns Ín *he lower state. ConsequontJ-y

the proeesses by r+hieh the spins return to the Lcr.rer Lovel after E*x-

citation and thus rnaintain t'he oquilíbrfu¡n Boltzmann distyibut.ion ere
verlr important and rrill now be diseussed,

The probabirity of spontaneous emission is negligibre (3).

Iz = e:qo Ç'7 H*) g r- %:"Nt kr Fi
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Another meehanism depends on the dornnward transitlons stimulated by

magneti.e fields oscillsting at the Larrnor frequeney. This Ís lanown

as the spln-lattiee relaxation proeess and. is charecterized by a spin-

l-attice relaxation tlme Tr.

tot tq and -nI, represent the uproard and dor"rnward transltion
probabilities" At equillbrium the total nurnber of upr+ard transitions

per unit tj:ne are equal to the correspondlng nmrber of dor"¡rnsard. ùrans-

ltions so that

3-3

Henee

3-t+ (_2 , ï{o) 
o

KT

I'Jriting l''I for the mean of talt and W2o N for tho nr¡aber of nuelei per unit,

vofu¡ne in excess 1n the lower energy state at any tÍme tn and N6q for
the value of N at thermal equiJibrlum, it may be shor¡n that (1)

3-5 N-Neq = (iu-Neq )o**''*

where (tt-tteg)o is

by

3-6

the initial value of (i't-Neq). The tjme T, is defined

Honee the difference between the excess populatÍon and its equilibriunr

value j-s redueed by a factor e after time Tr. This is the spin-lattiee

relaxation tirneo a measure of the rate at r.¡hieh the spln system eomes

into thenflal equilibrium r+ith the other degrees of freedom of the

lattice"

WtNl = i,fZNZ"

I,J. N^I=l-=€lxT)vq
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2"

The spin-]atti-ce relaxation meehanísm can be thought of in
terms very similar to those of the rediation-lnduced transitions forrni.ng
the basis of nom"r' speetroseopy" A fluetuating rnagnetle field induces
transitions betneen spln states when the fiel_d has an appreeiable eom_

ponent of frequency )ro, the Larmov precession frequency. Thus the
extent of spin-rattiee interaction depends upon the magnitude of roeal
flelds and the rates of fluctuation of these fields (l).

?he most universal meehanism for spin_lattiee relaxation
lnvolves the dlrect interaction of neighbouring magnetre dipores (1).
r,s the nuelear spins move relative to one another i-n the lattice
fluctuating magnetie fierds are prod.ueed whfch mayo depending on the
frequeney, induee transitions of the spins in the moleeule. on thls
basls energy ean be transferred to the spin system fron the transla-
tional and rotationar degrees of freedom of the rlatticer" The theory
for this mechani-sm has been developed by Bloernbergen, pureelr and

Pound (4) who eonsidered the influence of rotational, trens1ational and

vibrationar rnotions of moreeules in a rlquld upon reraxation trmes,

several other important mechanisms have been discussed (1)
and can be sr:nnarized. paramagnetic impurities in solutlon cause a
decrease in relaxati-on t,i¡res due to the interaction of the nuclear and.

unpaired eleetron splns. Second1y, ln molecules r¿here the ehenical
shielding is not isotropicu the seeond.ary magnetic fleld arising from
electronie cu*ents lril1 not general-Ly be pararler to the apptied
f1erd. A eomponent of this fi-er-d wirt therefore be present in the
perpendieurar di-rection ¡¡hieh due to noleor.¡lar rotation w-irl oscillate



and may e&uss transítiûns to oceurô Thls

dent, on the rnagnitude of Ho. Finally for
between quadrupole ¡nonents and fLuctueting

also deerease Ti"

140

relaxation meehanism is depen_

nucLei with I ) å, lnteraetions

eLeet,ric field gradient,s wltl



141

fiel d ir .-'ô

veetors

is given

,)-
QJô = T lJð

r,¡here C<.Io ls the angula:: frequeney of preeesçi.on (irr radíans per seeond)
ånd y is the raagnetogy'yie i-atio,. rn thís rûånner the fleld $ produces
a polari-zation of the rmer-ear magnetism a10ng t',e z d.ireeti.on,

For protons '"arth two possible spi.rn states the ¿xis of pr:e_
eession is eithor in the positive on negative Z direetion" Arising
f'om the unequal dist'ribution of spins *rûong those tr^ro states a result-
ant nracroseopic rrragnetic moment per unlt volumø is pnoduced. i-n the
direetion of Ho, For al' the spinning nuclei the phase of the rotatÍ:rg
vectors in the x_y p1a.ne r,rill be rarr,Coiri in the absence of e rotating
magnetic field at the Lairnor frequeney" Thus the resultant magnetization
in this plane is uero" A rediofr"equeney, applied peqpendieular to $at the sesonanee frequency efoo a]ri.:gns the ir¡diuidual veetors and
thus pz'odueês a resultant magnetløation in the x-y plane (5).

-A.ry proeess eausi¡rg the inte*uption of phase eoherenee of the
x-y n*gnetizatlon is assoeiated r,¡ith a eharaeteristic e'pon nt (þ¡

t2i'¡here T, is the spin-spin relaxation time (r, 5), This is tho soeond
p'oeess of nuclealr ntÉ.gnetic relaxatton and arises from tnhonrogeneous
mag*etíe fieldsu 10ea1 field rariattons 

'n 
the sample due to the other

r¡:elear rnagnetic dlpeles nearbyu and exehangÞ procêsses (J),

B.

llhen magnetie nuclei are plaeed in an extu,*a1 rrragnetie
(normall-y chosen in the Z direction) the angurar mornentur

(rã) preeess sbout this d.irection" The resonanee eonditiori
by
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CN

Equetion (3 - r) prediets absorption only at, the r*$oxÌance

frequencS" ) . ExperÍmentall-y thís r.¡ould eo$espond t,o an infinltely
sharp absorpt,ion peak' Ilot*øver, in practice r:eson*ne@ Ðeeurs over a

rang€ of frequencies and the lines are broaclenedo For thls reason å

Iþe*qbêpe fu¡rction g ( y ) has been introduced (1).

and Y+

3-B

The ni¡nber of nuelei- with a pesônanee frequeney betweÊn y
d y ls given by

r"¡here No ís the

ís proportionaL

3*9

dN = Nos(y)dìr
total number of nuelef and the funet,ion g ( )r), whiel:

t,o the absorpt,ion at, frequsncy y u is sueh that
tle(Y)¿ìr = l-

J
rt is a nosrar-iøe¿ runcfion end has a finÍte varue over & range of
frequencies,

Some of the fastors eausing line broadening and henee affeetlirg
g_( Y) are now considered. (L),

f-) I{atural line wldth due to spontaneous eml_ssj-on"

lhe natural IÍno w-idth of any transit,ion is cletermíned by the
finit,e lifeti¡re of the nueleus in the upper state" puyee]*l (3) has shoi,¡n

that the probability of spontaneo*s emissisn is neglígible and is not
effeet'lve in bringi-ng a spin system inte thermal eqiríJ.ibrium r,rith the
lattiee" Hence rt has littr-e effeet on rine +ridths ôf n.mnr. slgnals"
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2) Line widths due to spin-lattlee relaxation,

The spln-Lattice relaxation proeess detennlnes the lifeti¡res
of both spin states of a nucleus" Line broadening occurs as a natural
consequence of the uneertainty prlnciple

3-10 AE  I: ñ
uhere aE = haìr , The wreentalnty rn the frequency of absorption't

r-s ffiãT- n Henee the li,e width, measured on a frequency scare i.n
the absenee of other broadening meehanisms is of the ord.er or 1f.

l_For nucrei with r > å eleetrie quadrupole effects read to

"'naller T, values thann for example, the T, observed for protons in a
liquid"

Ð Line broadening due to spln_spin relaxaÈion,

rn solids and highly viseous liquids the interaction of
magnet,i-e dipoles leads to a greater broadening than that given by the
spÍn-lattiee meehani"'nn Bach nucleus feers the effect of a variety of
local magnetle flelds due to these neighbowing unagnotie dipoS-es and
eonsequently T, ís ver"¡r smal1. For this reason ïtornor. signals of
solids are mueh broader than those of liquids and gases ¡nrhere rapid
molecu.].ar motions tend to average loeal fields to zero,

since g ( y ) is a normalized f'nction it,s r¿aximum valuo ts
an inverse measur€ of its Ìil.idth, Henee T, is defined as

3-ït .F- = +[ 112 = i L s (y,J**.
anci deereases å.s spin-spin interaetions inerease. T, is import,ant for
solid state studies but in liquids and gases I, anc T, are nearly equal.
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4) Broadeníng d.ue to r,ragnetie field lnhonogeneity.

!/hen a sanpre is praced in an inhorrrogene*u.s magnetic fíeld,
¡noreeules in dífferer:t, part,s of the sanpre see different vaLues of the
rnain iaagnetic fierdu Thus this i¡st,rumen'Lal i-i¡ritatÍon reads to line
broadening.

Ð Proton oxehange reactions and hindered rotation.
proton exehange reactions oecu*fng in solution and con-

for"matlonar equilibria affect rine r¡idths and the reraxation timesn
These wilL be diseussed in Section E,
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D" THE Blqci{ F0RI,1ULÁTI0N

Bloch (6) has studied the resurtant maeroscopie magnetie

moment of the nuerei withi' a sampre under^ investi_gati.on" rt is a

change of orientation of this macroseopie moment with tj¡re due to the
radlofrequency field H, whieh eauses the observed nomor" signaÌ. Bloch
used a set of nEcroscoPic or phenomenological equations to d.escribe thts
motion (1, 6).

assune that thennal eqriilibrium between the nuclear moments

and their surrorrnding at,oms has been establlshed in an external rr,agnetie

fleld H . Then
-o

3-].2

of j-dentical nuclei i.n the field d.ireetion ana";/ is the nuelear para_

magnetíc susceptibility" rt is given by the reratlonship

n /r-2 (r o t)rzfËT**3-r3 /=

r"¡here n is the nunrber of nuclei per unÍt vohme, T is the equtlibrium
tenperature and I is the nuelear spinn Equation (3 _ 13) has been

previously derived (2).

The equations of interest give the ti¡ne-variatlon of l.!"
These ane obtained from the classical equations of motion of a slngre
magnetic moment & ín a field Eo bJr sr:mmlng them over the whole assembly./
of nuclei"

A magnetie moment in the field lL experiences a couple

Eo) eeual to the rate of ehange of angular momentu¡n p

u =/u
rvhore S ís the resultant nagnetic monent per unit volune of an assembly

(,þ 
"
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3-A!+

But

3-L5

IIenee

3-16

This result is exÈended to b,¡rk materta' by sunruaing equation (: - re¡
over .a1] the nucl.ei per u¡:ít volune so that

# * r (ti*tt)

i.ï = llri 't"i il'"xo --y, '-¿)'

ïn Èhe rlorìrcro orperinent a racTiofrequency fiei-d H, is applied por_
pendicularly to 4 and rotates wÍth an. angu.lan frequeney _ úf ¡rith

FI= = H* eosú/t

ny = -H, stn A,rt

For equation (J - x7) to bo valid all the exteynaL rnagnetie fleld.s aeting
on the nuciel" must be ineluderJ in the eross produet," äsnee the eonpor:ents
of the oxtornar field in the x and. y directirns åre given by tho above
two equa'bionsn sinee the steady magnet,ie field H^ is ehosen in the z
direction

3-2A îf rf¡¡- lr'áo

E:çe.nding equetion (3 _ 1Z)

=i./xH,/- -'o

g = /t.L/-7

3-r7

whe¡.e

3-18

eomponents,

3-r9

3-2A

årg
t{ ùr Ì\íx 'y "z
Ho -" H*

3*22 .dg=t
d-¡
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+'k
dr

= Y (5n"-r.iuno)

* = -Y (\r" -n"H*)

* = Y (\Hv-r,ruuo)

fn the absenee of HI, these equations red.uce to (H* = 5 = O)

3*26 di'í

c = 
'o*u

so that

3-23

3-2t+

3*25

3-27

3*28

= - CIM.OX
dlf
-Jdt
rìì\,r-"ø=0
dt

tçhere Üo = T H" i-s the angurar frequency of Lavmor preeession

(resonance eondltion)" The solution of these equations predicts that
the t,otal moment 15 wiLl process about the z direetion with the Larmon

frequeney (1)"

Ëquations (3 - z3¡ to (3 - zil do not allorø for relexation
effeets" rt is knom (6) trrat Mø epproaehes an equilibrium value Þio

due to spln-lattice relaxatlonn The equatl*l for this process is (6)

3-29 c{,i--'3, 
= - (U -ì"f )\¿+ ^= _o'

'1

wlth the stationary solution M" = Hon Bloch refers to T, as the
Io-nei-tudinal rslaxation Li¡rg sinee it measuyes the rate of ehange of
the eomponent' of magnetÍ-zatj-on along the direetion of the ¡uein nagnette
field H "-o

The tç and Iþ eomponents of M also decay to aero but due to



spín-spin j.nteraetions" Bloeh ealls the tirne

Þrocess thu trutr_E5" relaxation ti¡¿e since

148

eonstant T2 for thi-s decay

it, governs the ti¡re de-
pend-enee of t'he transverse magnet,i-zatlon eomponents l.{* and tþ so t,hat,

3*30

and

3-3t

)*))

3*36

¿\

tz

æ -M_v
Tzo

lleneeo substituting equations (3-19) and (i-zo) and al_l-owing for
relaxation effects in the Bloch oquatÍons (l-237 to (J-zfi, the complete

tsl"och equat,ions are

3*32 dÌç 
=_æ r(tiou" + l'írH, sinl{Ìt) -*

-ã- "
l6

L

3*33 ã y (ii"ä, eas UJt - t'íxHu)

a Ò)¿

Y (-%nn sinØt - 5Hr eos&./r) 
_ T"_*5 ø

t].

These differenttel- oquations are simplS.fied by transfor,.rnlng thern

to a set of axes rctat.ing with angular ¡¡eloeity ^ dT about, the z axiso

.å.s rre1J, Bloch replaces Mx and tt" OO u aird v defined, e.s

u = -ç cosúrt, - líO slnart

v = -i'í__ sÍ¡¿¡È - i.i e*salt
v

The Bloeh equationsu Ln terns of u-, v and. l"í"r and. referned to the notatlng
a:res beeorne (1)

3-37 du
ãT+

HJ
,2

o.Pi

dt

ul"t-

dt

]"t

E
+ (üo*U)v= CI
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3-38 * +y - (un-(,)')u+ TH,tÍr=odt T2

3-39 g" + Ì,{- - M^
îf .?:", -'9 Y lit v = o

*i

The tem ao'J - üo - ú-reorres*oncs to the separation between the
Írradi'ation fnequency 0f (arso the angulan veloeity of the rotati_r:g frame
of referenee) and the resonence frequency tf,.

The steady state soluti.ons are obtained by settì_ng all time
derivatives equal to zero sinee the eguir.iþqlug magnetizations uo v ancl

Fl, renafn eonst'ant in the rotati.:rg frame* .trhe sorutions are given by
Bloeh (6) ana Ìrave bee;n s'¿mmari-zed (r). .A, l:Las-shape_ functíon frora these
sorutions may also be oi¡taisred rshich confirms the equírrare:ree of the two
definitions of T2.
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E"

1* Introduetfon

trI.i'f.R" spectra nåy be modif,åed if the n'eleÍ take part in
various rate process€s such as proton exehange, intrauroleeu-lar rea*âng6-
nent and lntemal rotation, Coalesce¡:ee of soparate _slgnals oecurs when

exehange rates reaeh a critl_cal valueo Sinee the rate of the proeess is
lnversel-y prøportional to the deerease in separation between the signals
that are collapsingr t3on"p* technlques

exchange roactions vrith exchange rates

The beauty and po+rer of this teehnfque

ean be used t,o study ehenieal

of the order of I to I04 "uo"-l.
ín measuríng fa.st, exehange reactj-ons

arises frsm the faet that, it gÍves daÈa on the ehemicar. kinetÍes whí'e
the measured system is ln ehemical- equflibrir.ua and i-ndieat,os directrSr
the specíes t,hât are exehanging"

One baste regu-lrement nrust be met before ïIernero een be used to
st,udy exehange reactions: the exehangÍ.ng nuclei rnust hsve d.ifferent
magnet,ic enrironment,s and consequeRtly different f,arrnor preeession

frequencieso Hence if no exchange is observed betffeen these nu-elei or
if t'he process ís slor'r, se¡ranate s5-gnals are observedn l{hen the process
is accelere,ted, by raising the tenrperatrue for example, then eventually
the rate of exchange beeornes suffiej-ently napld. so that a single r*sonence
Ilne appears at an lnterrnedlate position. This applies Èo chemical shifts
as r,¡eIl as to the averagi_ng of spin*spÍ.:r *trltiplets"

Exehange ean be eonsidered to be a transverse relaxation process

since the e¡:ehanged nuelei wi1l be out of phase r,rith the othen nuclei in
the same eilrírorunent' rt thus deereases the transverse relaxation tíme
and eonsequently i¡ereases the wiclth of the signels arising fron the
exchanging nucleio Ëxchange betr*een nuclei in the same environments has
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no effect, upon the sígnal wrdth because the nuerei have th-e same

processi-onal frequeneies before and after exehange"

consider the exchange process between nuclei in _tr"¡o non-

equÍvalent sites with no coupling betr+oen the¡ro For slow oxehange rates
the line widths of the tr+o peaks first broad.en" Às the rate increases

t'he signals broaden further and move closer togethor until they collapse
to a single peak r¡hieh beeomes sharper for fast exehange tratesu Hence

for slow rates of exehange the increese in li¡e width i_s direetly pro_

porti-onal to the rate whereas in the fast oxchange rogion the signal
+ridth is i¡rvensoly proportlonal to the rateo This is a consequenee of
the uneertairrty prÍ:rciple as given by equatlon (3 _ 10)"

The lj-teratr¡re dealÍng with the study of tjme dependent factors
innLuenei:rg signal shape, namely, exehange reactions, hindered internal
rotation, chemieal equilibria and eonforrnatlonal studies is enormous and.

has been discussed and sunnnarlzed 1n several monographs ( 2, B) and revierø

ertj-eles (5u 9-tt).

2, Tþeoretieal Formu].ationå

The first evaluation of a quantitative relation between reversible
chenieel exchange reactions and resonance linoshapes is based on the treat-
ment suggested by Gutowshr, lÍeca}l and sllchter (Iz-14) n known as the Gt"ls

approach. These authors ¡rodified. the Bloch equøtions to account for
che¡nica1 exchange between two sites A and B rd:ith different La¡rmor frequenci.es

betl¡een whieh a nucleus X of spin å eou-ld exehange. ,4, simpler approach

lras suggested by llcconnerl (1J) and r,rill be forlor,red. heroo
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cansider t'he såmplest ratc ppoe€ss rçhieh can be studåed by nom.,".u
namely the collapse of a duubret int,o a singret due to the exehange of
two uneoupLed protohs {¡ two nonequiv¿lent environments" this lnvol_rres
the ehenical shÍft, difference between these two protons, þteConnell
modifieci the Broch equations and his approach is varid ass,rnir:g t,ho
exehange proeess meets the follor,s.ing requirements (J)i
(a) A nuereus i-n site A on B ehanges rt,s site in a very short time
compared to its lifetÍme ln state å. or state B; i"eo T4 or q,
(b) The relaxatíon ti¡aes T1 and T, for nuclei in sites A and B are
indepenciont of the lifetimes ! and [,
(c) T,u and "lË, are pseudo first,*oder rifetj:nes and heneo eorrespond
to the reeiproeaLs cf the first, order rat,e eoæstants for transfer out cf
the rospeetive sitos. This arises sinee i..Ieçonnell,s equations nøquíre
that the X nuclear magnit,izations of the A and B syst,ems relax ltrde_
penciently of one another, except for the ehenrieal exchange effeets,

I'feconnerlrs modÍfied Broeh equat3-ons are not given h.eÏeo They
are given 1n his oniginal paper (1J) and the abovo*mentloned monographs
and revi-ews (5u ?-10)" only the solutions of these cquations are cön_
çidered. Fírst of all however, an lmportant defj-:rition is made for the
purposes of thls thesís" There is litt,le unifo::níty in the definition
of the exehange lifetime parameter ZTin the llterature, ft is here
defined as

3*40

so thaÈ

111
ry= ä + ç
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For a sirnple two-stte exchange, F t" the probability per unitl¡
ti¡ne of the nucleus Jrnnping to síte B" ?hän the rerat,ive populations
of the sites are

P4 = +=E'
d-p-.- 'Br'-ñ-;T,"

whero pB = 1- pA"

For an equal populat,ion case

3-U3 zT = îu = 1'8

and corresponds to the avelage rifeti¡re of a nucreus in either siten ïn
ot'her wonJ.s, ?T is the average rifetime batween exchanges of any one
nueleus" This d.efinition of ZT is that, given by Gutonslqf and lloln (l¿t)
and eo*esponds to the Î-as defined by GI'rs (,,), I.{cco*err (15) and
Takeda and stejskal (16)' Allerhand et el (rz) llst the verious riteratu¡e
references and their definitions of 21-

The sol-utions of the modifled Ëloch eqrratlons for dlfferent ex-
change rates and under slow passage conditions sre noT4r discussed following
reference (/).

A) Þ1og gJ.ehanse léq+:-
rf lifeti¡rr*" % and \ are suffleien*-y 10ng eonrpared to the

inverse of the separation between the trço sítes, then t¡¡o signals are
observed' I{enee the var,iatÍon in }ine wtdths of separated resonanees
can be studied' Experinentally the variable whieh is most eonveniently
measrtred is the signal hridth at half height, (lB)" By an applÍcation of
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the line-shape eqr.rat,ion, the line rridth at, half height (1n cps) OT/,
is eguaJ- to (18)

3JtÅ+ ôYr Ë
2

so thet

3*t+5 r ^fi = #- = å_ + å_ .- ,1,2 gvA T¿a

?rn is the r¡alue of t-he spin-spi:r relaxation t,i¡re in site i, whlch may be

obtained from t'he li:ro v¡:idths Ef the exehanging peak et loç¡ temperaturos

ivery slors exehange rate) or fronr a sharp signal arising fnom a standard
reforeneo (5)' si¡rce an agtga} line width 1s 1j:nited by magnet inhono-
geneit,íesu this equati-on is rralid only if the si"gnal- has Lorentøian 1Lne

shape and will be applieabLe v¡hen the rosolutíon is good and H1 is s¡r¡s]_l-

{na saturation),

ts) _IrtteryqecligÞe exehanse. rg.t,eg:-

This ås the ::egion of Z 1" vel_ues r,,nhere the peaks ov-orlap and

eoalesce" Thres rnain methods exist for treating speetratr deta to obtain
t'he l-ifetimes ilx this rogisn (5). The lineshe.po funetionmay be generateci

aild' eornpaned -*ritìr experlnrer:'b (14), This procedure adapts it,self nead.ily
to eompuÈer teehniques" fhe seeond. ap¡:rcaeh is arso due to Gutm,lsþ and

IIoInr (1"4) r'rho studled the docrease in the separatio¡r ,oetr.¡een the tv¡e

peaks and' comparecl iÈ with the shift 1n Èhe abser¡ce of exehange. undee
the eonditiccls of equal populatioi:s and. r.ifeti¡nes (oo = n, = å; I *

G = ZflJ ancl large transverse rel"a..{atÍon t,i¡aes (** = 1 = C

or eorlapse or a do*bret, as a rçsutt or eaeh*-rs.T ;rk *-.; :Ïj"-.
by (?, 14)

I
ll.ta

t
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[rrlb3-l+6 Se_pafa-tion_o:l_peakg 
= _å __ :

separation of peaks for large Ta = TB L ^rf 
( yA_ yB)z 

I 
.

This eqr:ation applies to the case v¡here the sig:raL lnì-dths in the absenee

of exchange are snxall compared r^rith their separation, The eritical life-
ti:ne (21) at coalescence is

3-h7 2T = lz-T-TYFTJ

where ( r¿ - rg) ls the frequency difference (cps) between the A and B

sites.

ldhen T2O and Tr, nrust be aecounted. foro then these two equations

are not applieable and detalled equatÍons must be applied (1¿p, 16)" Fi,,allyu
the third' approach consists of measurÍng the exact intensity ratio between

t¡¡o maxi¡ra and the intermedíate mini:num before eollapse as applied by

Rogers and irfoodbr€y (19) " This nethod. is very sensitÍve t,o non-idea1

s¡:eetrometer eondltions' The most accurate ¡rethcd i:: thÍs region is the
generation of the line shape and d.íreet comparison r^¡ith elçerÍment (J)"
C) IþslL exchans.e_ 1j¡4ít:-

tr{hen ÎU and 1, are snrall the single avoragod resonance, broadened

by exchange, decreases in harf-wid.th untir- the r¡a1ue a,vr given by

equation (3 *5¡ is reaehed in thø l-irnit of fast, oxchange" For very short
lifetimes the signal Ís centered on a mean frequeney

3J18 U^.^, = pa (4g + pn dB,

In t'he region where significant lifetime broadeni.:rg oceurs the

liÐffiridth ean be ueed t,o mes.sure the rates of exchange as has been done

by l.Ìeiboon et al (20, 2L).
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The above resuLts ean easily be extended t,o incÌ-rrd.e the eoJ,3-apse

of spin mult,iplets arisi:rg from the inte*uption of spin-spfn coupling
between'Lwo nuelei by a ehenlcal exchange reaction or hi:rdered fnternal
rotation. The irnportant requirement is th¿t, the n,m"r" speetrum must be

first order, i.ê,, JAB

dry ethanol the -0H proton r,¡as splít i-¡:to a triplet by spin-spin inter_
action with the methylene groupÐ This coruesponds to the slor^r exehange

l-iJnÍt anc t'he resonance was sho¡wr to colLa3rse i.nto a singlet, eoryesponrllng
to fast exchange on addition of acid" By eomparing theoretically derived

line shapes ealeulated. r.lsing an å Þ_qi_g varue of the ¡nean lj.feti¡re of a

proton involrred in the exchange reaction with e:rperlmental line shapes,

a value of the exchange rate ¡.ns derived.,

The coLlapse of spin multÍolets due to proton exehange has been

used by Bergen, toe¡,renstein and l,Ieiboom (21) and by Takeda and stejskal
(16) to study the rate of protolysís of N-nothylaeetanide in aqueous

solutions of r¡aråous plf" The latter authors developed a theoretieal
treatment for analyzing the effecù of exehange on a spin-spin doublet,
Basect on the work of Gutouisþ, l.Íccårl and. slichter (12) they evaluate

the mean lifet,une 21 of a proton involved. ín an exchango reaction" From

their equatlons, 2T is related to the frequeney separatÍon ö- * betr¡een

tho tr,^.'o peaks in a spin-spi,o croublet, produced by the excha.ngi-irg prot,on

for slow rates, to the vridth of the observed signal at half rnaxj¡rum u ü 
+

'u.¡'rdes. conditions oll fairl¡r rapid. exehange r.rhere a broad dou.blet is ob_

served. anclo under repid exchange conditions, to the ratio thou where ï
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is the maxi¡mrm a.nrplitude of the observed singlet and ïo the expected

maxjøm arnplitude for g"= 0.

'A'11 of these equations have been developed. Ín full detail fron
the Bloeh equations by Blears (zLþ) ' fi'ro posslb]-e proeesses :rrust be dis-
Èingulshed' The first i¡¡eludes hindered rotatio¡¡ and confornrationaL

studies in uhlch eveÌT¡ rotation is effective 1n collapslng the multiplets"
Tho second invorves a chemical exehange reaction associated with a bond-
breaking-bond-making process, f', this case, for exa'rple for a proton
exehange proeess betwee¡ two equalry populated. sitesr arv exehange has a
Jjit, chance of changi-ng the enviro¡:ment, of the nueleus sinee an íneoming

proton has equal probabÍJity of bei:rg in the same spin state or in the
opposite spin state as the outgoi-ng proton on the same site" Henee

3-I+9 V Òt-Kchem. exchango = zkrotat,ior, = 2k

where k, the pseudo

3*5A k =

3-5L I 
"ïo

first-order rate constant is
r=1=l*q"uo-l)rzrï T Ë

for Tr, = 1B = 2T"

rn praetice krotation ls caleulated, from whieh kch"*. 
exehange

ean easily be obtaj¡eed for those eases ínvolving a proton ehen1ear exehange

rather than internal rotation' The soluti.ons of the ¡nod.Ified Bloch equa-

tlons for different rates as diseussed earlier and by Takeda and stejskal
(16) and Blears (24) are in Ëe,*rs of krotation. This proeed,ure r¿iLL arso
be follo¡¡ed i:r this thesÍs" Taking this int,o aeeount, the equatLon for
fast rates of rotation j¡volvi:rg the ratio f/To i" (L6s ZLþ)

& À Lr
= 

tt ' ñ'

(i + å + gr
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l¡here

3*52 A s, T? ô rJ È ZrrTrJ

3*53 t = öL,r = 2nJ ,:F -r
T, is t'he spin-spin relaxation tjme of the nuelei- rmder obsen¡ation;

ô {rr is the megnitude of the spi::-spin interaction (or ehemica} shift)
i.n angular frequoney r"mits i¡¡ the absenee of exehange; and J is the

magnitude of this coupting Ín cpsn

To obtai-n k for a fast exehange reaetion usíng equation (3 * 51)

it is necessary to bror.r T2 and. J, T, is obtained usÍ:rg equation (3 - ++¡

by measwing peak v¡ådth at half helght when 2T s 0 or from some unaffeetect
portion of the speetru:ri. J i-s obtained frora the speetrum r.¡hen zT = æ
(no exehange). f is measur"ed at the various temperatures uncier eonsídera-
tiCIn and ewtpared hrith IÕ t¡hich ls obtai-ned either from the spectrum when

2T = a or from another peak unaffected by exehange havf.ng an intonsity
slmpJ-y rel-ated to In.

The GI'ts equations have also beon extended. t,o the exchange broad-

enÍ.ng of a quad.ruptr"et (25) and a triptr-et, (26)" Tabl-es of ealcrrlatsd r.ine-
shapes of exehenge broad.ened n.mor" mu].típlets as a function of the
exehange rate of ÈÌre interactÍ::g nucleÍ have been complled (af) and a

eora¡:arison r'¡"ith the exporjmental lineshapes yieJ-ds approxi:irate nate

constantso

4 u *4,pp,Li-e?!iq*s _ pryL_ Q!þeåHeth ods gf Fe+ suglnË_Exchanee Rat_e s

Proton rnagnetle sesonanee has been used by variou-s rrorkers to
study exchange reaetions based on the above prineiples" A summary of
t'he literature d'ealing uith exehange reaet,åons Í¡r aqueous. and alcoholie
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soLutions up until r94p rs given by Reynords and schaefar (zB), They
st'udied proton exchange roactions of subsÈituted. ani-Lines ir¡ trifluor-
acetic acid by noas.ring the acid proton signar $r.id.th" Brears (zll)
obtalned theoroti-cal values of the rate constant k using the various
equations relatlng k to the 1íns shalms based on tl¡o-site exchange rrith
equal popurations' From his computerized calculations k ean be eval,atecl
for a given set of conditions usÍng any of the abor¡o methods.

ivlost of the v¡ork on exchange reactions has been discussed i¡r the
tt¡o most recent reuier,s articles (5, Ð. some more recent studies lnclude
t'he apprication of the coupring J.-10 eÐ, a study of the protolysis

N-r-Hkinetics of gryei:re (J0)u and. a study of proton exehange involving ion
pairs of a¡uronium salts in t-butyl aleohol (3L-3Ð, Nnlf"R. has sho.m that,
the hydro>ryr proton exehange rate irr rnethanol- 1s enhaneed approeiably by
the presence of olryg€n (34), ?he an¡nonia-ar"aide proton exchange kÍnetÍcs
in llquid *rmonia have also boen strrd.ied (3j). Recent papers o¡r internal
rotation and confo:snatj-on studies inelude a conseeutive j.nversion prooess
at two nitrogens (i6), the ring i.nversion i-n eyclohexane-dll (32) and

rates of internal rotation around carbonyl-to-nitrogçn bonds in various
benzamides (38),

There h¿ve baen other approaches to the exchange problem. piette
and A¡rderson (39) obtained a general equatÌ-on for exchange betneen nany
sites' Qr¡sntwr meehanieal treat¡rents, fast passage, spin-echo, ancl double
resonanco methods har¡e non'been used by many workers t,5o g).
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?he pseudo first, order rate eonstant, k for an excrrange reaction
is given by equat,ion (j - St)

3-5a k s þ{ru**})"
The act,ivatlon enerry E¿ for the reaetion rs obtaÍned. from the

.û,mhenius,aquatioi.r (40)

3** k = A,exp r-%rtRT t
r¡here a' is the frequency factor" Eu is therofora obtaj¡¡ed from a plot
of 1og k v*rsu" $' The srope of the ríne is equal to -% and theãffiinteneept is log .4,"

IJnthal-pios of aetivation AE* at any temperature T are obtalrred

froin Eu values" The t'*'o 'chermocÌSmamic rreriables are related ïry

-3*55 EA = a{ + nr

The free energy of scti.vation ¿, G* is ealeulatecl from the theory
of absol"ute teaction rates (lÞ0)

3-56 k " ;'s elrp ,.: "u;f,

so thgt

3^57 o of = z;ra3rÈr ,"* tt{ I
kh

3-55 oof = 2"303Rr (10"32 + log f,¡,
The transrûission coefficient j/ is tskon es one and represents the pnobability
t'hat the activated eomplex fo¡'¡ned beti,¡een reaetants ç¡i1l deeomprse to forsr
preduet,s raiher thair reactants" % ru the Bortzmånn eônstant anc] h is
Pl"anckrs constanto
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?he entropy of activation aS/ i" obtained fronr
4JJ3'59 

^c; = a{-rasr.
From these equations all the aetivation panameters ean ln

prineiple be obtalned once the rats eonstant k ls determined fro¡n the
lÍne*shape equetions of the ÍromcFo spectrurn" The relíability of these

¡:arameters depends on the accuracy of the measured k at various !emp_

er&tures"

The quantitative m@âslrremÊnts of rates and. their temperature
depondenee are subJeet to systematie e*ors (9), Flrst of arl the line-
shape theorles assume that t'he parameters r¡hich descríbo a spectnurr i-n
the slot'¡ exehange llnrit ean be used to calcurate speetra for any exehange

Pateo Howevero these parameters often do ehange with eoneentration end

temperature. The seeond short'comlng is the narnow temperature rång6 ov@r

r'rhich the rates usually oeeur.

Recently (17) the s¡rstematic errovs v¡hich arise in the measurement

of exchange rates were analyzed.. They were classified i¡ito tr+o groups;
methematieal and experimental" Mathernatieal problems arise r.rhen the
ac't'u'al system studied ls treated i:r terns of an oversimplifíed theoretieal
model or ¡'¡hen the nroder- is adequate but a simplified equatlon is used

beyond its region of accuracy (when various approxlmatfons do not hold)"
The experlrnental errors arise frorn instru¡nental fnstabilj-ties, calibration
errors and other speetral distortions" These Ínelude temperat,ure clriftso
frequency ehanges, rnagnetie fÍeId driftso and variations in spiruring rateso

The presence of systematic errors and the fact, that several of the
kinetic methods are appli-cable only over small temperature ranges ls most
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evident in the enthalpy and entropy Òf acti*¡ati-on obtalned from the
temperature ciependence sf a rate processr For exampre, values cf z to
24 ]Kae]./male have been obtained for the barnler to the hÍndered i:rternaL
rotation of NrN"- dixethylfomremide (1?)" The rate eonstants and theye-

fore the free enetrgies of actfvation agree quite wel1" 0n the basis of
their analysi-s Alrerhand et ar (l?) fr.nd that the d.esirable method of
deter¡ni-ni-ng exehange rates frûm n.nuro spectra- is b¡r using computerizedo

eomplete llne-shape fitting inethods rEhich do nst neglect sipeetral com-

pllcations unless t'heir eff*et,s are less than other inaeeuraeies Ín the
rates"

y','rrother system l¡hich has been r,rldely studied is the rÍ-ng inversion
of cyclohexåneo lhe agr.eement botr+eeir the ÁG# values obtained by eanrying

out differeni nom'r. kinetj-c experi.urents is good* Hower¡er tne aR# values

range from 9.0 to L1"5 keal,/mole and 
^ 

SÉ from -6.J to+4.9 e.u, (j?),
l'forking r"rith cyelohexane*d* and decouplj_ng the deuterium nuclei, Anet and

Bourn (jl) abtai-necl ki.i:re{;ís pa.rarneters for this proeess using both 1inrs-
shape analysis and cioubLs reso$anee techniqu€so Agreement, betl¡een both

rnethods hras very good" The magnitude of ¿a* (to,z2 keal-./nore) is in
agreemont r'rith previous determÍnations but the varues of A H# (LO,g

kcal-/rrrole) and' AS# (2'8 e"u')o while agreeing with other high resolut,ion
work, did not agree with spin-eeho measurements (&3-)" These authors

therefore conelude that since two method,s give the same set of kinetlc
Þarameters, systematie errors must bs responsfble for the ¡neasurements

using spin-eeho teehniques" Fvcr¿ their resuLts the advantages of Line-
shaÞe anelysis and the applÍ-eation of more than one method of obtaining
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rete constants ar€ seene The error i¡r a E is decreased. sl-nce neasure-
ment,s over a larger temperature renge &re no!¡ possible.

Åetir¡ation paraneters obtaj¡ed by line_shape measurements were
reeentry eompared (38) ana egrs€ wlth those determined by equilibratlon
methods in the study of internal rotation around. earbonyr-to_nltrogen
bondso

Allerhand et aI (1?) did not study the systenatic @rrors fnvolved
in dete¡¡ninlng the rate constant k as a funetion of the ratío f in
equation (3 - ¡r)o Blears (24) dld and for¡nd that i:runediatery-lfter coar-
eseenee and as the rapid 1funit i.s approaehed, the rate çonstants assune

li:nitlng values and are rnost reliable 1n the intersnediate region, rn thls
equation the magnitude of the doubret splitting J observed at, low temp-
eratures should always equal th.e splitting at infÍnåtely slow exehenge'

This rnay not be t¡ue when there 1s overrap betr"reen the two peaks o¡ when
the obse:'ved ttínfinitery slow exehangeft separation is not the truo value
(?4)"Blears found that overlap effects and the inconnect selection of the
splltting ave not teo Jrqps¡tant" Thfs was also found i¡ the systern ,nder
consideration and will be diseussed i¡r the rtÐiscussion of Results" seetio¡1"
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G"

1n

under cert'ain eonclitions e3x atô& of hyd.nogen is attracted by rather
strong fcrees to two atoms j-nstead of only to one" rt thus acts as a bond
between them. Thi-s bond is ealred the h¡ncrogen bond (42), These atoms
rnay be loeated on the san€ or on different moreeuLeso ïn the fo:nner ease
the h¡nirogen bond is intrarroleeular while in the latter tt is an inter.-
molecular hydrogen bondn

A detailed treatment of the general subJect of hydrogen bonds 1_e

given i:: the book by pLnentel and licClellan (4j), pauling (t+Zj gíves a
generar treatment" A syrnposium (¿*4) iras been held on thls s*bject, and

Jaffe (llJ) di-scusses tho differsnees jn energies between i_ntra_ and
interrrrolecular hydrogen bond.s o

H¡afrogen bonds have been sÈr:died. and deteeted usi:rg many tech_
níques (43) witn proton magnetie resona.Ìlee (p"*uyu ) and infrayed spee*
troscopy best suited. for carr¡ring out these studies. A shift 1s observed
i:r tl¡e vÍbrational speetra arlsing from hyd.rogen bond fo¡mation as measuyed
i-n the infrared region (¿&j), rn pr.oton rnagnetlc resôRånce e r_am¡_flerd
shift is observed for a proton between the unassociated and. ¿ssoeåat,ec
stat'es, the only exeeptåci:s being eonneeted with aseocÍation with anonstie
moleeules (l+6), The p.m.r" studies of the hydrogen bond have been re_
vie¡'¡ed (/+6-48).

There are tr+o main interpnetat,ions of the lsw-field ç"rn"y". shifÈ
l:.¡,r3rogen bond- (XH.*"T) fomration (86, Ug_sL)t

À eont¡ibution to the,prot,on sereening (always negative) arises frorn

0n

L

'drogen Bondj.n
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the dist'orti-on of t'he electronie strueture of the chemíeal bond x-H in
r.¡hich the proton participatesn

2o Á' negative (or positive) contribution to the proton sereening ruí'I
arise due to êny mågnetic anisotropy of the molecule ï to which the
proton is hydrogen bond.ed. The first effect is predominant (¿Þ6),

Reliable values of the thermod¡naamic funetíons of hydrogen bonds
are derir¡ed from the eqrriribrlum eonstent K (since an hydrogen bond is
formed i.n an equiribrir:r¿ reaetion, the thermod¡manic equations are
applieeble) and lts variation 

'aith temperature (52)" Of the various
ex¡rerimental teehniques of deternrlning Ku the i.¡nfrared nethod is probabLy

the most useful (52). t tabutation of a H and a s values on lgrd.rogen

bond formation is gi-ven in Appendix B of reforenee (43) " The data 1n*
dicate that' the enthalpies of fornatfon of the o-H"..,û interrnoleeular
hydrogen bonds in binary sor.utions r*nge mostly from -1"5 to _5.0 keal.
per mole of hydrogen bond, r+íth the largest nunber lyrne betweea _l&,0

and -{¿'5 keel" per mole (iz)' Thts does not, r-ner.ude carbo4yrie aci-ds
rçhieh have enthalpies rangi.ng from _6,J to -7,5 keal. per mole of hydrogen
bond"

Ðnploying infrarodo Po:tr"ro and electronie speetroseopyn h¡nårogen

bondlng betu¡een various donors and. acceptors has reeentry been investigated
(53) ' 1'he relations betrqeen a I{, a G, the 0H stretching frequeney shífts
upon eomplexation AYSH, and other perarnetens were diseussed" The above

Ii¡lits on o-H""'O bond strengths were extended and the effects of aeld.lty
of the aceeptor and the basieity of the d.onor on the themrod¡mamies of
hydrogen bonding r,¡ere j¡rvestigated"

In p'mur" t'he differonee in the shift between a Ðoh-êssociated ¿nd
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a'n ê'ssociated statsr tr the hydrogen-bond,ed shiftn i.s taken as å measuu"e

çf tbe h¡nCrogen bond enerry (46)n For int,ennolecuJ-anLy hydrogen_bonded

substaneesu d"ilut1Õn e? an l:rcrease i-n the temperature deerease this shift
difference. This has been interpreted in tenns of the dissociation of
the hydrogen bonds (46)" ilowever caleulations (5b) have shohrn that, a

large part of the observed temperature r¡ariation of the hydrogen-bond.ed

shift, may result, frorn ehanges in the effect,ive length of the H"n"g bond.

These j-n turn arise from the anharmonícíty and low frequeney of the hydrogen

bond stretehing vibration" Hence teroperature variat,ions of the shift may

not arj"se exelusively frorn h¡drogen bond breaking (51r)"

In the

format,lon A\f,

Pimentel and Ì,icClellen (JB) distinguish

rnoleeular h¡rdnogen bonds. The forner forrn only

spatial conditions ar¡d their fomration does not

infrared the oH stretching frequency shift upon comprex

, l-s also v"elated to the strengths of the hydrogen bond (4]).
A Li.nean relationship was established (55) between the enthatrpy a H of
t'he hydnogen-bond interaetion of phenol r'rith a serÍes of bases and AfoH.
The existence sf sueh a relationship has no+r been vsrifíed theoretically

{56)" Á, simllar relationshipbetween the pheno}ic OH po¡r,r" shift and AH
has also been obserì¡Êd (57) for phenol-bese systems under condÍtions of
complet,e assoeiation 1n rnethylene chloride solvent. The phenoL-base

b¡drogen-bonding lnteraetions have - A Il magnitudes rangi:rg from 3 to
L0 keaL" per mole of hydnogen bond,

2" The Intranol_ecu1ar, }IVd.rs¡ff¡n Bo¡1d

between intra- and inter-

under specffic stningent

ereate molecular assoeiation"
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For intermoLecular hydrogen bond fornration, tliere ere no spatial
restrictions and most of the changes in physieal propertles are a
direet resulÈ of association. The intramolecular hydrogen bonds generally
oçeur in 5-, 6-, or /_aton rings,

the conrpound under eonsiderøtåen 5.:s th.ås thesis is lrj-dichloro_
salicylaldelryde (A) 

"

A.

HB

I'iost of the literatuve is eoncerned r^¡ith the h¡nlrogen bond j-n salicytr-
aldehyde and related ortho-substituted phenols" The moleeule wrder con*
sideration was chosen because the two chloro substituents groatly slmplify
the ring-proton speetrurn' this arlolçs &Ð Ê.ccuråte determine.tion of
relat'ive peak heights whíeh are reqrrired when the exchange retes ars eom-
puted usÍ':rg eqr:atlon ( 3 - 5r), The tntremoleeuf-ar h¡rdrogen bon,;l j.n

saricylaldehyde r'¡ill first be eonsidered, compared ç'ith the hydr.ogen bond
in other ortho-substituted phenols, and then the effect of the *.ri¡o ehloro
substituents r¡.å11 be diseussed..

The existence of the st,rong, intramoreeurar hydrogen bond in
salieyLaldehSiråe Ís confirsned by evj-dence from nany sourees, many of which
are sunmrarlzed in reference (J8)" ït rnelts at z66tí ¡rhereas parahydroxy-
benzaldeh¡d-e (rcith an inte¡,inolecurar h¡nrrogen bond) nrelts at JgBoK" A
froquency shlft i-n the ultraviolet and. lnfrared regions, an inerease in
the rates of several neactiolls' e lor¡-fíeId pogl.r"" hycroxyl pr^oton shift,
a deerease irì the viscosíty, alr with respeet to parah¡nåro4ybenzardehydeo



suppÔrt' t'he presenee of this bond (580 and referenees therein)" sevenaL
recent studles of this bond besides p"mor" êild infrared spectroseopy include
dlpole measurerûents in benzeneu para xyrene and dioxane (sg*øt)" The

results indicate that the hydroryr group in salieyS_aldehyde Ís stilr-
strongly i¡ltra:rroleeularly h¡nlrogen bond.ed even vrhen these soLvents are
present j¡ sorution' Thls rosults iJl spite of the faet th¿t the hydroxyl
proton Í's eapable of fovmi:rg an i¡ten¡roleeular bond with dioxane and çri-th

the n *eloctnon cloud of the aronatie ring, ïnfrared data for methyr
salieylat'e (i$tramolecuJ-arly h¡rcirogen bond.ed) ín dioxane and earbon tetrach-
loride eonfirmed that the intramoreeular hydrogen bonds are suffíeiently
st'rong t,o resist fission jn dioxans (59), Ðípore moment mee.sueeme n1s (62)
on sarieylal'dehyde in benzene ave consisÈent, r^¡ith the i.ntra-noLeeular

hydrogen bond as are photoreactions i¡ benzeno solution (6j)"
LÌost of the evidence is obtaj::ed usi_ng p,fl,rc and j.¡nfmred

teehniques and the results from both method.s are very ofton eorrelated"
As we1l, the intrarnoleeuLar hydrogen bonds in salieylaldehyde a¡rd related
ort'ho-substítuted phenors, especieny ortho-har-ophenols are r¡€ry often
eouÌpared- These studíes have been carried out by rnany worke*s (t&2, |1,o

50' 64^95),

Pauling (l*2) sumrnarizes spectroseopie evid,ence shor.¡-ing that the
bond in sa}lcyla-ldehlde is strong ancl eonpares it r¿,ith the irydrogen bond.

i'n srthoehS-orophenol' Tn carbon tetraehf-oride solution the 1atter mole-
eules are pr€sent j¡r both the eis and trans configuratio¡rs of the hydroxyl
grÔìrp Lrit'h respeet to the ehlori-ne substftuent" The els forrn outnurnbers

the trans because of the stabilizi::g ånfruenee of the weak intrayrolecul"ar
OHoo""cl interactiono In salicylaldeh¡nce only the eis eonfj.guration is
presenù.
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The c = o bond stretchi¡g frequeney Yao fu the infrared deereases
-lfrom L?09 **-t i* benzaldeh¡nce to J:669 o*-1 io sa1ícylaldehyde (in carbon

tetraehloride sorutíon) (70) aue to the formation of the intramolecular
bondu si:nilarry the oH stretehing frequency )-6* deereasos from 3611 em-I
irr phenol (mononer) (66, ?4,90) to l1J0 cm-I tn salicyrardehyde (?0, B0)"
The foo rrequeneies are approxi¡rate since thepe band.s are very broad.
However" there is some d5-sagreenent over the \, frequency 1n sallcylal_
dehyde (3255 *,-1 irr carbor¡ tetrachloride) (g0),

The pom.r. shift of the phenolic proton 1n the latter moleeuì-e,

due to the deshieLdÍng effect of the C = 0 groupe occì.æs at very 1ow field _

approximately 10"p popoÍlø to low field of IMS (a1so in earbon tetraehloride)
(80, 8?)o As r're}Io substituted phenols capabre of forming strong intra-
moleeular hydrogen bonds rnay exhibit a long-fange eouplÍng between the
h¡nlroryl end one rÍng prot on (9Lv and roferenees theref_n) " ?he hyd.rogen

bond is requi-:red i-n ord.er to red.uee the rate of j:rte¡yroleeular proton
exchange (9&) tut mainly to hold the proton in the eorrcct sterÍe con-
figuration slnce the long-re*lge hydroxyl spi:r eouprings are stereospeeåfle
and follor"¡ the ristraightest r'Lg-zag pathlr (96¡" The same stereospecifleåty
is observed in the long-3¿v¡6le ald.ehyde eoupl-ings i.n substítuted.benzalde-
hydes (79r 93, 96, 92)' r:1 salieylardeh¡nleo with the -cHO group in the
I-posi-tion, the -cifO proton eouplos to the ring proton in the l-pssition,
whereas the -0H proton couples r,rith the ring prot,on in the ll-position,
These stereospecifie long-rapge couplings öceur over five bonds and are
positíve (93, 9Lþ) "

The hydrogen bond in salieyla}dehyd,e (n) is stebiLized by::esonance
structwes of the form (c) and (D) (84), ArL of these fo¡tn a sterically



favourable 6- membereC ríng,
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The +:írfee'i; of the arrro:¡j-ne atoms. en the hycrrogen. bonrì sÈrength
in 3, j=dåchlo:,esa1iey-lalc3eirp-C* wÍll aor.e be eor:slCered, I{agak-una (píJ)
fot'md that' for j:nt'ec%oleci:1ar reacttons of ¡rhenol and orçroe,o Írreta- and
paraehS-orophenoì- rdth nieth.yrl acertate in n;!:.eptane, substitutioe af a
ehl-ori¡e atom for a hydrogen atom inereases the proton-d.onatlng power o_f:

phenor (excopt'i-o¡l - orthoehlorophenol) due to the incluetfve effeet of the
chlorÍne atomn Based o¡r tho aeid dissociation constants of the i.somerie
òhlorosariey'laldehydes i:z i'rateru the i¡trarnoLceular bond nas weakened Least
by ehlorirre substitutfon Í¡¿ the J*position and_ most in the J_posj-tion (gg).
?his r.¡as supported. i:y the It¡ndroxyl proton shifts (gg). Hørever tsyqulst
(B¿e) studied the OIi out, of plane deforsiatÍon fundarnental v6,, *,.a the 0H

st'retchÍng frequency To, fu the infrared of J-chlorosali.eyrardehyde and
salicylal'delÐlcle' Both of these frequencies are related to the strength o.f
the i¡rtramorecurar hydrogen bcncï" Horøever, the yoo varues j$dicate. a
slíght, inerease in this bond strength goierg frora sali-eyJ.aldehyde to 5_
ehlorosaricylaldehyde rvhereas the Ïon r**qo*nei-es indi-cate a snrall deer"ease
(BAt) " These resuLt,s j:rd.ieete that a 5-ehloro-substituent does have an
effpct on the hydrogen bond strength but that, i.t must, he srnar.f_"

Thås is subst+"ntiated by the study of the substituent effeets on
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the intramoleeuf.ar hydrogen bond in 2_h¡nåroxyacetophenone. ïn åhis
rnolecule the hydrogen bond is stronger than in salicylalriehyde as seen
by the J.ow frequeneies Yo, ( ilozl eufL) and yao {1516'o*-1) in earbon
tetraehloride solution (20)' This assr:mes that the decrease i¡ these
stretching frequeneies witb respeet to those observed tn salicylaldehyde
eomesponds to an i¡erease Ín bond strength, possibty due to the eleetron
releasing properties of the mathyl group as compared to a h¡ncrogen atomn

The Uo,' r**q,reney also supports the increased bond strength,(Bk).
Consldeni-ng nor.¡ a substituent effeets yoshida and ifa¡:uta (99, fOO)

find that Ín J-substltuted-z-hydroxyaeetophenonesn the strength of the
hydrogen bond increases r.rith an irrcrease in the electron withdrawing
properties of the substítuent' Hor¡ever the Yo, truq"ency Í.ndÍcates that
the bond str^ength decreases slightly in going to J_chloro*2-h3nl¡o4yaceto_
phenone (8&)"

The strength of the hydrogen bond. has not been deternrined in
dicl'lorosarieylaldehydeo From the above evidence it is d.fffieult to
whether the bond strength rq'ilI Íncrease or decrease relative to that
salieylaldel$rde by the addrtlon of tr*o ehloro substituents, lloweveru

their effeet is expeeted. to be s¡nalI.

3, fntermolecular proton Exchangg

Forsen and Eoffinan (101) have applied the teehnrques of nuer.ear
magnetic double resonance to the study of proton exehange rates in a

mixture of salicylaldehyde and. 2_h¡ntro:qracetophenone (5.652 I ratio) ln
Cs2r eatalyzing the exchange r.rith a trace of acet,ic aeid, The lifetj¡nes
of the protons in these tr.ro molecules are 1I,5j anð. Z"I? seconds res_

QT

say

of
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pÐet,ively" Th-î s !¡as ê.n exploratory stu.dy to test, the prineiples of the
above nrethodn so tlpt, these li"feti:nes are subjeet t,o r*FÕro

Before an jgrtramoleetrlartr-y*bo¡rded proton may exehange røith a síte
on another moleeulen the hydrogen bond must first be broken" ^ageÍn eonsicìer

salicylaldeh¡nce" This rnay oecur by twlsting el-ther the -0H grôupe or the
*cHO groupo or both out of the plane of the beneËne ring" stud.ies of
ber:zald'eþde have reveeled erridenee of a barrier to lnternal rotat,ion about,

t'be C-CHO bond, presurna-brï$ 'because it has partial doubl-e bond eharaeter

(102)' This also support,s evídevree ån favour of a planan 1¡enzaldehyde

nolecule' Anet and ¡'hnåd (102) have detemnlned the free energy of eetivation
J.

A Gr for this hind.ered rotation to be ?.g keaL,fmole (at -lajoc). r,Iarieus

pa.ra-su5*t,itut,ed. benzaldeh¡,rdes havø aLso been studied. (-10A, I03). The

ånternal rotation of the -oH gnoup about *r,he c*o bonci ln phenoJ- is al_so

hLndered beeause of conjugation effeets r^råth the.rj-ng n _eleetro¡rs and the
censequent partial dor¡bl_e bond eharactey of the C_O bond, Evans (104)

has estimated the Z*fold. barrrer t,o roÈation by ínfyared to he 3,4 kcaü
mol-e whereas ¡aierowave data i:tdicates it is j.3 keaLfnore (r05),
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rn t'he study of the l ong*range eaupling eoRst,ant betv¡wen the
phenolle proton and ri-ng proton I{4 (hereaft,er referred te es i{u. } in
J,J*dlchlcrosaLley).aldehyden it was found that by inereasing the temp-

erature of a solution of t.hie eonrpound the magnít,ud.e of the spl i-ttíng
deereased. By increasing the ternperature still furtheru this splitting
eould be elimínated altogethero

slnce the J-ong-range coupring i"s asseeiated rrith the intra_
moreeular hydrogen bond and ro¡ij,l- disappear r,",hen this bond is broken,
temperature studies r*ere therefore eerried out to study this hydrogen

bsnd and assoeiated proton exehange reaetions further, From the datao

proton exchange rate cpnstants and èhermodynanrie aet,ivation parameters

I'zerc obtai-ned."
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.4.. COI,ÍPOUNDS

The eompound 3e5*dlehlorosal ieyLaldehyde r^ras cbt,ained fpom

Frinton Laboratories and was reeryst,aLr-i,øed. fyom benøeyn befors use"

For some co¡tfirmatory expeviment,s it was aLsø røerystalll¿ed. from earbon

tetrachloride and ether, 5-ehlçrosaS.icylaldehyde Lras øbtained. from

East¡nan Organie Chemicals and rn¡as reerystallized twice fron berrzene. T¡e

corapound 3r5*dlbromosaì-ieylaldehyde, fnom Aldrieh Chernleal- Co,o was u€èd

r"rithout further pu::i_fieationo

The solvent.s aeetone" aeetonitrire, benzeneo earbon disulfide,
earbon tetraehlsride, eyelohexane and. methylene chloride were speetro-
quality grade from ],fathesono Colem¿n and Bell" The othey solvents used

r¡rere: bçnze¡e-du and ehL.¡roforrr-d fvom ÞIerck, sharp and. Dohme co. af
Canada Ltd"o hexafluorobe¡:zey:e from pieree Chemieal Co., dimøthylsul_

foxlde from Aldrich Chemieal Coo, arld tetrameþhyLsílane from 1rjuelear

Ì{agnetic Resonenee Specialties" Carhon tetraehloride was pl1nifíed. and

dríed by passing it thro':gh Linde molecular siève 4A r,¡hi.ch was heåted to
þoooc before useo D5-methylsulfoxide was drled over eal"eår:m ¡ycirid.e and.

fr¿ctionally dlstilled at atmospherie pressure. The fraetion takeir

dtstilled. at 189-lg0oC (106). A]-l other sol-,¡ents r,rere used without fur{:hcr
purifl-eation' Several experi:nonts r,.rere ea'eried out in highlSr pu:r1fied

aeetone but these r,¡i-11 be dì scussed in the 'tExperimental Results' ehapter,
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All compounds in sorutíaË were sturÌieci wrth L - z m*Le ft
t'etranetþlsilane (ri'rsi as intarner refeyenee using the prevrously
Ceseri'oed. elperimental preceduyeso All solutioRs r¡ere degassed by the
freeze-pump-thaï' teehnique before the spe*tre î,{Íere obtained,

The ring proton speetnan of 3rJ*diehlorosalieyJ_aìd.ehyde beiongs
t'o the AB syst'em" sinee in most sohvents et room ternperatune prot,on H,
a}'so eoupl'es r'¡ith the phenolie prolonn the tlro resone.neos correspar:d.ing

t* lI, 'r"¡ere split int,o deublets" A d.sublet r,¡as alss obser::¡ed fo:, the
pheneS.ie p*cton resÕnaneè in these sol_vents" However"" it r,¡as alrntays

sl5.ghtly broeda:- than the tr.ro :,ing proton doubleis,

The enalysic of the spectrum ÌÀres s.t,ralghàfç:yvrard* The Long_

rånge eoupS-fu'rg eonstent Jog-ti_ l+as obtained by siniple spaeing i"ules fpor*-'. -B
the ring pr*ton and the pherrolic pz"oton spectna. The rirrg proton eeupli¡g
Ja¡ *d the Ho and i! 'o:roton shifts r^¡ere ebtained by a:r AB an*lysis" The

phenolie and aldehydic proto* shifts r"¡e¿*e obtalned by first, order su,les.

The aldehydie prot,o:r resonance wås a shary sing3_et, The same proeed.ure

vras applied in the analysis sf the speetrurn of JoJ-dibromosalic¿v-Laldehyde"

The moroeule 5-ehlorosarieylardehyde exhibits two J"ong-rang6

coupling eonstantso The aldahydic proton eouples wltlt the ring protair
in the J-pcsition'r"¡:lth a eouprlng JCHO*H"" The phenoric pnotorr eoupres

)
';rith tl:e rång proton in the 4-position, e,s in 3uÞdiehrorosaÌ-ieylaldehyde,
'r¡¡ith a eouplir:g icj{_H', The magnit'¿d.es of these tr+o long-rång€ eouplingsn
s'ç -'re11 as the phencllc end aldehydi-c prct+n shífts ""së1.e d.etemrined by
fårst' ovder rüles" The ring protor: eouplings e,nc shåfts î{ere cbt**in*d b;".

an åBC analysis*



The H¡ pfoton shift oî 3uJ-dicÌrì-orosaS-icylatdehycte in raost

solvents occrmed tu low field of the Ho Froton shj-ft, Ho,,.¡ever in
c6F5 the tr'¡o doubrets eovrËspondi-ng to proton fo a,ecu*ed to high

field, The quest'ion arose: i"s thls a soLvent shift cr doesfhe zig*
zag long-rangë coupli:rg eonstant rule break down i:r this sclvent and is
a eounlinn ,i^-- ,H, present? This problem r,ras resolved by studying theUH--?

spectra of 3oJ-dichlorosa).icylardehyde j,' csz - c6F6 sorutionso As

wello speetra of this compou:rd ¡¡eye studied ln CSZ _ Aeetone solutions"

AtI spectPe llere reeorded. and ealibrated at leest four tirnes"

The shífts are :'eported r"¡i-th an areuraey of t 0"005 pÞyn" Severa.L phene*

lie preton shifts ldel:ê exeept.ions ¡rhe-ee these resôas.nûes wëre verxr broac
and henee the shift,s .r.rere ha:=ier tcr rrieas.rr_re" Thess ese indieated. in
the experimentei datao The errors 1n the eoupling eonstants are stan_

dai'd d,evietÍons from ilre Íûtsåïlo

Temperatuse studie s an 3 oJ*di-chlorcsaLiey..t aldehyde eo..åeÐiqnç.

wefe also easried out. Trrese ¡riLl- norn¡ bs eonsi-c.eredo ilhen ilre temp-

erature of the benzer:e - d6 solution was ¡aised above roorn temperature,

the magnitude of the long-rånge ceupl_ing decreEsed..¿ntil at the eoales*

cenre temperature the two doubrets eorrespondfng to proton H, eolJ-apsed

into two broadened singlet,s, As the ternporatu:"ú .r¡ras yaised above the

eoal-escenee peint 't,Ì:.ese ¡¡eaks beearûe sharper until- finally they r,rere

nearly identieal in height, and. r¡idth at helf heigbt wlil.i the peaks eor_

responding to pnoten Hr' The J¿¿¿ur protern and the eorresponding re-
sonances r+ere not a-ffeeted by the temperature" Henee this was an ideal

q,-stem for studylng proten chemieal oxchange rea.etion yates by means of
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Ëqu.ation (3-5f-), i,rhich aÞ.r:lies above Èhe cea]-escenee terçerature. By
a.npl¡ãng tiris equetíon to the oxperj¡nent*,} datan tho first arder rate
eonstant k for proton exehange is easüy obtained, The reratlve peak
heights r/ro are straight,fozr,¡ard to measure sinee the exeh¿nging and

the non-exehangi-ng proton resrllenees are elose together i¡ the speetrum,
?, at' every ternperature 1s obtained in the absenee of exchange fr.om the
l-j-ne r,¡j-dths at haLf height Ay *, ef the HO proton peaksu

The experimental proeed,ure was ss fol.lows" severar soluti-ons
of 3nJ*diehlorosalicylaid-ehyde at different coneent,rations in benzene-d6
''rere prepared l+ith 1}fs as intevnal referer:ee and ¡.r¡ere then degassedu Eaeh
sai4ple -v'ias Tsarmed in an oil bath to about LZT-\1¡A}C to eheck i,¡hethe: the
tubes eoulcl r^rithstand. the add.ed prrssureo The proton speetre wene then
det'erqrined every 2 a:c 3 d.egrees untir the eoareseeriee ternperature .,,reË

neached' At' least an hour r,¡as allowed for the solution to eo¡ue to equil*
ibrir::n at eaeh teinperature before the speetr* *rer€ recorded, Longee
equilibration times lrad no effeet,

Above the eoalescenee tenrperature a systernatie analysis of the
speet,ra r,ras earri-ed out every J to 10 d.egrees, The resoltuion was alrrrays

at an opt'mwn a:rd was checked by the á.ppeåraneo of the r!-ng proton Ho

peakso or the aldehSrdie proton peako satu-ration effects r-¡ere alr"rays eheeked

for and elimin¿ted b3r 6þsçrrring the speetra at low r.f, i-ntensities" Ali
spectra I'rere reÇorded lith the same s.rùeep timos" Hor"rcver, confi:raatory
erperitrients -t¡Iere earried' out r'rith different s're€p tj.rnes to eheek for slow
pa$såge conditions"

Ât l_easi, I raeasurçments of the relat,i.rre hetght" 1/ïo were oL¡Èai:ted,
truo from eaeh calibration of the spoetnun at eaeh temperatureu Tho base
l ine of eaeh speetru'n r'ra.s extended after the resonances .Ì¡Iere recorded. and.
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peek height msasuïements were determined r+ith respeet t,o 1t wåth a
ru.ler" The peak widths et, Ìrarf height e*Ì.respÐrldlng tc the nan_exehang_

ì.ng proton HO r+ore detemrined. et eac]î tempereture" At least B maaeure-

mente rr¡ere a1u,'ays obtaånedo ?he er::ors quoted for the rerative heights
and peak wldths at half height eorr'@spond t,o standard devi¿t,loyrs fron
the mean" Alt the sslutions ,¡ere studj.ed in the above marujero

Befone k ean be eareurated fron equation (3 - j1), the nag_

;:H: ï,:ï::ï.:J:lî" ;:;*;:ï:j';ï,:" äï::;î:
the lowest possi'ble temperatureu 9u3ocn '"rhene exehange effeets are expeebed

t,o be nearly uero6 Studies at, ¿ 'l-6r¡sr telnp*natuee j"n bepaens*C. could not
be eaffiled out' due to the poor rescSutien at, temparatires near t,he freezlng
point of benøene. Speetra above 110ÛC were aleo hard to obtafn due te
the bu:uping of the sorution absve t,he b.enzene boirång point"

À11 t'øraperatures were determineci. befoz.e end after eaeh eel-
ibratlon usÍng- an ethylene glyeol or a methanol sanpLe and a ealibration
graph of lnternal shift versus tenperatureu This rrres prepaned by Varian
Assoelatesu P'a1o Alto, Caltfsr¡riao The temperaturm ne\¡er ehanged. by more

than one degroe from the beginnång of the spreetrar earibrat,i.ons unt* the
snd' Thls earrespond.s t,o e t,j.me intervel of aber:t, two to three hours j.n
whieh tempønatrÞe equitibration vras sttainedu resolrrt,ion adJusted, a

saturation eheak earriec out, and. eÈ least, four ri.ng proton, p¡enotrie and

aldehydie -prr:ton eal-Lbratio¡zs earríed out. The preeisi.en å¡: rneasur5-ng

the ternperatuye is esÈímated at +0.5ÐC"

The re'te eonstants for proton exahange eeur-d not be detemiined
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by s'tuciyr::g the phen*}je p?óto:,* dcubl-et" Thes* peaks '.,.ere a.1_r,iays

siighttr-y b::cacier at rcom temperature than the coruesponding H, Þrertan
d*uirlets" As t,he terrpeeatus'e 1,fe.s iesreased they eorra¡:s*d. and fu-rther
broadened. Henee several Frócesses are thaught tc affeet ilre phenolie
croton r-esrnance line r,¡-idths" Th.e aI-dehydåe prot,*n 1.rsonånÉes e*etre

å,}','råys sharp and theee line ¡rrdths at har f Þ,ei6ht weye temperati.z:.e

Ì-i:dependent, o

The :"*te eonstaitt k for proton exehange r.¡as eaLe¿1*te.i fcr
al"L tha ssLut,Íons usitrg eqr:etÍ-on (3 _ 5l), Sj_i.¡ee tlie rat,es *henge,orith
*h* e*neent'r¿tion cf 3uJ-'cÍ-ehì-cr*sar-ieyialdehydeu an i::,eemroleeuSar

exehange proeess ¡nus¿ take pl"aee and. tite eetu¿l k*"*he.r:g* r,tagnàÈudes

¿r* tl'ri*e the mearured k' The least sr.rÐ.;:e* anallns3s of il.ie d¿ta ç+;.e

eeryiod out' oil tl:i* rBÌ'Í-360 eor,iputer at the gy111r-srsity êf äËnÌtrbå. The

regressioir ø'naþsis p Õgraril wes obtel"ned fy,on E"To våïr der liour¿¿e, .{s
we]-}, s*"rçraI af these analys*s were e*.:*vied- eut on a desk ealeu*1a.Ler"

c. rryqBAREå l.GÂSuEÐ"fExjTS

The ínfrared. speetra lre*e obteined et reom tempere,ture usi.¡rg

a Pe¡:kln-E}ney 3jT Grating Speetraphotometer." The C€ çtret,ehing fre_
c-tleneies ¡+efe ealiby*.ted oir a L0 i::eh strlF-ehart Hon*yrrell :¡:eeorder r,riilr
eall-bratio¡: bands obtained- from an ind.ene referenec, A ar0z5 ;ii¡,r" **l_r-
'ç"ras ugeC"
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ALI of the prot,on cheraieal shífts determined fn thås sto.rdy are
ån ppm to low fieid of intern¿l TT,is asrd. aLt the aoupl:.ng eonstai:t,s are
in cps"

Thø proton chsmieaS shift,s and eoupling eonstents of JnJ-
diehLorosalley1ardehyde (¿) in various soLrrents are gí-uen in fable 3-ï,
Thu Jon-H* values are the åïre'ilge of the rfu:g pnoton and the phenolie-'-'B
proton splittings. Both eouplÍ_ng constants J* and J^-- __ ar.â

rhe Hu ri.ng-proren ehifr ?ïa5 åss*sn-- iït;kr::ïi:î:*:nu'"
t'o the H4 ning proton shi.ft on the "oaçie of the zig-sag long_¡.¿y1gs erlup-
3"ing ruJ-e ln thase solr¡ents r+here the long-långe coupLing.nas r:bserved"

t{n exeeptipn r^râs c6F6 irr r,¡hiele t'}re 5 prot,on tresoaânee oeeur¡:ed. to high
fieJd. T'h1s was shaûm te aríse fron a eolvent shåft and not frcm a

bne¿kdsv¡:r sf the zig-sa¿g ruJ-e by studying 305-dj.chro:,osalieyS.erdehy-de 1n
C6F6 - CS, sol-ut,isns" fhe proton shlfts ane gÍ_ven in Table 3*fI and

Figuee 3-I frem r,¡hieh it is seen that, ineye.asing .the eorroçrrtration of
c5F6 in solutisn shifts the Ho proton resonånee to Lorr¡ fieldn berow that
of the I{g nroton resorlanceo
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Fostnofes to Teb1e 3*I.

1" A3-1 proton chernj"oal shifts are in ppm to Isr.¡ fíel.d ef intes.nal Tl{S,

2, é,1I" eoupling eoastents ara in epsu

3" Ft*rified as descrlbed under 'rBx-perÍ.ment¿1 MethÕd.srr.

4e Under soh¡ent, pøakn

5" The peaks rnrere bre¿dened but definite spLitt,Í.:ngs ?trere hard. to

ealibrate"

6" Ði-rnethylsulfexide"

V " Not obse:r¡ed"
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reþ¿s J"-rI
Prot'on chemieal shi.fts and couplLng eonstants for 3r5*&1:eúorosalieyl-

aldehyde(l) in C6F6 * CS, solut,ions at 30oc.

Solvent Lo¡¡-field Hi-gh-fie1d
,Conçcsítion proton proton \F(nrolefl c6F) shiæ '"uiil- rcHo Yon i¿n Jou-n*

IJ

o (csz) ?,uguf?) 7ågz 9"806 11"234 ?"52+0.a3 0, jl++0,03

?Q ? "ÍgLß) ?,bzg 9"830 JJ-."3? 2,50+0,dr

&D ? .t+BgG) T J+60 g "g63 !L"z3i z " s9*o "at+ 0, JrrgO,OJ ,

6a ? "4?a ?.1+7 g "g?3 3J"2}9

B0 ?.ttgg 7u+gg gego? 11.249 ÞaFã_

l-00 (cEQ ?"i26 ?.+ra?) g"gq3 JJ,z6+ z*5?+e"a3 0,116+0"03

a*lo Preseni i¡r alJ solutions Ln eoneentratrons ( 5 moLe S"

?" CoupLed to the phenolie protono

3" Coupllng to phenolic proton d,å.ffieuj-t to resoh¡e"



Figure J-l

The ring proton ehenical shifts of 315*dichlorosa-

lieylaldehyde in C6F6 - CS, scì-ut,ions et 3OoC as a.

funet,lcn of solvent compcsit,ion, The shifts are in

ppm to lorr field of internal Tl'{S" The x i::dicates

the ior,¡-field proton shift i'rhereas the 0 indj-eates

the high*field. proton shift"
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vlhen the preli:ni-:eary experirnents in this study rrere earried

oütn a J mole f solut,lon of JnJ-di-chrorosalieylaldehyde i:r eeetor,e

was prel)aredo Both were used as obtained corîmercíql]-y r^¡ithout special

purifieati-on procedures" The acetonÉ 
'¡ras 

speetroquality grade, The

solution was degassed r^rith TI'Ís es an internar referenceo

When the p"m.rn speetrtrfl of thls solution ¡¡as obtafu:edu the

two high-field ri:eg proton lines of the ÀB spectrr.ri"n were considerably

broader than the two lorn¡-field Iånes" Thi.s mggested that the high_

field rfng proton eouples u'ith the phenolic proton" Therefore the aeetone

:Ï:; "; :ï]*-ï,";"ï: ïï""::ï::""J3ïîr..ïï':::
a temperature range from -?,3oC to +6"5oC and the ringo phenolie and

aldehydie proton shifts r*e¡e determined" The eoaleseenee temperature r{s.s

approxi:nately 29oC" å.bove this temperature the relatirre he.!-ghts t/Io
were mêafltt'ed togethor rn¡lth the line wi-dths at half height of the lornr-

fietrd AB d"oublet. The proton chemleal exehange rate eoÌrstants were eal-
culated using equation (3 - 5I).

A complete study of 3rJ-diehlorosallcylaldehyde j¡ aeetone solutions
was then plannod" several solutionE r,rere pre¡:aredo Hot¡rever the 1orrg-

range eoupli:rg bet¡¡een the ring proton and the phenolie proton eoul-d never

agai-n be obserr¡edo I'lany ex¡periments v,rrere trled. fhe compound rvas used.

r'úthout further pu::ifieat'1on, after being reerjrstallized frorrr CCl4o from

Ecetone or from ethero Another sarnple of this eompound v¡as obtai-6ed from

Frinton Laboratories and tried. Acetone luas pWified i_r¡ Ìnâny T¡rays" ft
was refh:xed for ser¡era] hours i,rith IOInQ4o then consecutively distilled,
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dried ovey CaCl, and redistilled" ft r,¡as kept ove:, ai_r¡nlna" Acetsne
fvcm severel rnanufactuvel"s "oras tried" ,A.fter 't-hese prryifieatior¡ prçeessçs

liere cåpried cutu rnany solutions ¡¡ete prepared, rnany in a d::y box and

aÌl t¡ere cegasseciu Tho vaeuwn line was fLarned oui, i:efore eaeh nreparation.
Sol-utions were trj.ecÌ r,rith end r,rithout j¡¡le¡çal 

TT,ÍS.

Scl'¡t'i-on prepal''ations r^rev"e eiso eareied rrut *n the vå.euu-lil line"
The eompnunc was reerystarij-zed frern eeetoneu piaeed in arì nomø:?o ,cribeu

attaehed to the vaßurlïr 1íne, wan'ned slightly and. degassed" .4.eetone,

pu:cified l:y t'ho K'{rÀCI¿s Froresse r,¡es pr-aced over caH2r degassed an the
vaeuu/n line and \Æ.euu*t1l dist,il"led into thc ïløïïtopo tu.be" ¡Fy.s*cpeetír¡e of
t'he eondítians '*nder r+hich the sol"ut,ions i"-ere preparedn the ring proton
spect,rwn ali^iays consici:ed of a s¡irn-metrieal AB c*uertet, r^ri+-h no evJdanee of
a }:ng-range eouplingu evan at -I5cC"

Finallyo B' Richerdstn prepaxed a j rnoie ./, *o]-ut,ion as he no:mal,ì-y
i¡'"culc fnr obtaini-ng a:ì ïlsrnors spe*trurnu rr¡j-th the seme lesìút" conseo^uentJ,5r

no f'¿rt'hcr tertper:ature studies were earried out oR e*çåene solutions,
One inLerestång ¡'es.rJ-t emerged. fron t}'ris study hÕi¡reve3'e whteir

shc¡wed that in aÇetonen as i¡r C6F5t the HU ring proton shift ís tc hi.gh

field 'unth respect to the Hu prcton shift. This was eenfinned Ï:y studying
tlie spectra of 3r5-diehlo::osalieyl-aldehyde in r.s*t,on+ -cs, so-l.utions" The

results, i'n Ta"ble 3-rrl and Fi-gul"e J^Zu shor¡ the aeetene sojvqrt shift on

the I{o proton" The phenolie proton resonanc€ '¡iås very broad ( ..- J0 eps

at hal'f heíght) in solut,rons with 1or,,, aeet.one eon*entrations and beeans

sharper as the s.eetone ecncontreti-on ånc¡çased" Tha rces*n í*:r this is
not hqoi,rr]"



1Qf?

r-Ltr ^ å TÌrL¿y_Le )6LLJ-

Proton ehemieai shifts anC eoupJ_ing eonstants for
JuJ-dichlorosalicylaldehyde (n) in /"cetone _Cg"

CÒne n

{mole
A"
lc/

sr:1'r¡t,ion at

SoLvent
composXtion

joÕc,

Lorr¡*fj-eld
proton
shift

High-Í5.eld
prot,on
shiftmoLe ,k aeet,one V.ro J¿,YoH

<5

<5

<5

<5

5

5

)
É,

0 (cs^)

o
O

tu

l¡n

8ù

iû0

?"11.gÞ(\)

7"¿iBB

? "5Õ6

7,5tr5

7,588

7.678

7 "737

7 "779

7"807

7 "392

7,1+65

o lcQo
f o{i-U /

7 "þga

7 "5L4

7.563

IaaL/

7 "668

fofUÕ

YoÕUÕ

g"B3g

9"856

g.B6L

9.?QL

9"953

9"g}g

10"0Ló

30,CI3¿i

2,52+Q"aj

2,50

2tr1Lø )L

aø ))

7"53

aø ))

D EÉ

¿ø) l

Ii.23&,l'$'05

tr3-,2û É0,Ð5

L1"2O gû"ûJ

LL,23 t0,03

W,27 å0"t3

11"30,+.0"01

2L"33 90"0T-

Ll-"347+Q "tO5

]'L"363+Q"Ðû5

1* Coup}"ed to the phenolie protcn
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The ring protai: chemieal shifts of 3rJ-diehlorosalicylal*

dehyd.e i-n Aeetane - CS2 soiutions at lOÔC as a function ef

ser'lvent composition, The shífts a?e i* ppn to Low field of

internal TlfS" The x indieeÈes the lor,¡-fiold protor¡ shj-ft

i.rhez"eas the a indíca*,es the high-fielcì proton shift "
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fn Tabl-e 3-t the Hu rlng prcton shift in Di{SO was assigneci to
higher field than the H4 pno'ron shift, in analogy with the aeetone

speetrum.

Thø assignment of the H, Froton !.esonanee to lol¡ field r,¡itÞ¿

respeet to the HO Proton resonance in most solvents is support,ed. by other
evidenee* The noreeule 3oJ-dibronosalieylaldehyde was studied in csa

(taule 3-IV)" rf the H, proton resonanee oceurs at lor^r field in the

diehloro eompoundç it should oceur at even lower fiel-d in the dibromo

eornpound relatj-ve to the Ho proton pesonanee" Á.nd ít does" The intennal
shift is 0"213 ppm whereas in the diehloro compound it is 0,102 ppm" This
is in agreement with the larger ortho Q effeet of the bromine atorn as

eompared with the ehlorine atom (10f).

Conel-usive er¡idenee for the above proton assi-gnment eomes from

a study of 5-chlorosalicylal.dehyde in CUD6 slnce the replaeement of a

ehl'orine at,on by a h3nCrogen atom in the aromatie nueleus should have lttt1e
effect on the Hu Proton shift" This is based on the nearly equal ortho

A effect of these two atoms (1oZ)" Arso an ü:requivoeal assignment of
the pom.ro spaetrum of this molecule may be nrade sånee J ring protons are

present and the I ring pnoton coupling eonstants are al1 different. The

speetrun is given in Figure i-3 fron whlch it 1s seen that the Hu proton
resonance oeeu'rs to lov¡est field and exhiblts the long-range eoupling r.rith
the phenolic proton. The aldehydic proton couples according to the zig_
zag rule with the Ha rlns protono

Deeouptr-ing experiments r¿ere earnied out on both the phenolie and

the aldehyrlie protons to confirm the assÍ-grment of the J_ong_ra¡ge eoupling

eonst'ants" The ABC analysis raas camled out on the decoupled spectra,
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rable 2-IJ
Proton ehemlc¿l shlfts and ceupling constants for
JrJ-df-bromosalíeylald.ehyde ln CSg (J nole /") aZ 30oC"

lË ãi 7 "??8 pw,

lÃ

yc

= 2"56j pw"

= 9"757 pplrrt"

åo .A,t 3Oþc"

YA ( Y6) = 6"674 ppn"

YB ( \t+) = 6"866 ppm,

% ( Y3) = 6*507 ppa.

)[¡ro = 8.931 pr¡h"

%t = ll"Û94' PPm'

tot-rb = o"it'fl4oosJ ¿ps"

Jon = 2,jfu0"@ eps"!tD
ï{CI

Vo,, = ll"JJI PPn',"

labLe 3-i{

Protocl ehemiear shrft,s and eouplíng eonstants fon þ
ehlsyosalíeylaldehyde tn C5D5 {5 mo1e. Ø)"

J¿n = 2"67Ëß.03 eps"

Jgc s B,p3.g0"g] eps.

J¿C 5 Oç4f10.0J cps,

Jnur-u = oo4ó+o.oL cps'
vt¿cit

B
Jctto-lta = o"6llo'ol- eps'

The sum of equared derråations 1n tntensitles betv,neen eal-eulated

and obseplrød rlng proton â.BC speetra = 0*019g

bn Al g|ec"

Yrro = p-ltr'l p¡:m' *JcH'-Hc = 0"6Iü+0o0â cps

îhe sp3.3-tting due to JOH-Ï', l:aç neapJ.y då.sap¡:earød"

* .{,lso observed at U5oc"



Fisuqe J:3

The proton nragnetie resÐnånee spectrum ef

a J netro fi solution of $-ehlorasalj"eylalde-

hyder in C6;D5 a-'L 30-C"
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1a"

Tabre 3-v gives the proton ehemiear- shifts and coupríng eonstents for
this nro]eeu].eo

Onee'che prot,on assignments of l, J-df-ehloresarieylaldehyde r.rere

ecmpleteo tempe::ature studies !,¡ere caï.Fied out on soluti"ons of this mole-
eule" st'udies of the csz? c6\p anð. cclu so3.ut,j-ons shrlhred that the ex-
ehange rates rvere suffieiently sLo'i., lrr these soh,nents so tliat a eompiete
coaleseenee of the sp3-ittings arising frorir the e

ba observed, even ar rernperatures or r\., 1r.ooc""î:ä:tÏ;3r."Ïl 
"-t

exehange rates were suffieiently rapid. so that the eoelessðnee temperature
was weLl below the beiling peÍ-nt, of the solvent and a suffieientry J_arge

t'ernperature range nras available over r¡hieh the reSative he5-ght, 1/ro eould
'be neasured" Thersfore there is a solvønt effeet en proton .exehange retes.

The pnoton riagnetf e $e6ona.nee rpeeta*um of a J mcle S solutlon
af 3,J-diehlorosai.leylaldehyde in c5D, at magnet temperatures (]0oc) is
giuen 5"n Figure J-Þ" The resurt,s of t,he temperature studiea. of c6D6

solutions are tabuLated in Tables 3_ift to 3_Xf, The wld.ths at hral-f height,

AY + of ihe peaks eoro,e*rendfng to the non-exohanging proton (Hn) are
1¡? epso The h@åghts (r) of the .exeh*ngi.ng pioton (Hr) peat<s r,råth respeet
to the heights (r*) or the non*exchanging proton peaks are absol-ut,e numbers"

The :ræsults of a tenrperature study of a saturet,ed solut,ion of
]'i-dj-ehLonosalieyS-ardehyde in cc14 ( ( 5 more oó) u* glven in Tabie 3*xrrÐ
even though proton exehange studies eouLd not be earried out en this sor.u-
tion" Thj"s sa:lutioa v¡as also studied 'øith eyelohexa¡ae instead af TMS &,s an

i^nternel referenee but this data is rnat included j.n Tahtre j_XïL This enabled
temperatures of ,tt' \zoÐc to be r*raehed but the rate of proton exehange r+ae

stilL to slow te be rneasured,



r.reufe 3_*

The proton magnetic reson&nee spoetrun of

a J mole S solutlon of JnJ*dLehLorosalicyJ.al-

dehyde 1n C6D6 at 3ÛÐC'
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The iresults ef t"¡le i-nfrared studias alre as folLor.iso Th€

c=û etretehing frequen*y cf e saturated ( ( J nehe (,) scLutåon sf 3,
j*d.iehlorosalieyS-aldeh3rde in CClr, fs \6?2+ j" *'t r,ir"nqr selutions of4/

thi-s e+np*und were prepa,red it1 CóD6 fa:r *vlao porlaro rneåsuyements, in-
frared speetra of these Ltere also obteined" Fsn fcrl.t. so].ut,ions (0.25,

zo\u 5,0 and 1"0@0 or,øLe $) u the c=0 stretehlng ,frequeneies al-L ranged.

betr,¡een 1670 and l-6?1 em-l. Hence a 4O - fold, change in seiute eon-

sentrat,ion hed ïrr iÌr*asütreable effeet on the CsÐ stretehing frequeney"
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using the I/Io and oYå values gir¡en in Tebles 3_vrr to
3-xru the pseudo-first, order rate constants for prot,on ehemi-eal ex-

change, dcfi:red by equation (J - 5o)s wêr€ ealer:-latad using eqi:et,ions

(3 - 51)' (3 - 5?) and, (3 - 5Ð for crD6 solutions of 3,5-diehlorosar.iey-
J-aldehydeo The trrre rates for proton chernical exehange tr,ere obt¿ined by

nultiplrtrrg the measuved, rates by + faetar of 2, as deflned by equation
(3 - l+9j. The r.elaxation time T, for the protons i.:n the absence of
exehange was ealculated from the 4)/ g vå.ru.es uslng equation (3 * w¡"
The nragni.tude o:f t'r*q used i¡r these ca-t_eulatioÍrs t¡râs +0"6I ëps, ob*

tai¡led for the I mole / solut,ion at 9,3oC r,¡hene alL sxehange effocts ane

expected to be småLL' This r¡a-l-ue was arso gbtai¡ed for the z,J ma]*e 6rt

solution at 8u5oC" Th.e results of these ea].euLations a,re tabulated i.¡
Tables 3*XIff to 3-X1ÆI. Tn order tlrat, the actir¡ation panarnetens rrray be

ealeulated for the proton exehange proeessu a linear relatlonshlp r,ras

aseumed betr^¡een log k and 1/r as gírren by a trineer regression {least
scuares) analysiso These resul-ts are also given ln the above TabLes,

A regresslon analysi.s T¡as earni-ed out by standad etat,i,çtieaL

¡rnocedw'es (108" L09)' the pnesenee of a li¡ser relatlonsh-ip betr+een 1og

k and 1/r is evident fren the magnitudes of the nultipLe eorreletLoïl co*

effieients" .A t¡¡pieal graph of log k versus X/f i.s gívøn irr Ff.gure

3*5 for tiÊ 7"5 mol:a S solution.

À"

q 
" 
q*iìrrffi 

ûnOS ¡ i,r gn,Á J,nÐJrynF JN C6Ðó {otUTIgt\T.s
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Tab]e l*XlIl
Proton ehemieel exehange rate esnstants for the 7,5 maLe d,L

C6D6 so1ut1on,

.'1 "r

r(or) fr x ro3 (or-1) k =èzrr(seci-) (2 î) (seco) log k (seeîr)

:,ï]."!+o"J 3"108+0"00J z"ig (z.oo)(1) 0"41.9 (0"50o) aô?B (0"301)

332"2 3.010 5"65 U+"6ì O'1?7 {.A"zLì O'?52 (Ð'668)

3l+6,7 2"88+ 14.3 (11.ó) 0"02s (0,09t) i-,15i (l"eLrt)

352"5 2,837 14.7 (10.r ) Õ,068 (0.0gg) L,L6? (t"û04)

359"7 2"780 2L"7 (L5,2) 0"0þ6 (0'066) L'336 {1,182)

36!+"9 2"?4A 3?,a (22"?) O,O2? (0,044) L"568 (r"356)

(f) The values i.n parentheses are díseussed in the text,

Resul-ts gf tile linear regressÍ-on analysis of the d.ata:

logk =:3"91x10' +9"?6æ
T

i'fultip1e eerreletion coeffieient = 0"990

Stand¿rd errop of the estimate (ån log k) = 0"061

St¿nda:.d error in the slcpe = 0,19 x lO3
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lþble-3--IJv

Proton ehemieai exehange rate eonste.lr*r,s for the ?"_5 maLe fi
C5D6 solutlon*

^1Orz \¿ \ l!.i fi x ro3 {or-i) k =.1_. . 1s*eî1) (zT ) (see,) roe k (eeeil)*(27" 
)

347,5

356"5

368.2

3?8'o

3Bg"z

2.878

2"8A5

2"7L6

2,6t+6

Lø)oY

L"77

z"9g

4"25

ryÉ,, ol2

Q?""t3

A"56.)
Ô,33,

U

0,23.)
0"13a

0"L2
o

0"z¿t8

a.t+f4

Q,629

0"876

ô"9?z

* 4"983

= CI,059

= 8*24 x Lo3

Resul-tç of tho linear Ì:egressiön anatr-ysis ef the data:
'to,' t¿ = +-2S q3û: + 6"Tt+-sh ¡t 

T

l'lu-f*,ip3.e eorrelati_on eoeffteient

Standard erpor of the estimete (Ín log k)

Standan{ error in the elope



?nË

Prot,on ehemicaL exchango

C6D5 solution"

lgble 3-XV

r¿te eorrstartts fos the 5,9 noLe f"

r(ax) $ * ro3 (nr-t) k =(åî r(seeãI) 
Qr) (seeo) loe ic (secîl)

31r.1'B

))v"v

39+"7

?41 .)

369"7

379"5

w"g

Results

2"926

2.857

e.819

2,769

?"705

2"635

?,598

1tr_. lll.

2.3g

3"J-3

4"6?

L0"1

13,?

1ã*f to

9.65q

0"t+19

o"3rg

f\ 91
t+

0"og^

6"0?3

0"059

of the deta¡

Loe k)

a"gg3

0"052

0ol8 x

0"LBB

Ð,379

t,496

0"669

1.00¿r

r"L37

r"?-3A

of the linean regressíon analysis
ãrogk=.3u34xIO)+9"91+

tiultiple eorrelatlon cseffieie¡rt

Star¡dard. arsop of the esiimate (3.:r

Standard exârsp i-n the slope LA'
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Taþle. 3*xv-¡

Proton ehemieal exehange rate eonstants for thc 6"0 u'ale /o

C'D, solution.Ðo

r(or) x i.o3 (or-1) k - I çseeî}) (?T)"(see") los lc (seeîl)'(27 )
1r

326,8

33t"9

335"2

3ttQ.7

348"9

355,7

364"7

368"4

3"060

3"013

?,993

2,935

2"869

2.8}}

2"742

2,?!Ll

2"I?.

2"95

3"t+(,

6.62

9"62

l..z"4

¡5"4

22"?

o"472

g_33g

0,28g

0.151

0.tr04

0"081

0"06 -

0,044

Q"326

0,471

4"539

a"82l.

0.993

1.093

1.188

L"J'b

Rosults of the l-inear regressíon analysts of the data:

J-og k = -2'86. x 103 + g.Lz
T

l{u}tiple eorrelation eoeffiel.ent

Standerd eyror of the estixate (1n 1og k)

Standard efror iyi the slope

Ð,986

a"067

û'20 x L0'
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Ta_t¡åe_J--IVI.I

Prat,cn ehemi-eel exehengø rate eonsterrtç fop the L0,0

mal.æ lo CrDz so]-ut-ion"' oo

?(*K) $ o ro3qon-l¡ k =(#)(s*oã1) (?1 ) (seeu) loe t< {seeîl)

3LB"z 3"L43 I,96 o"5ro o,zg?

3?.9"5 3.t35 Lþ"AZ g"Z4g g"óC¿f

338"û ?"959 6.aL 6"I6i a"Tgj

357"9 2"791þ 14"? o,G6g L"f:67

367"9 2.?18 3?.3 O'031 T"5tg

Re'suits of t'he iinear negressitn analysås of the data:

lcrg k = -2.12 I: \A1 + 8"86
?

I'fult,iple eo*seLatlo¡l eoeffåelent * A,995

StandayC GrrÐr of the estf*mete (ån J-og k) = A,A5?

Standard errÕr tn the sêÞpe = û,16 x lO3



Fieqre J:5
-1.

A ptet of }og k (see"--) versus (absolute
'ì

temperature)-* for a ?"5 mo1:e f, solution of

j 
" 
J*aichlorosalieyleldehyde in C606"
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The aet,ivation energies for the exahang€ prûress€$ r¡Tere

obtained from t'he Arrheni.us eeuåtion {3 - 5e) by multiplying tire s}-opes

of tlre ealculated linear relatj-cnships by 2,3Ð R" The int,ereept,s

eÕrrespond to log A, rruirewa A is tlte freq,aeney faetor, The A HÉ, A G#
I

ånd A SF vslues were determined at BOÕC (353"2aK) by means of equations

ß - 5Ð" (3 * J8) and (3 - 59) respeetively and are tabulated in Tab1e

3-XUIII' At BOoC a maasurable exehange proe@ss Õceurs ln al-I sotr-utions"

henee this ternperature was ehosen for evaluating the aet,ivation paz.ameters,

The eyrcrs in the aetivation parameters Ìrele obtained in two

r"råjrsø The finst Îras & statisti-eal approaeh *nd l:oth etanCard errors and

)t/, aonfirdence lj¡ritc in the eeLeul"ated aet,*¡atioR paranieteys r+ere ob-

tained, Theçe are included in Tab].e 3-XWII where the Latter vatrues are

in braekets"

The estjmation of the error in 
^, 

E and a Hl is based on the

stand.erd eyror i.n ealeuiating the slope of the strai.ght linen The ernor
¿

in Açr i-s a frrnetion of the standavd ernor of the estimate ln iog k.

T]:e uncertainty ln ,A E and. an# is so much larger then in ac# sinee

the former depend on the range over rr¡hteh the temperatupe measu.rements

are obtainedn The great,er the range the more aeeurateiy the slope of the
t

straight line may be detemined, The l\ Gr magnLtudes åpe detorminod rxith

a mueh higher preeisi^on si-nee they are a funet,j-on of trog t/k (equatlon

{3 - 58)) ' Beeause of t,his logarithnrie velat,ionshi.pu ån err'Õr in the

t,emperatur"e of tZuK has a negligible effect on the rnagnitude of 
^ 

GÉ

anC hence t,he snaLl €rror 1n A c# i" due i,o the '¿ncertainty fur measurlng

k" The errore ir¡ d.et,emnining A S# ane the largest, sinee Èhøy depextd on
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the s¿m of the eruors j-n A HÉ an¿ A o*" ïn Tabl-e 3-XlrIrI the eryor

I'fmits of k a¡e obtalned or: thþ basis of the standard error of the es-

t,j¡ate ln leg k.

Âlierhand et al" (I7) nave point,ed out that st,atiet,icaL devLatloas

do not reflect the t,rue errðrs due t,o the presenee of sys+-ematle @rporse

Thsse errops rcere also esnsidored in thj-s stndy.

The errçr tn k arises from the oxperfunental e?ro:'s in the

møasuremeylt of to*%' aYi (Ho) ana r/ro ttttich enter lnto eo"uation

ß * Sl>" Consider ihe V,5 mohe fá seluÈion &s a.n exernpleo The standard.

d.er¡i¿tions froir¿ the rnean values of OYå and t/fu for thj-s soluti.on .åre

gi-ren ín fabl-e 3-X" Then, assr.nníng thet tFre nagnitude of J^,, ,. is i<normufl-fi,
*xaetly, tho affeets on the k values obtained ilsing equet,ion (3 - j1) of

eha¡rglsrg th.e re+-1o f/Io end OY tby anount,s eorpespondi:rg t,o the stand-

azd devlations were eonsidered" It was found titet the gre*test dewiatíon

1n k oceurred when the ratto I/I" was mad.e smal].ee by an a:nount eoryesponding

to the standard deviation from the meen and. the Oy å va.lr¡es rrrere ntadc

larger al.so by an amount eorresponding to the standard deviat,lon. Usi_ng

these error llmits of r/ro and oY å, a ner.r set of k values'-rrene eal-

eulated at eaeh temper+tur*e r.rslng equation (: - ¡r). For exarnple, at t+g"5oc

values of o"43 and 0"30 eps were used for T/In and OY å respectively"

These k values are given in Table 3-XIIï i-n braeket,s and eorrespond to the

maxi-¡m¡n uneertainty in mèasuring k" This u::eer*,alnty j-s lndiceted ir: the

A'rrhenius p}.ot (Fågrrre 3-Ð by the rærtical ll¡te passing through eaeh paÍ-nt,

The r:.neecteånty 5.n the tømperature ( a t = + 0o5oK) is i.ncleated by thæ

horiaontal" Line and the weertainty 1n tlre neåsur&ment ef eaeh point is thus

repreÇented by a rectangJ.e. 1's{o strai-ght lines were drar,¡n røith ¡rexj.ynurn and



minimtun slopes in sueh å. filã.F¡n€p as tø pasË thïough eaeh reetangtre (J8)

¿nd tÏre rnaxi.mum avïap in the slope {henee ir: A E) 'rr*s t}:us ebtelned'

?lae Âprheitius pl-ot 3,:r.dieetes thet the unserËt¿i.r:ty in k and not'¿n t!:e

temperetuse is the deterrnlnång faetor i.n the '¿neertai-nty in neasuring the

slopest

In thås rÉrÆtnør ãr¡. BîFGF øf +LoL keaL",/nole in A E'was deterrirlned*

TÌris error is overesti¡ratsd slnee the msximwt possib3e usreer+,aiirty in k

r¡as used. based on the stendard deniati-ons i-n OY+ and I/In, -ct1lL i.'¿ is

not mucir larger than the SQf" eanftãenee limit estir¡røÈe for tlti-s sel.å'L1o!ã

{1"E ¡¿*o1"/mole) l:ased on stat:!.sti.eaL ealeu].etlôrrso The sama eoneL'*sion

r¡vas antsil,red at far the other salutíons' TÌ¡erefore onJ-y stat,i-d¿i-eal errore

ane tabulat,ed ln Table 3-XWII and the jÇf, eonfidenee l-iml-t s 1n A B inay

b* tr*ated as 'rnaxi¡num €Ftrð?so

Systernø"tie srroys ntgy erise fram other sôurees" Tlre first. j"s

Èhe eiroi+* pf the rnagntt';de of J^,, ,, j-n "l,he eonptrete abseþee af exehairge
UH*tiR

*ffeets' Tþre "¡alue used àn this study (0,61 eps) was obtai¡ed. in bsth tÏ:cE

l- end ?oJ mø3.ø fi solutions s.t temperatures just, above the f¡eeeing poi-nt

ef benzene v¡hen exehange effeets ape expeeted to be saal-l-* If this value

is in erpçr' the true rnagnitude eeuld only bo langer" Caleul-ati-ons r"rere

*arried out by inereasing Joi+*l+ by +0.06 epso The k vaiues inereased-" -B

slightly at eaeh temperatu¡"e and the new straÌ-ghÈ line r-¡as nøerly paralJ"*T-

t,e the origireetr" The e<¡rreeted A, E rr"alue r.¡as *¡eLL l¡åthln t}æ previously

detennlned evrçt' iimits ol the otsíginal /\ Eu The effeet on a GÉ was

negJ-lgi-b1e due to tþre logarítirmie relationship of l\ G# on k" Bleans

{?4) a}so found tha?* over}ap betr,reen "the ti.¡a reso}xånees and an ineorreet



2L3

s6l"ectl"on of J l,r*re rÌot, F*rtier:l'arly erçortant"

A. systeraa't,ic errop may a:rise from a $nå1"1 lefig_rartge eoupling

betrceen the CHO protÐn a4d ring protons H* and \ and betr,x@e?r the OH ¿nd

HO Þrotenen Dst¡bLe rssônaflee exlreriment.s waye earried out in v¡hleh ¿re

CHO and OH protons wsre iyradiated-¡øl¡iIe the ring pnot,on speetra .were

studied" 4nly æty elight, rægligXble effeet,s $rere obsey\r@do Anry 1ong-

fênge eouplings besides J^o*r, are therofore neanly seroo or s€rôebesides tOO*% ,

Finally the applieability of equatÍ.oa (3 - 5L) to the stud.y

under eonsj.deration must be eonsidered" Thls equat,f-on çtas deri.ved frsm

BLoshrs el-assieel phenorrrerrologtcal. equattons to wlrieh a qr:entunt eorneatåen

rnr:.st. ba applled (21)" In this study the corrøeticn r,ras negliglble" The

applleation of thi-s egr:ø.t,ion arso assumes that the rnagnitud,e of JOH-H, iu
t,entperature lndependent and d.eereases only due to proton exehelrge effeet,s"

This is S.n ar:elog"y w1tÌr eoi:fomratíonal studiEs based on the measr¡rement

sf, rrarlati-sns of eouplÍng eenstaittE with tempepature r,yÌtere the assrxaption

j-s mede that the eoUpLing eonstants j_n the Various lsorìiers are tempera-

trise lndopendent" The resuLts obteined fnom sueh studies ney be subjeet,

to errstra (ffO¡" CouplÍ::g eonstants are e:rpeeted to shoa¡ an irrtrinsic
variation with tenperature (111) whi-eh has been ebserved for F-F and H-F

eoupllng constants (112)o

The exaet dependenee ot t'r-rh on temperature (oxeluding exelænge

effe*t,s) is not lç¡rat'tt" Iio'l,lorre:: it is expacted t,o be rrery sntal-1 for tr,ro

reåsehso Flrst" the J*, eouplings for all the c5D6 solutions over all
tempevatuve rångùs are eonstant çith e" nuximum ra?lge cf on3g Z"t&g +*ø ?"55

cps (teblçs 3-\rr to 3-xr)o seeondly the rong*range eonpl!,ng Jcg'-Hc í*
J-chlozasaS.ieyleldehydø {feble 3-V) l.s also ternperaturø independçnt"
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Ti:e pseud$ iirst nrder rete esïìsta¡tt,s k in Tablã 3-xvrrr in-
eres.se ae the coneentratiçn [¿l of 3*þdiehr.orosatrieylaldeh¡rde in c5B6

*¡le'rggæ¿ç;,:, fhis suggests that a possible proton ex*hange resetíor.l

e*eurs 1rl-a tlte eoLlåsion of 2 moLeeules of Ä whÍ-eh xts-y be represented. as
e /.^ràa'J k]

A + þ"'¡ ;b) A*' + ¡l iqliere [u] = þ{ o

"-1
?lr* r*een l-ífetí:na of Å b*àr..¡eevz exehfi.nges, T ¿, is relet,ed to the ee::_

';en'LionaL ehey':ì*ai ra-Le *onstant kn kg {1.*)

3^61 #{ = kr [o.] [o]_hl
l,o

so Èhat

i-62 k s h *rfu: = kr [^'j E kr [u]"
rf equatLón (3-de) is rzatr-i-do k is i-!nearå3* dep*ndent, on [u I .* a p]ol
of k -*ers"* 

[.U ] fo" *asÌi so]ution shou]d be a st,raÍ-gi:t, line passing through

tha o::igín :-'l-'.'.,': ; sicpe equal ta \"
Tne k r¡a.lues f,or eael¡. soLuti.on t,cg*ther i.¡ith the eol-ut,fan eon-

ee¡:tratlons in n'aJ.e oþ anú me¡'tarity urtii,s at gOÕc are gåven in Table 3-xv:iïr"
At t.ïxis ternperatr:::e the exeï:a""rge Tr:rðeess seeurred in *.LT_ the eotrutionso

The e*:':'¿ersion *f üre sclution eo*eentratisns fram nol.e ff ta
rnolaríty units t"'jfl nou b* deseribed, Fi"rst ef all the eonce:rtrg.tir-ons irr

rnotarity u::i+-s 1rte3'e €"rí¿.3'l¿ated at r*om tenr;øwature by viøåghing eut, ths

solu+'e A, C6Ð6 and TliS' The resuSts li'¡dieated that at, roûn a;enipers-+,rlrû

ihe t¡ç1we of 1l{S used as en ínte:.na1 refeysr¿ee had en}y a sååght, effecÈ

iü C¿ür SìtLUTfûÌ'tS I C if, 0Rü S 
"1rL 

I C-n.{ l, }E
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or¡ the total_ volr¡^ne af t,ha solut,ion {L_?%) and. henee on the molarity of
A (motr-es of A pen }iter cf solutlon). ¿,t B0oc the valutne ef lÌ.fs ín

solut,íon riust be even less sinee TÌ,{s bol}s at 26,Soc (}13), Thls vol-
ujfle 'r¡ras negleeted in the Ea1eu-letiens,

Severai sthel" assunptiorrs r¡rere nade iyr these eaïeulat,lo¡ts" The

totaL voLume ef eaeh solut,lon r,¡as obtained by adding the voLumes of puee

benøene and pune sol-id. A- ân ideal solutlon assrnnption, This is an e.p-

proxfuratlon wh.ieh nray be made* as lsill be seer, sinee the eryors in
dete:En1ni.ng the ¡atÆ eonstants exçeecl those in tho eoneent:=tíon det,er-

minatiûns' The volu¡ne of benzene is reaelily obta!.ned since it,s density

at E0oC is 0"83-J gms,/eeo (li-il)* Tire d.errsity of 3oJ-dåeirlorosa.l-ieylal-

de.ÌÐde wes nøt kfrc¡r*m and rnras detemrlned experi_mentall-y in the foLlowi_ng

manner@ The selid A u4s lnurrersed ån r¡arisus ssLvent,s of krroi,r¡r densities

iy: whlch lt r.¡aa lneoluble* -When the two densj.ties weye nee.r"ly eque,L the

ssLid rEmai-ned suspended in the solvento Thè eiensåty was dete:måned. as

L*65+Ð,! gmsofeeo at' TJõc wlth a precisåon of about, 5.Ja4', Asswning that

the densl'uy of solf-d A remalns unchanged at 8OoC, íts voluryre, and lrenee

the molarlty ef each solution r¿as e¿Lculated,

fn the fíneI soJ.uti-otts the vo}xrø cont¡,lbution from solid A i.s

Less than 10f' mherefore t}:e s!.gnifieanee of tl-re Érrors assoeiated x"ij.th

the de.nslty detewrinet,lons of À deereases by about a faetor of l0 in the

total r¡olume and rnolarlty ealeuJ.atlçns. Thls just,ifies t,he nethod. of

d.etesninlng the ciensir,y CIf the solid"

The mein sêurce of error in deterrninlng solu:L,1on eoneentraì-íons

ín molarity units lleo 1n the asswnpt,ien of ¿dditive vpf..tgneso ?håe ers"çr

is not knqrf¡ï and is estjmated. at approxlsm,teLy 5#"
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T"þiq 3:.{-I{

Resultrs cf a linesl" rçgression enal-ysis eerrelating tire peeudo fj"rst
onder rate eonstant,s (i) t {secil¡ i.¡i-th the eeneentrat:.u,*(1) of 3u5-
dåehleycsaliey3-atrdehyde flal i" C5DU at BcÕC.

&e [Al * expresËed i.n u¡it,s af ma;;e /,.
3*63 u (see-l) = t"Z (t0"5) L¿l *1"0 {*3"0)i")

I.fu-ltlple corre,latj.on eecffielent: 0.gZ

Standard &rFßÏ. af tÍ:e cstir¡atø in k: 3"9 sørz-L"

b, LU] - srçprÐssed l-n moles/ltter: of soL,¿t,ion. s

3*& le {sec-.j) = Ló"8 (gÍ"a) t^] *tr"tr {*3"0}"
l.fuì"típle e.*yreïat,ion eoeffieient: 0,8?

Standa.::d srpûr of the est,.ïr,:etø in k: 3u9 c*c*l,

1o Gíue¡t in Table 3-XVITI" A t¡alue of k e O l¡hen þ"] s, 0 ís
ir.¿eLuded ín this anelys:ls,

* Vatrues itl brackets ane standarC ëpc-ÐFÉ j:: the regressien eoeffi-eient,s

islepe end Lnå*reept,).



Figure 3=6

A plot of k (*u*"-1) \rersus the eoneentratisn of

3u5,ÅLcihLorosalieylaldehyde Lnj in moLes/liter

in C5D6 solutions aL 353,2öit (B0oc)"
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A regression analysis r^ras earríecÌ out ts fi-nd the best iinear

reletj-onsh!-p betneen the eoneentrstion of A in selut,ion end the k tralues

at, BOoC to cheek the r¡411dí",,y of equat,Í-on (3 - 6Z¡o T\ço sets of eal*

eulations vrere es.rried out lrith t,he eoncen'i:raticns ín r¡roLari-ty and mo1e fi

units" In these ealeulat,ions the origin ç¡as also incl,uded (k = û when

tAl = 0) " The results are given in Table 3-XIX" A plot of k vers"" [nl

{nroles/I-iter) i-s given ín Figure J-6"

From ths Figure and the mul-tåple eorrrelation eoeffleåsnts it is

seen thet there is a large seatter of points aboui the çtraight line' The

intereepts of both equations (3 - ó3) and (3 * 6¿+) are nea-eiy equal and

tlris lndieates that the eonversl-on frorn møLe f" te molarity units ls aeeurate"

Comparing equations (3 - 62) and ( 3 * 6+) gives th.æ magnÍ"tude of k, as

L6"B+4"8 -l-iters *a1* -1 see,*} (st*,ndard deviat,i-on frorn the nean). The

intereept of -1.1+3.0 sreo-I ls eonipat'lbl-e iuith å uerÕ f-n'uoreept.o Henee

the d¿ta supporL the linear dependenae of ir on [Al and. t]te mechanlËîl

given b)'equ¿tion (3 ^ 6Z)"

The devj-a*,,ions of the points from the eal-culated straight, f-ine

do not arise from ernors in solute eoneentratíons sJ.nee the eorrel-atíon

coefflcients are equal fov eale'¡lations r:.sång mole /: and molaríty units.

[s vre]L" the errer ]i¡tit,s of k for €seh selution do not aecount for the

deviatione" Thi-s seat+-en of the points as seen ln Fi-gure J*ó is hard to

e4plain end may arise fre¡r traees of irnpuríties prese*rt 1n tlie soh¡tions"

The eeincentratisn of these impur*.tiec i-n sotrution must be srnal-L && $"rås

j"ndieated by confånrntory temperatûre stud.åes on a 5 mø\e 4, solution tha't

was independently prepared" Tìre solut,e was reerystalllz*d fnorn etheru
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dried' and then degassecl' Then the eerreet volumes of c6D6 end TT,f-c î,rene

vaeú-um dlst'ilåed. to nrepa::e the so3-t¿t,Íenu Tøt the setîxe relative height,s

t/f, enA r'sid.Èhs at heLf }1ælght Ay + (HU) were, obt,aly¡ed as for the ort-
gXrtal sol"uti*¡r"

îhe varåo'*s effeets on the rriagirltude sf the rate consÈent,

en the posstbre exehange neehenrsm asd on the aetirrat,åøn paresaeteræ

&s¡ü be diseusgdd"

kln

çrili

2, Solve¡:t_pffeets a¡d Dj¡ner Foffila,tfolr

Tho sorvent, hes e. defi.l:j.te effeet on the rátes of proten ex-
ehange j-n soLutisns af 3r5*dichiçrosalleylaidelçrda eÍnee tkis p:roe@ss ,trrss

obsørved in c5Ðz but not irr cs2c cc}4 artd c6H:.a ssl-ut,íons, this raay be

related to 'L,he l-ovr çofubrllty e'f 3uJ-d.f-ei:.LorosalieylaÌd.ehy:le in the Latte¡.
solveslts {( J mo\e fo) "

I$tecrnoleeular hyd.rogen ì¡onds sxist, betrçeen hydroxyl proteirs of
phenols and arovr:a.tåe rr -slsatrsn qystems {?1, 3jnLZZ) " The errergy ef
ir¡drogen bond forrr:¿tion ¿Ho betrøeen.phenol and benøene is *1"6 kea1,y'

¡role at 2.5oc (53, 11?)" Hor"rðrror" ix a system .r,rhero the phenol-5.c pr-oton

1s strengl-y Í.ntrarro3.eeuJ.arþ hyrirogen bcnded. as in sallrylaldeh5rde or

Jr j*dieh-lorosæ1íey3.aLd"ehyden the experixental .elri.denee i.ndieates thaÀ,. this
bond is not brolten 1n a benzene solution by the eompe"t,ing intes"s.etien ¡ri.th

the n *eleetronso This is based ou dípo1e msmeÞt mea.surËments irr benzene,

para:'Xrlene and diox¿ne saLutiotts {:Y*AZI and on photoreeetis¡l studies in
l¡enzene soh¡tions (63)"

Thé dåts obtained in the sbudy under eonsideratåon support the

i-:rL,ramoleeuJarJ.y hydrogen-bonded species 5.n C¿D¿ solutiens" The l-ong*
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Te,nEâ eoupling eonstânt ,InH_Tr in 3rJ*di*H-orosali-eylaidehyde ås of the*.. 'B
såa1e rxågn{t.-rdc i-n both CC1-U end C5Ð6 solutions (Tabie 3-I) " If a frøe^

tÈon ef the solute irironolie protoits vrere inter¡¿rolecuierly hydrogen bonded

eiÈher v¡ith the C5D6 solvergt n *eleetrons or in a d:*ner fornratlon r,tth

other sol-ute mol-eeules, the magnitude sf this eoupL5-ng r,¡ould be sn¡aÏIer"

Seeo:adlyu 1f el.ther of these i-nter*¡releeular hydrogen bonds vrere

present" the 0H proton çhift, wouLd bè eo:reøntret,ion depend.ent v¡henees for

¿n intramoLeeular hydrogen bond the 0H shift is eoneentration independ.ent

{,1+6, 7t)" The eoneentration shift of th-e OI{ praton of phenol- lr: 'b*nzene

seluti.ons is aËprcxiinateJ.y L'4 pgxn ôr,psr a eoncer¡tration range çt ? ta 2l+

ç"øLe S {fef¡. H¡:'o¡êvôru for 2ró*då*t-butyl-p-neet}ry1phenoJ. ln benaene the

0H shi-ft is independent of eoncentr¿tion sinee the bulþ oi-tho-substituents

shield the 0H proton fivsm the soLver,t enrriro::¡nont, (121), Tire large con-

ecntt'ation ehi-fts that, eee possi-b3-e on intermol-eeular hSrdrogen bo¡rd- fowna*

tlon j-n aromatic stiven'¿s hava 'been desenibed (46, L23), rn the study

under eonslderetion, at rosm àeinperature the OH proton shifts in C6D6 varf

fnom +11"1+J6 pprn (table 3-VT) in the 1 mole / selution t,o +11o389 ppm

{taUle 3^Xl) in the lC r¿o1e /, solution, a ehange of A,O4? pp,¡a (2"8 eFs)

shLeh is negllgfble in ecmparison r.si-th the veLues for phenoL in benser.¡e

soiutions* Àlson srnal"l varietlons were obserr¡ed fon the 0H proton shift

in eoneent:'etion studies of sal-ieyl.aJ.delryde in sete¡r soh¡ents (69).

Tire rneaswed C = 0 Ínfrared. stvetehi.rig fleequeneies al"so support

thc rnonomericu int::a¡noleeularly hydrogen-bonded speeies of JrJ-dlehlorosa-

1i<:yLa1-delryde ín C6Ð5 solutåons at alL earreentnations,

fimrevero anothçr ;.¡eak 1nterlaction lrr these ssLuti.cns is possible"
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Reeent studies (Lfuu 125) of the solvent, effecte in
h.ave shor.m th¿t the solvcnt shifts 

^ 
( A = 5a'rl.

beræene ín satrieated køtones a.3"ø positlve for p:ratens lying behir*å a

refereflee plane dra'w:: through tho earl¡onyl eadron etoïa anri perpendte..rlar

to 'che C = 0 bond (benzene leads tç an íneyease in ll:,e ehieldi:rg of thcse

peotorzs). Protons that ane irr front of thls refepeneo plane aee de*

shiel"ded. and lrenca have a negative A vahre t"¡hilo thsse ly3"ng j_n er near

tho plene harre sniatrl êY z,era A t'el-ues $26)" This generaliøatj-on aLso

appeårs to hold. fov /., $ -u:tsatiæaàed ketones (1.26 end referenses thereÍ-n),

Tbese ¡esul-ts ¿re eolrsistent, r,":ttÌ¡. e.e interactås¡r betr,¡een tlre ssLute ear*

benyl con'¡:ounC and the ssl-1oent. Tronsene iL2l{. * LZ6) 
"

This general"åuat,icn Ïtes heon applåed t,s the eolute noleeuJ-e

under ecnsíd*ration, ] u J-dlchloro saJ.i.eylaidel6d* 
"

E.

HB

A. referenee plane Ìs dre"s"-:t as 3.irdl-çrÉ.t*d. '¿hror¡gh the earbonyl eer"bo$ etsm

and. perpendie'¿lae to the C =,0 ben¿t (B)ø Fþórrr (E) j-t, j.s seen tiiat protons

HB' H¿ and ÇH0 shouLd be shielded (positi.ve A ) i-n going fron cDCl", to

C6Ð5 solutàons nl*,efeas thç QH preton shouLd be deshàelded. (negative A )"

Table 3-I j-nCieates that, these A r¡alnes are +0"53)+, +L,ÐïZo fI,J-*? and

-0ø08Ð ppm Yespeetivaly for 5 nole f seiulÍons" This supports the irtra-
mo]-eei:]-arly Ì1ydr*ogen benCed speeies irr benzene so]-utien.

The abor¡s generalizat,ion j"s al.so appl$eable to the telnperature

porllorø speeÈroseopy
f-

- òc,H.) lnrii:.ced by
UU
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dependenee of *)he shefts wiríeh i:.a'ra been obse:*,¡ed on eooiíng sotr-u+.íor¡e of
ketones in t,cluenu -dg rnii{tures (i¿6)" These s}rifts ere roughì-3r præ-

purtionai to the Á r¡slues" ?he ehemf-eal shifts in to].uene -dU soluti*n

are tem¡reratu*e varj-abl,e beeause on l-owering the tø*rperá+,ure the equitri-

brium

3-65 ketøne + tcluene

ås displaeed t,orcerds eomplex forr¡ratioyl" This also applíed to benzene,

but toluene Ì,rå.s ehosen as the a¡.omat,ie sslvent sånee }e¡vrer temperatures

rnay be *btained,

For the rnol.oeule under *Õr¡Éåd6t'ati-onu on Lo'r^¡ez'ing the tenaperatureo

TlrttÕa shift,s Hg'H¿ and. CHO shi-ft to higher fi.elds (ineneased shi-eld.ing,

+ vø A ) r.rhereas the plronolie proton 1n the cleshÍelding eegion shifts to

lor¡rer fíe1dç (*veÄ ) (tables Þ\fI to 3*XI)" Theee results also supperrt

the pnese$ee ei the int:"amoleeula¡ly hydrogen-bonded speei.es as ¡'reLl ¿s

ihe presen*e of a eonplex ì:cttreen the sotru'ca and C5D6 solvent mol-eeuf-es"

However, a phenø3-ic protoir shift to Ïorr¡er fields en deeyeasing the ter*p-

enature 1s also eonsistent, r+ith a sl,ror:ger hydrogen bond (4.6), (A phenoJ-ie

¡:rotøn shift to high fj-eld on ineraasf.ng the teriperature has been i.¡rter-

pneted in terrns of the lrreaking of the hydrogen bond)"

The nagnitude sf the inieraetion {3^65¡ nrust be e*nsidered, The

tem¡rer*ture rrariations in the ehemieal shif+"s of pro'Loü resonãneee ån sone

steroidaL ketones i-n toluene solutåon þiave been dete*nåned (127)" Âss"":rning

a l":1 eoqplexu its heai. of for"matíen rnres estl-mated fre¡t Èhe temperatr.:re

studåes ê.s e,ppyoximat,ely *A'65 kee.1'./n:o1-e" ThLs Ìrs.Lue is ::ege::ded oniy as

an order af nagnltude in 'uåernr of Lhe mairy assrun¡:t5"ons ne.d.e in the eal-
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cuLations' Sol-vent shif.L,s indueed by benzene a¡rd toluene together l*'ith

ternperature studies r,;ere extended to rnethoxybenzenec (fZa¡ r¡here t,he

AH vaLues ef the asswned L:L cemptr-ercÊs v¡ere approximate3-y *1.ç keat,/

mole and w.ried elightly i,¡i-th the ring substi-tuentç" Fina-lly en everaged

value of A H = -0o9+0,2 kcal"/noj"e r+e,s obtaj-r¡ed for the assoeiation of

four para-substltuted banøaldeh3nfes ln tolue:re - du solutienc (lz9). mo

eoc:reLati-CIn r¡i.th sr:.bstj-tuent rvas apperent,

These i-ntenaetions a.Fe vory weak' The magnitude,ç as.e appr'oÍi-

mate beeause of thø asemnption ef 1:J- eonrplexes betr¡een solute and *+olventu

Atrsou tenqæratræe shifts nay be assoeiatêd with. d.Í-apersion forees {L??),

The rragnitade af this inter.aeti.onT.¡as not caleul-ated. fer the setruti.ons

under eonsideration d-ue ts the many êpproxinatte¡ns i-r* tho ealcu-lat,ions

and sJ-nee this intereetion i-s lprovar to be very rrreak"

3 " cegtribEti?qs lg,tlg Ë'hgnglåe. F,r:ol.qn ggn_e_Sidths;

fn all the soluti,ons that r'rere studiød tl:e 0H pe.oton líne vr¿dths

at haT,f helght, AY¿ (OU) çære ah¡ays sJ-igffitr-}r broador than the eomespond.-

ing H, proton l"i-ne wtrdths ¿yå (HB)" Â.s the solution tenrpesatu-ee ruas

ineeeased, the phenolle proton ?esÐnåncÊ doubiet, eoll.apsed and firther
'broadeaed t¡he::eas the 5 protorr resonåner do¡.blets eollapsed ¿nd. beeame

sha::per" For the 5 mole / soJ-ution et 111.7ocu the 0H'ç,¡-rdth at Tlarf

helght A\, (og) was 1,65+0,03 eps rehereas AY r(uo) ana ¿Vr(lh)
t¡ere û"ãS+0"0J and 0"30+0.02 eps respeetivel¡r,

The exaet, l:ee.sörÌ fsr this addj-tional broadening is not, knoronr

but soveral proeesses besådes pnoton exehenge are probably effective,

Fírst, of all the 0H prot,on nå¡r þ¿o'* a ehorter relaxation timç thgn the
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oiher protons. For ex*"rrlpJ-eu the 0H pnoton r"esone.neÉ in salieylie aeid

i-v::i,he absence of eNchange ia a single, sharp l-ine inuhose wtdth i-s s]ígþ1]y

greatee then that sf the hydroq,] proton resûnenre of p-bromophenol (l/TZ *
-'tL0 ¿nd f see. ' FËspettively) {130), Seeondly, the rûaln resonanee r"¡iil

cøns:l-st ef a strong f-ine fsz. CIó-H absarptioit" There may be e srnaIl

isotopie shj.ft for the O18H *r=d O17H **onåneÊs r,¡ith the Aargee eontribu-

tion ari,sing from the latter rösonanee (5)" The 017 isotope has a spin

^ - t^oî J/2 ¡rhieh may lead to a quadrupole relgx¿.t,íoä proeess (J)" A een-

tríbut,ian ts the OH resonanee byoadenj'-Tlg may also arise f¡.om moleetrles

*x{sÈing in salution ln the f*rm F"

F.

H¡r.ç.-O:.¡1.

W
If the CH shi-ft in F is slightly rc¡*&o.rËde Bven by 0"J eps, f:om ttraà

obsesïred in the speeíes B, thL; xi:l- lead t,o resonenee -b¡"oadening, 
Hew-

ever tite eanean*:xatàon ef F in i:he sclutions 1s e-peeted ip be saall

pínee the l{tCû proton resonan*@ r':as always sharp and net¡er brçEù*n*d, A

eoupltng eenstant J* was nevsr obs**rved" This may be eempared wlth the

c'tudy çf keto*enol equ{libria of p-keto aLd.eþdes (131) im ,n¡hi.e}r t}:e eoup*

}1ng eonste-nt, j'r^* in the hSdrox¡¡nethyl"ene keto¡re t,autonsr G ranged
'^ -B

fr*m i t,o L2 cpso
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t'he magnituda dcpendLng en th.e system a¡*d ssr the equil"lbrium beÈwee¡s G

and H tautemærs in solution (¡i is the aLdo*ensl_ tauto:ær),

Fånally' phenoJ.ie lmptlrit,lesu dlmer, tri:rrer ete" fo¡matiocls in

very law eoneentn¿tie¡rs ln solution, in whteh the 0H prot,on resopånees

vary sLightly from the main phenolie Fssonaneeç måg eausÐ add"it,iona].

broadenj-ng (69),

At* The Uiagnitude o{ thg Etuïig}e_cËlar F:lq ,ejnËt,ant k*

?ho data ín TabLe 3-XWII and Flgure J-6 !.ndleate that the pro-

ton exchange reaetfon is seeond order and bi-met*'cuf¿r (132) r¡¡i{þ ¡sspssr-

to 3"5-dieh¡lorosatrieyX"aldeh5rde" Ths seeond erder rate eonstant, kU (equations

3-60 to 3-62¡ ls 1ó"8+4"8 l-iters *çl*-1 ,*",-1 (equat5.on 1,-64)o The errer

1s the etandard devl¿tlon frorn the me&no

Veqr fer+ studies have l:een earrled. out, on proton exehange rëå.o-

tions lnvetrtring i.ntramolee'u1"erly hydrogen-be¡ded protons, A eoncent,retion

study of the poÌTroro speetra of saLieyì-aldehSnfe ln utetkansl solut,i.ons (69)

has sho¡¡:: that protnns exehangs betrreen the CIIi group cf the aleohsl and

+"hat of salicylaldeh¡rdqe" The upper ij-Fr:ít, for the exehange rate r{as es-

tl¡ns.tad at 13G see"-I front the separation betr¡een the tr¡o phenoS*ie re-

çons,nees when they rqere both presssf" tonsequently a pret,on eontribut,ing

H. ..O
/\oc
\/

/ta,
H.

r---Ð

\
/

-\

G.

H

o
\
c

/
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to a stvong intratnol-ec',Ë"ar h3"d:"ogøn bond is capable of exeheng{ng" F\rrthan

stud.åes r+e::e not caried out ryn this system.

Forsen and Hoffman (101, 133) heve applåed the r:ueLea:'magnetle

cisub3.e pesoñancÊ teehnique to the study of exehang€ proeesì:res' They

mes.su},e'd the lifetir¿es of the OH protons 1rr a rnixtuye of t-butyleleehol

and 2-Ïtydrorqraeetophenone ln CSn (133) and in the system salieylald.ehyde

and 2-hydrotT¿6E¿.phenone vrith a à*aee of acet,ie aeid írr CSZ (i"01) " Ha,rr-

ever these ra'ere en}-y expJ.erat,ory studies, sonsltlva to the eôheentrations

of the eatalystu whleh only serrred ts j-l-lustnate the prineipLes of the

methoC"

The deprotsnatåon nate of the 0H pnoton in saLieyreldehyde'by

tire OH- ion Ín ¡,yater is

fast, rate ef pnoton ex*hange fira.y be eNptraS.ned by the foymetJ-on of h¡rdrogen

bsnds to weter solvsnt mol-eeuLes, Furtheru it hac been peinted ox¡s, il3t+)

thc-t trhøn an intremoleeuier hydrogen boæd is p*nosslrt, at, th.e reaetion s.Lte"

the proton in"'"ol.ved is not, etreiLabLe for reaetlon unlese thLs bonrì is
broken"

The ræ"teg of exehange of e@gþffiF}-- and hydroxyl- prot,ons of
saLierylåe e.cid uith the 0H protons e¡f. methanol hase boen mee.sured (I30).

fn thls system the nethanoJ- solvent ni,oleeuf.es also teke par.t, in the pno-

ton exehange rieehanismse

Fina115 Garbiseh (131' 135) has pointed out tl:et, nuelear spin

stat'e averaglng resultixg from repid proton exehange should. only eeeur for
the írrt,emroleeu.trer ptrGc@ss sinee tha spi_n stete af a rapidþ exchengrng

prøton ls pneserrred during an intramoLeeu-lar exehange (keto-enol equi.libría),

This is fu:ther eryiddneç in suppont of the bl¡roleeular meehanism nnder
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coyrsides.etion o

The system under eonsideration is novel" sinee ít appears to

be the first studied mth the proton exchange reaetion oeeurri:rg betr,¡een

two msJ.eeuleso both vrith thelr exehangeable protons intramolecularly

hydrogen-bsndedu k, 1s about, ten oirders of magnitude sroaller than the

deprotonation rate of salicyì*,ldehyd.e by the 0H- ions in r^¡ater.

The exaet meelrar¡isn for proton transfer i,s not }cnomr but the

intranrolecular h¡nlrogen bond rnust first be bs.okenn The nalure of the

transit,ion state is alse not Ìaeor¡n but ti,¡o solute molecules must reaet i-n

the rate detemiini¡rg step" consequentþ the exehange pþoeess probably

oecu}.s via dimer formation in the transition state, Due to the weak

solute-solvent intepaetior: the solubiJ-ity of JrþdiehlonosalicyS-aldehSe

in c6D6 is greater than i:t c6H12e cs, or ccL4" ihe exeharlge proeess lrås

too slor'¡ to be obsorved in the Latter solr¿entsu In acetone solutions

the rates of proton exehai:ge ln¡efe too fast to be measused. Henee the

solvent does har¡e en effeet on the råtôs and the exehange process in

C6D5 solutions is soLr¡ent-assisted"

.4. rather Large standard deviatíon ( "-, JAf") ís assoeiated r¡¡ith

tire magnitude of kr. The exact re&son Ís not knov¡n for thisu Hor,revern

traees of impurlties prob*'oly affect, the tra*-es a'r:d hence råuse the scatter

of the points as seen in Figure J-6, Consequently the rate expression

probably shoruld i:rclude a terrn for cataS-yst (impurlty) eoneentrations,

Even sô, the data lndieate that a proton exehange proeess in a systen sueh

as thls may oceu.rn dhat this peoeess is birnoleeular anci that it nray be

¡roasured by p"m,r" teehni-ques"

The pr"oton exehango r,reehani$ìl 1s discussed. fwther in the next

seetion together with the a.ssoei.ated actt'latlen pa::ameters,
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5, II!e_ !@e.qåtud_e_s. gf--the P-roton Þ:eehange A.eti','etiôn Rayeneteys

The rnagnitucies of the aetir¡etion par*netere of protor: exeltange

Ln C6D6 solutf.ons of 3rJ-dichlorosallcylaldehyde at BOÐC are givon ín

Tabl-e 3-XVIIÏ" For a refereneeu the heat af fonnation A H6 ef the 3-ntra-

moLeeaLar hydrogen bor:d in ealLeylaldehyde was estj¡nated by applying the

llnear relatisnshS.p between A HÐ and the 0H stretehtng fneqi.reney shift

,¿YOU in the i-nfrared on internroleeúer phenoi*b*se agsoeiatlor¡ (,55) 
"

Using magnitudes of 361-1 o*-1 fo* Yo" r* phenol- {66u "ÌL+, pt) atrd
I

3150 em-¿ in salieylaldehyde (70,80), AHo is -8 keal,/mCILe, An a]-

ternate lineay reLatÍonship (refereflee 53, equation 4) gLves z\ Hs as

*i kea1",/rnole" These vaLues âra apppa:{lmete slr:ee the llrrear rel-ation-

ships rrvere d.eritred fer lntemroleeuLatr hydrogen bond far*iatl-ono the YO,

shlft in sal-{sy}aldehyde ls Ðot, deflnLte (?0, 80e Ç0), the effeet CIf t}re

trçs ehlorine atorns i-s negleeted as ls the eonjug+t,ion arisång froni the

fo:matåsn of tlte 6*membered ri:rg, The Lat^ter effeet -u'o"¿}d tend to in-

*:Ìeasê the ragititude sf 7\ Ho. Howerver these vslues rr,lLl eerrqe as e

guide in. t,he i-nterpretatio$ of the kXnetie data"

The activatS,en energy E* 1s eonsådered to be the mi¡rimun ënergy

differev:ee betL¡eesr the neactei:rtç and Èhø transit,j-on state ar the Ïreight

of the €nerry bayríee oppost*g the reaeÈtoa (136)" The E* values were

obÈai.ned fsom the lntegrated f+rtn of tha i.nrheni.r¿s equnt,lon in r.qhl"eh 1-t

{s assÌ¡ned t,hat E* 5.s t,emporature inCspendønt" A.}1 ef the *x;reri¡lental

é.rrhenLus pJ-ots are Låneer and de¡¡iations frçm t-his eguation a¡e ex¡:eeted

te be *na}]- {136),
¿

Itone of thc activat,ion paråmet,ers r,¡ith the exeeption of .A Gr
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shew a defj-níte tres:Éi r¡åth eoncentration. The :nagni'--."de of A çÉ C***uu**u

as the rates i::cveasso with the exeept,isn of 'rhe L0 rnole fi solut,ion, in
J

agreemenÈ nrlth equatlon {3 * Sg) " The magnttr:.des of B* a 6ftr and.

I
ÁSr of the 2"J ma].,e f" soLutlqn fell outsi-de the Ç874" canfidenee linj"ts

of all i:Þre other sslutions,

The activetion energies are eonsidefed flrst, of ¿11" The j-ntra-

moleeular* hydr.ogen bond must be br*ken and foy this t,o @eeur tha nlrc¡rol1c

gpûup must overcome the barni-er hindering i-t,s internal rota.t,ion about tha

C*O bond., The baryier height, for phenol vapor ín 3.4t keaUmol-e (iû+, 105) "

Tt i"s easier for the phenolíc gloupe :"athe:: t,han for tlte tilt group to

byeak the intramoLeeular hydrogen bond by tr'rist,lng out of thæ plaite of

Èhe ning" Fcr bonzaldehyden based on far Ínfsâred stuciies" th.e ba:'rier

t.e rçte,èion abeut åhe C-CH0 bsnd is 4,? keaLo/rnol-e in the gas phase and.

6"? kealo/meLe *.n thc¡ i-iquid phaøe (ttre tatter :,'alue raay be in error)

(137) " other vêluæs have been shtained for licluid bevrzaldehsrde ranging

fren J"90 to 6"3? keaÏ./nroLe and. årë s'u$¡mavized i-n refersr:ee {}3?).

These n'iagnitud*s âye i-n agreeme*t with the barrl-ers to ir'ternal rotati"o:t

obtai-ned in other aliphat,J-e and åromat,ie aI-deþ7de"ç {L38* 139}"

The barriors to j-nternal yotation arc diff,ørast in the Liquid

enC gas phases beeause of the effect of nei-ghrbotr:.ing ;aeLe*'¿i-¿s, refleeted

by the J-owe:: torsiçiraL barriers 1n gases ê.s eçÍÌTlered r.ri.th ttre iLqu.1"ds {140) "
J

Thiç is supported by tile freo energy Õf aet.iv'ation A Gr' fon thie híndered

inte:.nei rotat,icn in dimethyLnitrosamine cbt-eLvred í¡¡øm poT{opo ega}eseenee

ter,rpere.tuee neasugements. This ¡;altre is s,bolrt 2 keaL*fmo]-e greater ån tlre

3.iquid tha.r¡ in tieç *¡apçr pÌ:ase {1+}},
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,{ eonparÍsor¡ af thris data with t}¡e ex3:eri:nentaL aetj-vatioci

energies i-n Table 3-X\trII índleatæs thst the aetir"atisn eneegies may be

reasona'oly eeeai:nied îor by the enerry requíred to break the intra¡irole-

cuJ.av hydrogen bond ( ) I keaL./mole) ar¡C to trçj-st, the phenoJ.ie proton

otrt of the plene of the ring ( ) 3"4 keatrn/mtrle), The 1atter val_ue j-s

also probaì:Iy S.arger than thst measured fon t}:e vapor by analegy vrith the

aþone dissusslon and resultso A similar approaeh. i*r aeeou¡rting for the

magnitude of the eetåvatlen @nergy was used by Meakins (l4z) in his

dleleetrle absorptlon st,udles of ortbo disubstituted phenols.

Ànother pcssibì-e erplanat,ion of t,he magnitudes ef the aetivet,ion
eneegios i-s to assume that the hydrogen band is broken by a partial tr"yist*

5.ng of both groups cut of the plane ef the ring" slnee. e protcn exeha.nge

process i"s measu.redo the corz'eet hydrogen bonû*breaking mwehanlsm rrust,

give the pheneiic Sroup enough freedom of rotation so that, the pnoton may

asçeeiate ltself r.¡ith ançther solute rnolee-¿l"e ån the transit,lo¡ state and

thus exehangeo

Ðue to the Large stabilluation eneegy assoeiated r,'ith ihe CHC

group in the plane of the *trg, the experinent¿I data suggest, that this
group retarns its hydrogen-bonded orientation ¡+hile proton exehange takas

plaee" The plenar aonfiguratåon of the CHO gnoup is supported by the p"a.ro

temperature studies of 5-chl,orose].iey.lal-dehyde in C5Ð5 (table 3_V) " At

95'Cn whe¡r the proten exehenge p:roeess is neasureable and the splitting
Jo**lt_ has ;:early dåseppeared, the split¿ing Jçgn ir remains unehanged--^ 'B nuÞn.
frorn thgt ebsefl¡ed s,t 30oC. Hsnca the aldehydic 1-ong-renge esupJ-fng sttS-I

follov¡s the alg-zag path, Thís splÍtti-ng was also sbserved at lL5oc"
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The effect +f the solvent on the ¿ctir¡ation erre:"glee and hencs

çn the trarrsitior¡ state is not kno-rnm.

Conside¡ing the free energles of actirrat-ion AG# for the pro-

t*n exehange proe@ss, the measuved values cannot, be ecmpared with literature
veLuos since so few studies heve been eanried eut on a system sueh as this"

J
AG" valrles for many other exehange p"oeëssesu h{ndered internal rotatien

and ring ir:version studies âl:e surÊnari¿ed i¡: the r*erriew artieles (5u iO)"

Anet ¿r:d Ai'rrnad |.laÌ have detertnined ac# = 7"9 keal,/mole for" the lntern:¿I

rætatian of benzaldehyde in vlnyl. ehloride sol-utiern at -aZ3ëC fram the

'i;emperature d.eper:denee of the porn.r" speetrum, This esntributes in par-t

tc the measuyed AcÉ"

Tlre rnost interestíng resuJ-t.s in Tsb1e 3-XVIII are the entropie"s

cf aelfvatj-en asl ¡er Èhe protnn exehenge pror€ss sinee tlrese val-ues are

la::ge and:"regatlve, At first sight, this is unexpected sirrce a ¡tydrogen

bond-breakÍrrg proeees ís ínvelved r.¡hieh leeds to greator dísorder, assoeiated

with an inerease i.n entrop¡i,

Hr:wever the ent,ropy of aetivation refl-eets rrtlre cliffeye¡ree in
the nirlrrber and eharaeter of ths tra-eslati-onaLu retetional and v^ibnationaL

degreæs of frsedcm Ì:etween 'r.r"ansition -qiat,e and reaetantstr (it+3¡, Henes

the negative entropf of ae'uive*-ion is an ìnd-ieat,er of the y:ature of the

transitlen state and mey be r¡ie'*red j-n tsnns of the shapei of the pctentiai

ãneFgy surf¿ce of the reaeti-or¡ {144) "

Consider a three-dfuaensic¡nal potentiai errergy diagram 'o¡ith the

f, *direction represettt,S::g tlré energ;rn the Y *dir.eetion representing merlicn

a3nng tiie reaeÈion eoordinete and tl¿e X *dlrectlorr represent,ing ali other
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degr"ees af freedom" This three*di¡rensional suyfaee h&s a valley ee*

presentlng the reaetants and ts separateci fron a valley representing Èhe

produets by a rldge of high ênerg3zo This ridge nåy be viewad ås ern energy

b¿rrier" It is not cf uniferrn hei-ght but eontains a saddle polnt in ito

the treneitlon stete. For any glven raaeting t¡ro]-eeul-e thie ie tho hi-ghest

Ênergy that it, must surmount in order to forn a produet,. fn teyrns of

the potentÍ-a.l energy surfaeee the seddle point i s broad when a l-ange ntrri-

ber of t¡rpieal reaeiion paths are posslble and the entropy 6f aetirnation

is posltive. Howevero lf unusual eonstraints ari-se in the transj.t,íon

state, the seddle point is censtrainad by steep side l,¡all.s and l1es in

å. YteptroÉr defile. The:r ther"e are rel*ttçel-y fewor p*ths sver the êriergy

barrier' This represcnts a transítion state fon a reaet,lÒn assoelated. with

a r¡egatÍve aetivatlon øntrepyn Sueh a transitlon staêe 'ris one fsy r,¡hieh

very ferc motions çther thaa that, al-ong the reec'Lion eoordin¿te are posslble

'nrithout a large inerease in anergy" (14&),

The obserr¡ad A SÉ rralues i¡rp1y thet the transitlon stateê u"hi.ch

is thought tç i-:rvoive the formation of a dtnrer bø{rnreen two solute mole-

eulos fer proten exehange to take plaeeo fonns with diffletrlty. Fon ex*

amp}eo sne selute moleeuì.e mÊJ¡ ha¡re to be in the earreet sterie eonfigura-

tíon r+ith respoet to another solute noleeuLe fcr dimer foymetion to t,ake

p1aee, Soluts - soLvent, l-ñteraetions nay eontribute to or hindey the

fomrratlon of the transi"uion state" Á.s wellu both intramol-eer¡lar h¡nCregen

bonds interfere with prot,on exehange arrd ape eonst,reint,s w-hieh rnust, be

Çtrrø3:*omse The exa*t aêtu-re of the teansit,ion state and henee the nreehanl-sm

of proto* exehange ås not k¡loncn except, thåt, it, lnt¡olveç the fo¡rnat,lopr of

s. stereospeeifle di-mer 'øetr.reerr Èrqs solute moleeules.
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Laege and. negati.ve A, -st' lelues ha're also been obtained i-n the

stu:.dy of thc yaeertiza"r.ion of ç!er-1e.aI].y_ iii4dçrqÈ biphenyts (I45), Thçse

activaticn e:itropies rangocl frcn *l-'ó 3,üo to ^26,9 ãouoE zurith Èhe Eveyê"ge

about -10 e'u" They çst* i"::terpreted i¡ terms ø1 ¿n ?ru-nlikel;rr arrangenønt,e

the.t rßu-st be fcnned L,r the ncleeul"e s* thet d¿he Í'orra**"ion cf the t,z"a.nsi-

tåm state eculd be possi'c1-e (i-4J),

In Table 3-XffiII ernphasis is net pl-aeed orn the actuel mag-
J

nitucies of A Sru since large u¡eeri,einties ars ase*s!"aèed r.ritþ i,hem, but

only on the signs r.¡laich definiteiy ar.e negatil.e, The uneey'i:ainli,y in aSÉ

is naÌnJ-y pr*portiona.l t,* 'the eg.:'or in A H* (143, 14ó) sinee the eyrsr in
"t,AGt is s:naIl' A 'L.r-ansraåss1-cn ucefficieirt {. of unit3r 1{a$ g.ssr-ü-rie<i ín

¿
calc¡:3a'ci-ng 4\ G' usi-ng eqr.:.ati-on (3 - 58) and '¿hi-s r:nay be done r¡rithor:t

introdi:eing appreeiabl-e erro:: (143) " *.s well-u d{ ent¡:c.s ee'iation (} - 5S)

as a tr*g { f"¿ncti.on whieh. wi.s:å¡iizes the uneertainty.rf * ün ACF,

The above díse::ssi*n a&y be surr,rûariøad by a graphieal represent*

atiorr sf the free energy change ess*eiated ""rith the proton exehenge :-aac1;l-or:

ln CaDa solutians of 3rJ-d.ieliiorosaS"íey3-aLdehyde (Rigure 3-7), Du¡: '¿o theoo
uaeerts"inty in the exaet nature of the transitj-on stat,eu it, is repreñÊrited

by a dotted -l-ine, The ccnfiguration in'ihe r.egion of th.e t::ensition s'Late

is unkncr^rn but ma¡' irrcLude a itstaÌ¡}e lntermedin'.*'t (L47)u a possible

ste:'eospeeific Ci¡ner formeticn sueh as j-s sh*rwn 1n Figu-re þf.

ïn eoneluçíæn en esti-rì.-é.åe cai: be r¿ade +f Èhe 2\ çt ta-r 1,r5*

dfehlorosalieyialdehyrle solut,ipns in CtlU in :';hieh proton *xehenge eouLd
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A graphieal representation of the free onergy ehango for
the pneton exehange reaction in C6D6 solutions af )u5-
dichlorosalícyl-aldehJ¡1,e. A possible st,ereospoeifie dj¡ner

lnvoived 1n the forrn¿ti.on of the transition state is shorn¡n"
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flo¿,- be neåsureCo Howeven, assum'ing that, a eoaleseenee of the spLitt,ing

J-.,, ,, sceüïz"ed aÈ the híghes't tenperature studied (-LL4ÕC) e th* pseucit
ul-r_t_rB

firs.L erder rate eûnstant k îr¡ås avaluated by appiying eqrl,atltn (3 - 47)

et, this temperature, Bringlng in e factsr of 2 far intevrnoleeular pl'oton

exchange anC- essuriling Jns-s * t,5? cps (Table 3*XIÏ), k = 2o5 see'-L
t -^..8 |

and ¿\ GÊ = ZZ.Z keal,/rnotr-e (equaiicn (3-5S))" This /SGF is higher than

all the values in Table 3-XVfff and is the lower l-1rnit for CCl¿, solutions"
"L

If the coalesesnee åi,emperature is highern a,^Gr r.¡ill be stil*} larger' Un-

for*uunatety, the aetivatien ener-gy f*v i:his soluJ:ion ea'rna*' bc eçtj:ttstçcÌ."
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A study has been ear:"ied out on +-he prcton exehange reaetieng

and 'Lhe int.re-fü*leeular irydrogen bond i-n benzeRe solut,ions of 3u5*dieh-

ln¡rasalj-cylaåd*hyCe using prcr*n n'egnètíc resonånte teehniaueso

Ey increasång the tempereture of the above solutlcns the mag-

nítude of tho iong*ys"¡1ge split'cing Jnu*¡+ deereased r:ntil- at temper.a'Lures-" ^R

neez' the boil.ing pcint, ef benzene this spJ-i-tt,ing co'alld be nearly elj:ninated

Therefone the pseudo finst order eate constants far proton exehange fen

eaeh soLuti-on t¡ere obta'ï.ned by measuring the relstíve helgLrts of t,he

r"Í.ng pro'L,on peaks (Un) associeted- wit.h lhe e,tehanging Oii prot$n r¡Iåth

r*spaet to the heights ef the :'i:rg prota$"peaks unaffeeted b;r protÕir eri-

cltange (H¿): The rsletive peak heigirts and the rats e*nstants ave related

by equation (3 - 5f)" Îìre eeo"ir¡a¡"ion pararneters x^reee obtained by app1-ying

tlra Ärrhenius equation (J * 54) ¿n,C ihe theory of absolu+-e reaetion yâtes@

The pseudo first ûrder" pr*Èo,-r exehange rate corastants -clere f<:ûld.

to depend on thç concentratian of 3a5-CichlorosalíeyJ-ald*hyde in sol-ution

ænd. the results indieete tha"" the prÐe@ss is bi.rnoLecul-ar (equation (3-60))

w3-th respeç'c. to the soLute möLeeu].es* The magnft-rrde of the seeond oyder

proton exehange csnstant is 16"8+/t.B l-iters *ol-*-1 seco-l. The orror i.s

the standard devietion fpom the mean" It is rather trarge, possibS-y due

to treees of imprmit,ies ån the solutiÐr:s, How'er¡er the data do indiea*ue

tÞe order cf mag:riiude of the p::ot,on exehange reaction ín a'hieh the ex*

ehangeabJ-e protens are intramoleeularS"y hydrog*n-boruied. A protofl ê]t-

ehange :leaetíon in a similar" systern has nevey before been studieci"

The e*neentration a*d temp*reture effeet,s on the ring proten,

alcehydie and pherrolie proten shi-ft.s indicate the p::asence of a r,teak
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'inÈeraeti-on betr'¡een the soJute and so]vent moleeuLes" I{enee the prot,on

exehange reaetion i s soivent-assisted. Thl-s is further supported by

temperaiure studies earried out on CCL4ø C6HIZ and CS, solutions of

JnJ-dichlorosaltcylald.ehyd.e i:r trhich the proton exehange rates lrere too

sl-ow to be measu:redo In aeetone solutions they were too fast"

The magnltudes of the aetivation paranreters for the r¡arious

solutions are listed ifi Table 3-X\[[fio The aetlvatlon energies â,Pê ox-

plained by the energies requíred to break the lntramolecular hyd.rogen

bond and to tr^rist the phenolic (and peehaps the aldehydic) group out of

the plane of the ring" The entropies of aetínation &re large and negatívo

vrhich suggests thst unusual eoirstraånts musL bo o\¡eveom6 ín fo:ming the

transitlon staten The exaet nature of the transltion state (and irenee

the proton transfer mechani sm) ts not knor.rn except that it rnrst involve

the formation af a stereosrreelflc dj-ner between tr¡o solute tnolecules.

The rate eonstants could not be obtalned. by measuring the phenolie

proton line wldths at h¿lf helgbt as a funetion of temperatwe si-nce these

'¡ere alr,¿eys slightly broader than the eoriîesponding H, r"ing proton line

'r'ridths. The exact reâ.son for this is not laroim but may be due to a

shorter relexation time of the phenolfe proton r.rith røspect to the ring

proton" a sinaE isotopic shlft for the 0l8¡l *nd 017H 
"us.ns.nces 

or traees

of phenolic impurilieso or di:ner, *r mer etc, forrnations in the solutions

j:r ad.dition to the protorl exehânge reaction"

The value of thi.s study is that i-t shor.rs that proton exehange

z.eaetions nay ooeur i¡ a system sueh as thisn that j¡rtrarnaleeularly
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hy-drcgen-bcnded praton$ r,ray exchange and that, this rete of *xchange nay

ire ¡iee. sured.
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]¡'er-y ¡ituch rr¡ov'k remains t,c be done on this system-, Temperature

studj"es should be ea.rried out on CÐc13 and cHrcl, sol"u-tíons of JnJ-dieh*

l"orosal-i-eyialdehyde at, varieu-s côÐc€ntrations" These str:df es uil-l lri-
di*ete 'che solvent effeets on the rate eor¡s+.ayrts and. r*eehenjsns, Both

solute and sol-vents r¿u.st be purified before use, In e onjunetion ç"ith

peûÌoro nreå.Éu?em@nts' Í-nfrared studies should be earried out on the OH

stretehing frequøne1ss of solid 3u5-dichlorosalieyla}-deÌ:y'de and in the

various solutions. This molecule should also be studied in methanol-

r¡irere the solvont, rr¡il-l definitely pLay an i-rnportant role"

Ât least several cf the abov'e studies shoufC be repeated ¡¡ith

l*J*dibromosali-eyLaldehyde as the salute mol-eeu_l_e" The effeet of ring

substi-tuents sn prot,on exchange rates earr thus be studied, These may

'Lhen be ext,ended to riug-su"bsti-tuted 2-hydrox;rae*tophenonês in whíeh ths

åntrarnol-eeu-iar Ìrydrogen bend is strongerbhan ln ilie eorrespcnding

salie]¡ial-cìehyd e s.

Finallyu an X*¡'êJr struetural deterxirinetiôn of phenol sho-tild

eamisd out so that approxjsate bond angles and bond longths neec not

used i-n ealeulatians of the barri"or to i.nternal rotati on in phenol,

be

bo
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